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Abstract: Graphene Quantum Dots (GQDs) have shown the potential for antimicrobial photodynamic
treatment, due to their particular physicochemical properties. Here, we investigated the activity
of three differently functionalized GQDs—Blue Luminescent GQDs (L-GQDs), Aminated GQDs
(NH,-GQDs), and Carboxylated GQDs (COOH-GQDs)—against E. coli. GQDs were administrated
to bacterial suspensions that were treated with blue light. Antibacterial activity was evaluated by
measuring colony forming units (CFUs) and metabolic activities, as well as reactive oxygen species
stimulation (ROS). GQD cytotoxicity was then assessed on human colorectal adenocarcinoma cells
(Caco-2), before setting in an in vitro infection model. Each GQD exhibits antibacterial activity
inducing ROS and impairing bacterial metabolism without significantly affecting cell morphology.
GQD activity was dependent on time of exposure to blue light. Finally, GQDs were able to reduce
E. coli burden in infected Caco-2 cells, acting not only in the extracellular milieu but perturbating
the eukaryotic cell membrane, enhancing antibiotic internalization. Our findings demonstrate that
GQDs combined with blue light stimulation, due to photodynamic properties, have a promising
antibacterial activity against E. coli. Nevertheless, we explored their action mechanism and toxicity
on epithelial cells, fixing and standardizing these infection models.
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1. Introduction

In the ongoing effort to combat antibiotic resistance, there is a growing focus and
research on novel nanomaterials that hold promise against several human pathogens.

Graphene Quantum Dots (GQDs) are graphene structures characterized by a two-
dimensional transverse dimension between 10 and 100 nm, exhibiting remarkable chemical,
physical, and biological properties. GQDs consist of a monolayer of carbon atoms, yet the
synthesized majority often include oxygen and hydrogen functional groups [1].

In contrast to traditional inorganic quantum dots, GQDs offer numerous advantages
such as facile synthesis, robust fluorescence, resistance to photobleaching, exceptional
solubility and biocompatibility [2,3]. Due to these properties, GQDs have demonstrated
significant promise across various applications including bioimaging, drug delivery, and
biosensing [4,5]. The exploration of GQDs’ antimicrobial properties represents a significant
advancement in nanotechnology-based therapeutic strategies, offering innovative solutions
to the growing challenge of antibiotic resistance. Indeed, recent studies have shown that
GQDs can target a wide range of microorganisms, including antibiotic-resistant bacteria and
pathogenic fungi, highlighting their potential as versatile antimicrobial agents [3,6,7]. Most
of the GQDs’ antimicrobial properties derived from the surface functional groups: while
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amino-functionalized GQDs increases cell entry and drug delivery, carboxylated GQDs
showing ability to strongly interact with positive charges were proposed for molecular
targeting [3].

Of note, the recent discoveries which have revealed an additional function of GQDs in
generating singlet oxygen (10,) under light exposure, thus indicating their potential as can-
didates for photodynamic therapy (PDT) [8-10]. GQDs obtained through electrochemical
means, when exposed to blue light (470 nm), produced 'O, and various reactive oxygen
species, resulting in oxidative stress and the death of human glioma cells [11,12].

During a PDT, the photosensitizers, upon exposure to light irradiation of specific
wavelengths (470 nm), initiates the generation of reactive oxygen species (ROS) within
its immediate proximity, thereby eliciting a targeted biological response in the affected
tissue [13,14].

Antimicrobial PDT may represent a particularly promising alternative treatment for
multidrug-resistant microbes [15,16].

The ability to generate 'O, and various reactive oxygen species allows GQDs to
effectively disrupt microbial cell walls and inhibit biofilm formation [17,18]. However,
despite the demonstrated efficacy of these materials, the specific impact of GQDs on bacteria
remains largely unexplored, suggesting potential opportunities for further investigation.

Here, we investigate the photodynamic antibacterial properties of GQDs, particularly
focusing on their interaction with Escherichia coli (E. coli), a Gram-negative bacterium
commonly found in the human intestinal microbiota being capable of causing a spectrum of
infections ranging from mild gastroenteritis to life-threatening conditions such as urinary
tract infections and sepsis [19]. Our study delves into assessing the antimicrobial potential
of GQDs against E. coli, leveraging their inherent antibacterial activity induced upon
exposure to irradiation.

2. Results
2.1. Stimulation of Graphene Quantum Dots Enhances Their Antibacterial Activity against E. coli

To date, several studies provided elusive information about quantum dots, and more
generally nanomaterials, antibacterial properties due to numerous and different experimen-
tal settings. While the antibacterial effects of the Carbon Quantum Dots were demonstrated
without the need for light or other stimuli, Graphene Quantum Dots (GQDs) antibacterial
activity appeared associated with blue light stimulation [20]. For this reason, to evaluate
the direct antibacterial activity of GQDs, we administrated differentially functionalized
GQDs (L-GQDs, NH-GQDs and COOH-GQDs), at the final concentration of 200 pg/mL,
to 5 x 10° E. coli suspension. This suspension was incubated at standard culture conditions
or was irradiated early with blue light (470 nm wavelength) for 15, 30 or 60 min before
incubation. Antibacterial activity was measured by counting colony forming units (CFUs)
after the stimulations and 4 h later (Figure 1A). The administration of GQDs alone without
stimulation did not reduce the bacterial burden (p > 0.05) (Figure 1B). Conversely, GQDs’
antibacterial activity was enhanced by blue light and appeared dependent on the time of
irradiation (Figure 1C-E). Comparable antibacterial activity was observed when CFUs were
measured following 15 and 30 min of stimulation, reducing the E. coli growth by 1 logg
(p < 0.01) for L-GQDs, NH,-GQDs and COOH-GQDs treated samples. Intriguingly, un-
treated stimulated samples showed similar CFUs, suggesting a minimal blue light depen-
dent antibacterial activity. However, when the suspension was exposed to blue light for
60 min, a large decrease was detected with L-GQDs recognized as the most efficient nano-
material (p < 0.01). Moreover, we included an additional step to our experimental model
in comparison with previous studies [14,21,22], assessing CFUs 4 h after stimulation. We
highlighted that 15 and 30 min of blue light stimulation were not sufficient to mainly inhibit
microbial growth (p > 0.05). On the contrary, 60 min of blue light irradiation enhanced
the antibacterial activity of all tested GQDs compared to untreated sample. L-GQDs and
COOH-GQDs appeared to mostly reduce E. coli growth (approximately 2 logjo, p < 0.01),
whereas NH-GQDs showed a slight but not significant variation in the CFUs count after
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4 h of incubation compared to 60 min counting (p > 0.05). Despite of studies that assayed
the impact of blue light stimulation on GQDs properties, their antibacterial activity was not
yet assessed later than 15 min of incubation [14,21].
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Figure 1. Graphene Quantum Dots irradiated with blue light significantly reduce E. coli viability.
Schematic representation of the experimental model used to assess Graphene Quantum Dots (GQDs)
activity against E. coli. Differently functionalized GQDs (L-GQDs, NH,-GQDs and COOH-GQDs),
stimulated or not with blue light (470 nm wavelength), were used (A). A suspension of E. coli at the
final concentration of 5 x 10° CFUs/mL was incubated with a suspension of 200 jtg/mL GQDs and
colonies forming units (CFUs) were measured at 15, 30, 60 min and 4 h later (B). A suspension of
E. coli and GQDs was irradiated with blue light for 15 (C), 30 (D) and 60 min (E) until CFU evaluation
4 h later. CFUs/mL were reported in log10 scale.
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To demonstrate that the antimicrobial effect mediated by GQDs was not transient
and immediately evidenced only after stimulation or in the medium-term period (4 h),
we performed the same experiment evaluating CFUs 24 h later. As showed in Figure 2,
stimulated GQDs were able to preserve the antibacterial activity until 24 h following
treatment and blue light stimulation. The major reduction was observed again when GQDs
were exposed to blue light for 60 min (Figure 2C), In particular, L-GQDs and COOH-
GQDs were able to reduce the bacterial burden by 3 log;g, whereas NH,-GQDs showed a
2 logy decrease. Log;o differences between irradiated and not irradiated samples were
also summarized in Supplementary Table S1.
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Figure 2. Irradiated Graphene Quantum Dots reduce E. coli viability 24 h post stimulation. A
suspension of E. coli at the final concentration of 5 x 10° CFUs/mL was incubated with 200 pg/mL
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of differently functionalized Graphene Quantum Dots (L-GQDs, NH;-GQDs and COOH-GQDs)
alone or irradiated with blue light (470 nm) for 15 (A), 30 (B) and 60 min (C). Colony forming units
(CFUs) were assessed 24 h post treatment to measure long-term activity of nanomaterials. CFUs were
represented in log10 scale as bar plots. (** p value < 0.01; *** p value < 0.001; **** p value < 0.0001;
ns = not significant).

These data highlighted that GQDs” antimicrobial activity against E. coli was directly
dependent on their irradiation and slightly related to their functionalization.

2.2. Stimulated Graphene Quantum Dots Impair E. coli Metabolic Activity

Carbon-based nanomaterials have been demonstrated to have a broad-spectrum
of antibacterial activities and so have been preferred to develop new strategies against
drug-resistant bacteria [23,24]. We have the exploited antibacterial property of graphene
oxide and of GQDs against mycobacteria, demonstrating their different activity and
impact [3,25,26]. In this context, we investigate the effects of GQDs, stimulated or not with
blue light, against E. coli by scanning electron microscopy (SEM) analysis and assessing its
viability by using the MTS assay, which directly measures its viability. We administrated
L-GQDs, NH,-GQDs, and COOH-GQD:s to a bacterial suspension and exposed it to blue
light for 60 min. Untreated sample and samples treated with gentamicin and kanamycin
were used as controls. SEM analysis revealed no significant macroscopic changes in the
bacterial morphology induced by GQDs compared to the untreated specimens (Figure 2).
Furthermore, no changes were revealed between differently functionalized GQDs, while as
expected a high decrease in bacterial burden and cell damage was associated with antibiotic
treatments. These results suggest that neither GQDs nor blue light stimulation significantly
impact on macroscopic features of the bacterial cells. We then seeded E. coli treated as
previously described in a 96-well plate. The plate was directly incubated (Figure 3B) or
treated with blue light for 60 min (Figure 3C). As controls were included a treatment with
2% Triton X-100 treatment (rather than gentamicin and kanamycin) and untreated bacterial
solution, respectively. MTS was added and absorbance (A = 490 nm) was measured using a
spectrophotometer. Treatments with L-GQDs, NH;-GQDs and COOH-GQDs showed no
significant variations in the metabolic activity of E. coli, showing slight changes compared
to the control (p > 0.05). Conversely, the use of Triton X-100 as a control showed a significant
reduction (p < 0.01). However, exposure to blue light for 60 min resulted in a statistically
significant modulation of E. coli metabolic activity across all GQDs treatments (p < 0.01).
Specifically, both L-GQDs, NH;-GQDs and COOH-GQDs showed a decrease, reaching
values up to Triton X-100 or antibiotic treatments. These results highlight a key role of
stimulated GQDs in modulating E. coli metabolic processes impairing its viability.

As previously mentioned GQDs induce reactive oxygen species, a property that
appears shared from other carbon-based nanomaterials such as graphene oxide [27,28].
Additionally, GQDs, when exposed to blue light (470 nm), increased reactive oxygen species
production, resulting in inducing cell death due to oxidative stress [11,12]. For this reason,
we finally measured ROS production in E. coli culture treated with L-GQDs, NH,-GQDs,
and COOH-GQDs, as previously described, and exposed to 470 nm wavelength light. ROS
production appeared comparable between samples exposed or not to blue light in the first
60 min, when NH,-GQDs, and COOH-GQDs were administrated (Figure 3D,E). L-GQDs
ROS stimulation was directly linked to light stimulation (Figure 3E). Interestingly, 4 h later,
samples treated with NH,-GQDs, and COOH-GQDs and exposed to 470 nm blue light
showed higher ROS production compared to control and L-GQDS or to counterparts not
light exposed (Figure 3F,G). These results corroborated what observed with the MTS assay
and demonstrated that GQDs’ antibacterial activity was light dependent and ROS mediated.
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Figure 3. Graphene Quantum Dots do not impair E. coli morphology but do affect its metabolic
activity and ROS generation. To investigate direct macroscopic activity of Graphene Quantum Dots
on E. coli, scanning electron microscopy (SEM) was performed on a suspension of E. coli at the final
concentration of 5 x 10° CFUs/mL treated with 200 ng/mL GQDs (L-GQDs, NH,-GQDs and COOH-
GQDs), irradiated with blue light (470 nm) for 60 min or not irradiated. Additionally, E. coli treated
with gentamicin and kanamycin were included as controls. SEM acquisition (magnification: 15,000,
scale bar: 2 um) was performed 4 h post treatment (A). The metabolic effect of GQDs was investigated
onab x 10° E. coli suspension using the MTS assay. The bacterial suspension was seeded in a 96-well
plate and treated with 200 ng/mL GQDs (L-GQDs, NH2-GQDs and COOH-GQDs). Each condition
was left non-irradiated (B) or blue light irradiated for 60 min (C). Untreated bacterial suspension and
treated with 2% Triton X-100 were used as negative and positive controls, respectively. Metabolic
activity was determined by measuring absorbance (490 nm wavelength) using a Cytation instrument
following the MTS assay. E. coli cells (5 x 10° CFU/mL) were treated with 200 pg/mL GQDs and
either exposed or not exposed to blue light (470 nm) for 60 min to investigate ROS production.
ROS levels were measured immediately in a non-stimulated condition (D) and after light exposure
(E). Additional measurements of ROS levels were performed after a 4 h incubation at 37 °C for both
the non-stimulated (F) and 60 min blue light-stimulated conditions (G). Cells were incubated with
20 uM DCFDA at 37 °C for 30 min in the dark prior to fluorescence measurement. Fluorescence
intensity was recorded using the Cytation 5 instrument at excitation and emission wavelengths of
485 nm and 535 nm, respectively. (*** p value < 0.001, **** p value < 0.0001).
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2.3. Graphene Quantum Dots Exert Extracellular Antibacterial Activity during Infection of
Epithelial Cells

We have previously assessed GQD cytotoxicity on macrophages and human periph-
eral mononuclear blood cells, so that according to the previously described experimental
schemes we tested GQDs toxicity on human colorectal adenocarcinoma cells (Caco-2)
(Figure 4A). Caco-2 cells were firstly incubated with L-GQDs, NH>-GQDs and COOH-
GQDs and then stimulated with blue light irradiation (60 min) or not. Cell viability was
measured 4 h later. The MTS assay resulted in no statistically significant differences in
cell viability when nanomaterials were only administrated to epithelial cells (Figure 4B).
Similarly, when GQDs were administrated and stimulated with blue light did not induce
cell death in comparison with the untreated cells (Figure 4C). Furthermore, we evaluated
reactive oxygen species production after GQDs treatment and blue light irradiation. As
shown in Figure 5, administration of GQDs stimulated minimal ROS production after 60
min and 4 h: while L-GQDs showed comparable values at the two time points, NH>-GQDs
and COOH-GQDs increased two times (Figure 5A,C). On the other hand, blue light treat-
ment determined a significant increase in ROS production at both 60 min (approximately 5%
for L-GQDs, 15% for NH,-GQDs, 25% for COOH-GQDs) following irradiation and 4 h later
(approximately 25% for L-GQDs and NH;,-GQDs, 50% for COOH-GQDs) (Figure 5B,D).
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Figure 4. Graphene Quantum Dots exhibited no cytotoxicity on human epithelial cells. Graphene
Quantum Dots (GQDs)'’s cytotoxicity was assessed on the human colorectal adenocarcinoma cell
line (Caco-2) by using the MTS assay (A). Caco-2 cells were seeded in a 96 well plate. When the 90%
cell monolayer was reached, cells were treated with 200 ug/mL GQDs (L-GQDs, NH,-GQDs and
COOH-GQDs) and stimulated with blue light for 60 min. Untreated cells and cells treated with 2%
Triton X-100 were used as negative and positive controls, respectively. Cytotoxicity was determined
by measuring absorbance (490 nm wavelength) using Cytation instrument following the MTS assay
at 60 min (B) and 4 h (C) post treatments.
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Figure 5. Graphene Quantum Dots enhance ROS generation in in vitro Caco-2 cells model. Caco-2
cells (1.2 x 106 cells/well) were seeded in a 96 wells plate. When the 90% cell monolayer was
reached, cells were treated with 200 pg/mL GQDs (L-GQDs, NH,-GQDs and COOH-GQDs) and
either exposed or not exposed to blue light (470 nm) for 60 min to investigate ROS production. ROS
levels were measured in a non-stimulated condition (A) and immediately after light exposure (B).
Additional measurements of ROS levels were performed after a 4 h incubation at 37 °C for both the
non-stimulated (C) and 60 min blue light-stimulated conditions (D). Cells were incubated with 20 uM
DCFDA at 37 °C for 30 min in the dark prior to fluorescence measurement. Fluorescence intensity
was recorded using the Cytation 5 instrument at excitation and emission wavelengths of 485 nm and
535 nm, respectively. (** p value < 0.01; *** p value < 0.001, **** p value < 0.0001).

Caco-2 were finally infected with E. coli (MOI 100:1) for two hours before removing
infection solution and administrating GQDs at final concentration of 200 ug/mL. As
described in Figure 6A, Caco-2 were then exposed or not to 470 nm wavelength blue light
for 60 min and then incubated in standard atmosphere conditions for additional 4 h when
CFUs were assessed.

Results obtained from the CFUs count indicated that none of the GQDs were able to
reduce the microbial burden in untreated cells (Figure 6B) or following 60 min of irradiation
(Figure 6D). Otherwise, our data showed that after 4 h of incubation, Caco-2 blue light
stimulated accounted a slight, but significant, reducing of E. coli burden compared to
untreated or not stimulated cells (Figure 6C,E). Logy( differences between irradiated and
not irradiated samples were also summarized in Supplementary Table S1.

To further investigate GQD activity directly on extracellular bacteria or indirectly on
bacteria inside the cells, we repeated the previously described experiment introducing
an additional antibiotic treatment together with nanomaterials administration (Figure 7).
Caco-2 cells were infected with an E. coli suspension (MOI = 100:1), washed two hours
later, treated with 200 ug/mL of each GQDs and exposed to blue light. One hour later,
fresh medium containing gentamicin or kanamycin at minimum inhibitory concentrations
(MICs) was added, except for control conditions, where only fresh medium was added.
CFUs were assessed four hours later. While the CFUs count of the untreated cells showed
higher growth of E. coli and confirmed GDQs’ antibacterial activity (Figure 7A), gentamicin
treated cells showed a similar trend even though with an evident decrease in bacterial

burden (Figure 7B). Interestingly, kanamycin co-administration was observed to decrease
CFUs in all conditions (Figure 7C). Taken together, these results suggest a promising activity
of GQDs, when irradiated with blue light, that triggers ROS production and appears mostly
active in the extracellular milieu.
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Figure 6. Graphene Quantum Dots reduce E. coli persistence in human epithelial cells. Schematic rep-
resentation of the experimental model used to assess Graphene Quantum Dots (GQDs) antibacterial
activity on human colorectal adenocarcinoma (Caco-2) cells infected with a suspension of E. coli (A).
Caco-2 were infected with E. coli (MOI = 100:1) for two hours before removing infection solution and
treating with 200 pg/mL GQDs (L-GQDs, NH,-GQDs and COOH-GQDs) and irradiated or not at
470 nm for 60 min. Colony forming units (CFUs) were evaluated at 1 (B,D) and 4 h (C,E). CFUs/mL
were reported in log10 scale as bar plots. (*** p value < 0.001).
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Figure 7. Graphene Quantum Dot drugs exhibited notable antibacterial effects during E. coli infection
on the human colorectal adenocarcinoma cell line. Caco-2 cells were infected with a suspension
of E. coli (MOI = 100:1). Two hours after infection, cells were washed and treated with 200 pug/mL
GQDs (L-GQDs, NH,-GQDs and COOH-GQDs) and stimulated with blue light. One hour later,
the medium was removed and new fresh medium containing gentamycin (B) or kanamycin (C) at
minimal inhibitory concentrations (MICs) was added, except for control conditions (A), where only
new fresh medium was added. CFUs were evaluated 4 h post treatment and represented in log10
scale. (* p value < 0.05; ** p value < 0.01; *** p value < 0.001).

3. Discussion

The increase in antibiotic resistance represents a worldwide health issue, requiring
the investigation of new treatment approaches. GQDs have showed enormous potential as
antimicrobials because of notable chemical, physical, and biological features, rather than
general advantages over traditional QDs robust fluorescence, photobleaching resistance,
exceptional solubility and biocompatibility [17,22,29]. A number of studies have drawn
attention to their antimicrobial properties against a wide range of microorganisms, includ-
ing antibiotic-resistant bacteria and fungi [30]. Their exceptional surface area-to-volume
ratio and compact size enable them to effectively interact with bacterial cells and due to
diverse surface functional groups interact with microbes, enhancing cellular penetration
and molecular targeting [3,31].

Unfortunately, these applications remain still elusive and controversial lacking precise
and common experimental methodologies [23,32]. Despite of the facile synthesis compared
to other nanomaterials, obtaining high-quality products is difficult because of the existing
synthesis that generally produces small-scale amounts of GQDs which have a wide size
distribution [20,31]. This inconsistency hinders the comparison of results across diverse
studies and limits definitive conclusions about their efficacy.

Since the size, shape and functionalization have a massive impact on GQDs physico-
chemical properties, we used previously characterized GQDs [3] on E. coli as a model of
Gram-negative bacterial pathogens.

Our results highlighted GQDs’ antimicrobial activity against E. coli when these nano-
materials were exposed to blue light (470 nm). A reduction of up to 2 logs in the CFUs count
was measured 4 h following blue light exposure and up to 3 logs 24 h later. Interestingly,
we found no differences dependent on GQD functionalization.

Our results appear in line with Ristic and colleagues, who observed a significant
decrease in the E. coli and S. aureus bacterial burden after treatment with 200 pg/mL
non-functionalized GQDs 4 h later [14]. Similarly, Rojas-Andrade and colleagues noticed
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antibacterial effects mediated by GQDs or reduced GQDs (rGQDs) against S. epidermidis.
Note that the latter study assessed antimicrobial activity by measuring CFUs up to 18 h:
GQDs and rGQDs were stimulated with a different wavelength light (395-400 nm) for
3 min before plating [21]. Although no light stimulation was employed, the GQDs-TiO2
combination lowered S. mutans burden after 24 h of incubation [33]. Stankovi¢ and col-
leagues firstly proposed blue light stimulation of hydrophobic carbon quantum dots that
achieved significant antibacterial efficacy against E. coli and S. aureus [34]. In other words,
GQDs appear to be promising antimicrobial compounds, but methodological differences in
terms of exposure time, light stimulation and bacterial strains lead to difficulties in achiev-
ing complete knowledge of GQDs’ antimicrobial activity. In this scenario, our data support
the evidence reported in previous studies, which were focused on GQDs short-term effects,
typically within a few hours of incubation or few minutes of light stimulation, potentially
overlooking the long-term dynamics of bacterial regrowth or resistance development. We
assessed antimicrobial activity 24 h following treatment and stimulation underlying how
light exposure appears to be the key factor to determining GQDs’ efficacy. Long-term
observation was important to assessing GQDs’ multiple functional mechanisms suggested
to promote antimicrobial activity.

SEM analysis clearly revealed that GQDs were not able to induce substantial morpho-
logical damage to bacterial cells, suggesting that they impact prevalently on the bacterial
metabolism. This finding strengthens previous observations indicating GQDs’ antibac-
terial effects through mechanisms that do not heavily disrupt the physical integrity of
bacterial cells. GQDs’ antibacterial effect is largely attributed to ROS generation: through
the interaction with bacterial cells, they are able to various ROS such as singlet oxygen,
hydroxyl radicals, and superoxide anions [35,36]. These ROS are highly reactive and can
cause oxidative damage to essential biomolecules within the bacterial cells, including DNA,
proteins, and lipids [37,38]. Furthermore, ROS production significantly increased when
GQDs were stimulated with blue light directly impairing E. coli growth. Even though,
aminated GQDs has been described as the powerful ROS stimulator, we note comparable
ROS production of COOH- and NH;-QGDs [39]. The impairment of E. coli metabolism is in
line with the results of Ouyang and colleagues, who explained GQDs’ antimicrobial activity
with the increase in nitrogen-fixing gene expression [40]. This activity may be translated in
an engulfment or alteration of the bacterial growth, much more than and effective damage,
that may conduce to an early stationary phase [41].

These findings highlight the complexity of GQDs’ interactions, maybe due to different
functionalization and experimental settings, and underscore the necessity for further
experimental standardization to elucidate their precise mechanisms of action. At the same
time, a better understanding of these mechanisms may result in dynamic applications of
these nanomaterials.

It is important mention to mention that blue light that has emerged as a potent
antimicrobial adjuvant due to its ability to induce photodynamic effects that generate
ROS [42]. This wavelength is particularly effective in aPDT because it can penetrate tissues
significantly, making it useful for both superficial and deeper infections [43]. Importantly,
much research has shown that blue light (at 470 nm) can effectively disrupt the cell walls
and membranes of various bacteria [42,44,45]. Additionally, blue light inhibits biofilm
formation, a major challenge in treating chronic infections, by penetrating the biofilm
matrix and killing embedded bacteria [46,47]. The blue light-GQDs combination may
enhance the excitation of endogenous photosensitizers within microbial cells, producing
several ROS species [48,49].

Moreover, the low toxicity of blue light to human cells, compared to ultraviolet light,
makes it a safer option for clinical applications [50-52]. These findings are coherent with our
study, since we observed that Caco-2 cells did not show cytotoxicity when exposed to each
GQD or blue light, either alone or in combination. Nevertheless, the combination of blue
light and GQDs has been explored for the treatment of specific cancers, with the objective
of eliminating tumor cells [9,53,54]. Given that ROS production has been described in
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eukaryotic cells for cancer treatment and these were also generated when macrophages were
treated, graphene oxide was used [26]. We measured their production in our Caco-2-based
in vitro model. Indeed, the generation of ROS was observed when Caco-2 cells were treated
with GQDs and were stimulated by blue light. The major activity measured when GQDs
were used in combination with gentamicin suggested that these nanomaterials prompt for
antibiotic internalization. Gentamicin, which is known to not efficiently penetrate into the
eukaryotic cell membrane, after GQDs and blue light stimulation significantly reduced
bacterial burden [55].

This finding may be a key point in the defense against bacterial pathogens because
ROS are normally produced by cells that are involved in the host-defense response [56].
Moreover, few studies have investigated the antibacterial activity of GQDs in in vitro
models [3,57] so further investigations, also based on more complex and multicellular
models and antibiotic administrations, will be needed to ascertain the clinical role of the
GQDs and blue light combination, evaluating the possible ROS-mediated cellular signaling
and its involvement in host immunity regulation.

4. Methods
4.1. Bacterial Manipulation

Escherichia coli (E. coli) was grown in Luria-Bertani (LB) broth medium (Sigma-Aldrich,
Saint Louis, MO, USA) at 37 °C overnight. Bacterial culture was then harvested, and
20% sterile pure glycerol (Carlo Erba Reagents, Milano, Italy) was added. Aliquots of the
suspension were finally stored at —80 °C and then assessed in terms of colony forming units
(CFUs). All experiments that involved E. coli manipulation were performed in Biosafety
level 2 laboratory in the Institute of Microbiology of Fondazione Policlinico Universitario
A. Gemelli—IRCCS.

4.2. Graphene Quantum Dots Features

GQDs were previously characterized encompassing optical density, fluorescence inten-
sity, dynamic light scattering (DLS), zeta potential, and attenuated total reflection-Fourier
transform infrared spectroscopy (FITR) [3]. L-GQDs and COOH-GQDs exhibited an ab-
sorption shoulder at 350 nm, whereas NH2-GQDs demonstrated a shifted absorption peak
toward 400 nm. Fluorescence intensity spectra were recorded by exciting GQDs from 250
to 520 nm and measuring emission from 300 to 700 nm (10 nm step size), normalizing the
highest recorded emission for each GQD. L-GQDs, NH2-GQDs and COOH-GQDs showed
emission peaks at 380 nm (excitation 330 nm), 450 nm (excitation at 380 nm) and 450 nm
(excitation at 330 nm), respectively. DLS and zeta potential analyses indicated a hydrody-
namic radius peaked below 10nm and a surface charge of —47.3 + 5.95mV (L-GQDs),
—21.2 £ 2.93mV (COOH-GQDs) and —3.2 + 1.72mV (NH2-GQDs). FITR analysis high-
lighted that L-GQDs had two bands in the fingerprint region typical of the C=0O bond;
NH2-GQDs displayed a broad band at approximately 3000 cm !, corresponding to the
N-H stretching vibration of amine groups and a broader band at approximately 1400 cm !
indicating C-N absorption. Finally, characteristic frequencies of the carboxylic groups, due
to a broad band between 3500 and 2500 cm ! for the O-H stretch and a prominent band at
1705 cm ™1 for the C=0 stretch, was observed in COOH-GQDs.

4.3. In Vitro Antimicrobial Assay

A suspension of E. coli (5 x 10° CFUs/mL) was incubated alone or with Blue Lumi-
nescent GQDs (L-GQDs), Aminated GQDs (NH;,-GQDs), or Carboxylated GQDs (COOH-
GQDs) (ACS Material) at the final concentration of 200 ng/mL to assess direct activity
of GQDs in LB medium at 37 °C [3,14,58,59]. Bacterial solutions were also exposed to
blue light (470 nm) irradiation for 15 min (min), 30 min and 1 h (h) without mechanical
agitation before 4 h and 24 h incubation in standard atmosphere conditions at 200 rpm.
Blue light showed the following features: 5 VDC (operating voltage range 2.5~6 VDC),
155 mA-179 mA, 0.78-0.90 watts. Colony forming units (CFUs) were determined at time 0
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(infection solution), 15 min, 30 min and 1, 4 and 24 h by plating serial dilutions (1:10) of the
bacterial suspensions on LB agar medium (Sigma-Aldrich, Saint Louis USA). CFUs/mL
were then obtained by multiplying the number of CFUs (colonies of E. coli) on agar plates
by the appropriate dilution factor (Figure 1A).

4.4. Scanning Electron Microscopy (SEM)

SEM was performed to evaluate the macroscopic effect of GQDs on a 5 x 10° E. coli
suspension. The E. coli suspension was treated with 200 pug/mL of each GQD (L-GQDs,
NH,-GQDs, COOH-GQDs) followed by 60 min of blue light irradiation. Treated and
control conditions were spotted onto polyurethane disks, followed by fixation in 2.5%
glutaraldehyde and dehydration in ethanol [25].

Images were taken using a SEM Supra 25 (https:/ /speciation.net/Database/Instruments /
Carl-Zeiss-AG/Supra-25-;i665 accessed on 21 July 2024, Zeiss, Oberkochen, Germany). Images
were taken at 15 K magnification (scale bar is indicated on each image). Images were analyzed
using FIJI software (https:/ /fiji.sc/ accessed on 21 July 2024, National Institute of Health,
Bethesda, MD, USA).

4.5. Graphene Quantum Dots Effect on E. coli Metabolic Activity

The metabolic impact of GQDs on E. coli was investigated utilizing the MTS assay
(Abcam, Cambridge, UK) in a controlled experimental setup. A bacterial suspension
with a concentration of 5 x 10° CFU/mL was inoculated into a 96-well plate with flat
bottom (Corning, New York, NY, USA). Subsequently, 200 pg/mL of functionalized GQDs
(L-GQDs, NH,-GQDs, and COOH-GQDs) were introduced to the bacterial cultures. The
experimental conditions included exposure to blue light for a duration of 60 min, as well as
a control condition without blue light exposure. To establish baseline metabolic activity, 2%
Triton X-100 (Sigma-Aldrich) served as a positive control for maximum metabolic inhibition,
while untreated bacterial suspensions were used as negative controls. Post incubation,
the MTS assay was conducted, and the metabolic activity was quantified by measuring
absorbance at 490 nm using a spectrophotometer [27,60]. All experiments were performed
in triplicate to ensure reproducibility.

4.6. Assessment of ROS Generation in E. coli Culture

E. coli was cultured in LB broth medium at 37 °C with shaking at 200 rpm overnight.
The cells were harvested by centrifugation at 4000 rpm for 10 min, washed twice with
phosphate-buffered saline (PBS, pH 7.4), and resuspended in PBS to a final concentration
of 5 x 10° cells/mL. Bacterial cells were incubated alone or with Blue Luminescent GQDs
(L-GQDs), Aminated GQDs (NH,-GQDs), or Carboxylated GQDs (COOH-GQDs) (ACS
Material) at the final concentration of 200 ng/mL and stimulated with blue light (470 nm)
for 60 min or not. Intracellular reactive oxygen species (ROS) levels were measured using
the DCFDA /H2DCFDA—Cellular ROS Assay Kit (Abcam, Cambridge, UK) [60]. E. coli
cells were incubated with 20 uM of 2’,7’-dichlorofluorescin diacetate (DCFDA) at 37 °C for
30 min in the dark. Following incubation, cells were washed twice with H,O to remove
excess DCFDA. The treated cells were then aliquoted into a 96-well black-bottom microplate
(Agilent, Santa Clara, CA, USA), with 100 pL of cell suspension per well. The fluorescence
intensity, indicative of ROS levels, was measured using the Cytation 5 Cell Imaging Multi-
Mode Reader (BioTek Instruments, Winooski, VT, USA) with excitation and emission
wavelengths set at 485 nm and 535 nm, respectively. All experiments were performed in
triplicate to ensure reproducibility. Fluorescence data were analyzed using Gen5 software
(BioTek Instruments).

4.7. Caco-2 Cells Culture and Infection

Caco-2 cells (ATCC, Manassas, VA, USA; Accession Number: CVCL_0025) were
cultured in DMEM (Euroclone, Milano, Italy) supplemented with 20% inactivated FBS
(Euroclone, Milano, Italy), 1% L-glutamine (Euroclone, Milano, Italy) and 1% streptomycin—
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penicillin (Euroclone, Milano, Italy) and were incubated at 37 °C and 5% CO,. Adherent
cells were washed with sterile warm PBS (Euroclone, Milano, Italy) and removed for
experiments by using 1x trypsin in PBS (Euroclone, Milano, Italy). Cells were counted
and re-suspended in DMEM supplemented with 2% FBS and 1% L-glutamine. Finally,
cells were seeded in sterile 48 well plates (Euroclone, Milano, Italy) at a concentration of
5 x 10° cells/mL and incubated overnight until infection or treatment. Caco-2 cells were
infected with E. coli, with multiplicity of infection (MOI) of 100 (100 bacterium to 1 cell),
resuspended in the cell culture medium. One hour post infection, infected cells were
washed with sterile warm PBS to remove extracellular bacteria and treated with irradiated
or non-irradiated GDQs for 1 h. Cells were incubated in standard atmosphere conditions for
24 h when CFUs were assessed by harvesting the cell monolayer with sterile 0.1 mL of sterile
0.05% Triton X-100 (Sigma-Aldrich). Serial dilutions in (1:10) of the cellular lysate were
carried out before plating on LB agar plates. Plates were then incubated at 37 °C overnight
(Figure 5A). CFUs/mL were obtained by multiplying the number of CFUs (colonies of E.
coli) on agar plates by the appropriate dilution factor and reported as log CFUs/10° cells. To
investigate the effects of GQDs on bacteria located outside cells as well as those within cells,
the initial experiment was conducted again, incorporating an additional antibiotic treatment
along with the nanomaterials. Gentamicin (Euroclone, Milano, Italy) and kanamycin
(Sigma-Aldrich, USA) were administrated at minimal inhibitory concentrations (MICs),
carrying out the experiment as described previously (Figure 6).

4.8. Evaluation of Cytotoxicity on Caco-2 Cells

To evaluate the effects of GQDs on cell viability, Caco-2 cells (ATCC, Manassas, VA,
USA; Accession Number: CVCL_0025) were cultured and subsequently seeded at a density
of 5 x 10° cells per mL in 96-well plates (Corning, New York, NY, USA). The Caco-2 cells
were incubated overnight under standard conditions (37 °C, 5% CO5,) to ensure proper cell
adherence and stabilization. Following this, the cells were treated with 200 ug/mL of three
different GQD formulations (L-GQDs, NH,.GQDs, and COOH-GQDs) with or without
exposure to blue light at a wavelength of 470 nm. Untreated cells were used as a negative
control, while cells exposed to 2% Triton X-100 (Sigma-Aldrich) served as a positive control
to induce maximum cytotoxicity. The MTS Cell Proliferation Assay (Abcam, UK) was
then employed to assess the metabolic activity of the Caco-2 cells post treatment [3]. One
hour after incubation with the GQDs, MTS reagent was added to each well and the plates
were incubated for an additional 4 h at 37 °C. The absorbance was measured at 490 nm to
quantify nanomaterials cytotoxicity.

4.9. Assessment of ROS Generation in Human Epithelial Cells

To assess ROS generation, human epithelial colorectal adenocarcinoma cells (Caco-2)
(ATCC, Virginia, USA; Accession Number: CVCL_0025) were cultured in Dulbecco’s
modified Eagle’s medium (DMEM) supplemented with 20% fetal bovine serum (FBS), 1%
L-glutamine (Euroclone. Italy) and 1% penicillin-streptomycin (Euroclone, Italy) at 37
°C in a humidified atmosphere with 5% CO,. The cells were seeded into 96-well black-
bottom microplates (Agilent, USA) at a density of 1.2 x 10° cells/well and allowed to
adhere overnight. After 24 h, cells were washed twice and the medium was replaced
with fresh RPMI 1640 (Euroclone, Italy) containing Blue Luminescent GQDs (L-GQDs),
Aminated GQDs (NH,-GQDs), or Carboxylated GQDs (COOH-GQDs) (ACS Material) at a
final concentration of 200 pg/mL. The cells were either exposed to blue light (470 nm) for
60 min or kept in the dark as a control. Intracellular reactive oxygen species (ROS) levels
were assessed using the DCFDA /H2DCFDA—Cellular ROS Assay Kit (Abcam, UK) [26].
Caco-2 cells were incubated with 20 uM of 2/,7’-dichlorofluorescin diacetate (DCFDA)
at 37 °C for 45 min in the dark. Post incubation, cells were washed twice with H,O to
remove excess DCFDA. Fluorescence intensity, reflecting ROS levels, was measured using
the Cytation 5 Cell Imaging Multi-Mode Reader (BioTek Instruments, Winooski, VT, USA)
with excitation and emission wavelengths set at 485 nm and 535 nm, respectively. All
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experiments were conducted in triplicate to ensure data reliability. Fluorescence readings
were analyzed using Gen5 software (BioTek Instruments).

4.10. Statistical Analysis

Data were collected and organized using Microsoft Excel software version 16.69.1 and
were analyzed by using GraphPad Prism software version 9.0.0 (GraphPad software) and
R v4.0.2. All experiments were performed in scientific duplicates and technical triplicates.
All data were expressed as mean plus SD and analyzed by two-way ANOVA followed by
the appropriate correction.

5. Conclusions

Our study emphasized the antibacterial properties of functionalized GQDs against
E. coli, particularly when stimulated with blue light. Furthermore, we pointed out the use
of standardized models based on axenic cultures or in vitro infection models to ensure the
reliability and reproducibility of these findings across studies, and previously characterized
GQDs were employed. In summary, GQD activity was blue light mediated and time
dependent. Although no evident effect was detected on E. coli morphology, GQDs impair
bacterial metabolism and stimulate ROS production.
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https:/ /www.mdpi.com/article/10.3390/ijms25158033 /s1.

Author Contributions: This study was designed by FED.M. Experiments were set up by ED.M.
and R.R. and carried out by R.R. and G.S. SEM microscopy was performed by A.A. and M.P. Data
analysis and figure preparation were conducted by ED.M. and R.R. ED.M. and R.R. wrote the original
draft. ED.M. and M.P. revised the final manuscript. All authors participate in the discussion and
interpretation of the results. All authors have read and agreed to the published version of the
manuscript.

Funding: This research was supported by EU funding within the MUR PNRR Extended Partnership
injtiative on Emerging Infectious Diseases (Project no. PE00000007, INF-ACT).

Institutional Review Board Statement: Not applicable.
Informed Consent Statement: Not applicable.

Data Availability Statement: The original contributions presented in this study are included in this
article, and further inquiries can be directed to the corresponding author.

Conflicts of Interest: The authors declare no conflicts of interest.

References

1. Zhao, C,;Song, X,; Liu, Y,; Fu, Y; Ye, L.; Wang, N.; Wang, F; Li, L.; Mohammadniaei, M.; Zhang, M.; et al. Synthesis of graphene
quantum dots and their applications in drug delivery. J. Nanobiotechnol. 2020, 18, 142. [CrossRef] [PubMed]

2. Shen,];Zhu, Y, Yang, X,; Li, C. Graphene quantum dots: Emergent nanolights for bioimaging, sensors, catalysis and photovoltaic
devices. Chem. Commun. 2012, 48, 3686-3699. [CrossRef] [PubMed]

3. Santarelli, G.; Perini, G.; Salustri, A.; Palucci, I.; Rosato, R.; Palmieri, V.; Iacovelli, C.; Bellesi, S.; Sali, M.; Sanguinetti, M.; et al.
Unraveling the potential of graphene quantum dots against Mycobacterium tuberculosis infection. Front. Microbiol. 2024, 15, 1395815.
[CrossRef] [PubMed]

4. Liu, J.; Cui, L,; Losic, D. Graphene and graphene oxide as new nanocarriers for drug delivery applications. Acta Biomater. 2013, 9,
9243-9257. [CrossRef]

5. Wang, X,; Sun, X.; Lao, J.; He, H.; Cheng, T.; Wang, M.; Wang, S.; Huang, F. Multifunctional graphene quantum dots for
simultaneous targeted cellular imaging and drug delivery. Colloids Surf. B Biointerfaces 2014, 122, 638—-644. [CrossRef] [PubMed]

6. Su, Y;Hu,]; Wang, Y;; Li, Y;; Xiao, L.; He, X.; Zhang, Z.; Cai, J.; Pan, D.; Chen, Y,; et al. N-Heterocycle Modified Graphene
Quantum Dots as Topoisomerase Targeted Nanoantibiotics for Combating Microbial Infections. Adv. Healthc. Mater. 2024,
13, €2302659. [CrossRef]

7. Karahan, H.E.; Wiraja, C.; Xu, C.; Wei, J.; Wang, Y.; Wang, L.; Liu, F; Chen, Y. Graphene Materials in Antimicrobial Nanomedicine:
Current Status and Future Perspectives. Adv. Healthc. Mater. 2018, 7, e1701406. [CrossRef] [PubMed]

8.  Ge, J; Lan, M,; Zhou, B.; Liu, W,; Guo, L.; Wang, H.; Jia, Q.; Niu, G.; Huang, X.; Zhou, H.; et al. A graphene quantum dot

photodynamic therapy agent with high singlet oxygen generation. Nat. Commun. 2014, 5, 4596. [CrossRef] [PubMed]


https://www.mdpi.com/article/10.3390/ijms25158033/s1
https://doi.org/10.1186/s12951-020-00698-z
https://www.ncbi.nlm.nih.gov/pubmed/33008457
https://doi.org/10.1039/c2cc00110a
https://www.ncbi.nlm.nih.gov/pubmed/22410424
https://doi.org/10.3389/fmicb.2024.1395815
https://www.ncbi.nlm.nih.gov/pubmed/38774507
https://doi.org/10.1016/j.actbio.2013.08.016
https://doi.org/10.1016/j.colsurfb.2014.07.043
https://www.ncbi.nlm.nih.gov/pubmed/25129696
https://doi.org/10.1002/adhm.202302659
https://doi.org/10.1002/adhm.201701406
https://www.ncbi.nlm.nih.gov/pubmed/29504283
https://doi.org/10.1038/ncomms5596
https://www.ncbi.nlm.nih.gov/pubmed/25105845

Int. J. Mol. Sci. 2024, 25, 8033 16 of 18

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.
20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

Fan, H.Y;; Yu, X.H.; Wang, K; Yin, Y.J; Tang, Y.J.; Tang, Y.L.; Liang, X.H. Graphene quantum dots (GQDs)-based nanomaterials
for improving photodynamic therapy in cancer treatment. Eur. J. Med. Chem. 2019, 182, 111620. [CrossRef]

Singh, N.; Sen Gupta, R.; Bose, S. A comprehensive review on singlet oxygen generation in nanomaterials and conjugated
polymers for photodynamic therapy in the treatment of cancer. Nanoscale 2024, 16, 3243-3268. [CrossRef]

Markovic, Z.M.; Ristic, B.Z.; Arsikin, K.M; Klisic, D.G.; Harhaji-Trajkovic, L.M.; Todorovic-Markovic, B.M.; Kepic, D.P,; Kravic-
Stevovic, TK.; Jovanovic, S.P.; Milenkovic, M.M.; et al. Graphene quantum dots as autophagy-inducing photodynamic agents.
Biomaterials 2012, 33, 7084-7092. [CrossRef] [PubMed]

Wang, X.; Hu, C.; Gu, Z.; Dai, L. Understanding of catalytic ROS generation from defect-rich graphene quantum-dots for
therapeutic effects in tumor microenvironment. J. Nanobiotechnol. 2021, 19, 340. [CrossRef] [PubMed]

Fu, X.J.; Fang, Y.; Yao, M. Antimicrobial photodynamic therapy for methicillin-resistant Staphylococcus aureus infection. BioMed
Res. Int. 2013, 2013, 159157. [CrossRef] [PubMed]

Ristic, B.Z.; Milenkovic, M.M.; Dakic, LR.; Todorovic-Markovic, B.M.; Milosavljevic, M.S.; Budimir, M.D.; Paunovic, V.G,
Dramicanin, M.D.; Markovic, Z.M.; Trajkovic, V.S. Photodynamic antibacterial effect of graphene quantum dots. Biomaterials 2014,
35, 4428-4435. [CrossRef] [PubMed]

Maisch, T. A new strategy to destroy antibiotic resistant microorganisms: Antimicrobial photodynamic treatment. Mini Rev. Med.
Chem. 2009, 9, 974-983. [CrossRef] [PubMed]

Rajesh, S.; Koshi, E.; Philip, K.; Mohan, A. Antimicrobial photodynamic therapy: An overview. J. Indian Soc. Periodontol. 2011, 15,
323-327. [PubMed]

Kuo, W.S.; Chen, H.H.; Chen, S.Y,; Chang, C.Y.; Chen, P.C.; Hou, Y.I; Shao, Y.T.; Kao, H.E; Lilian Hsu, C.L.; Chen, Y.C,; et al.
Graphene quantum dots with nitrogen-doped content dependence for highly efficient dual-modality photodynamic antimicrobial
therapy and bioimaging. Biomaterials 2017, 120, 185-194. [CrossRef] [PubMed]

Kumar, P; Huo, P; Zhang, R.; Liu, B. Antibacterial Properties of Graphene-Based Nanomaterials. Nanomaterials 2019, 9, 737.
[CrossRef] [PubMed]

Mueller, M.T.C. Escherichia coli Infection; StatPearls Publishing: St. Petersburg, FL, USA, 2023.

Cui, L.; Ren, X.; Sun, M,; Liu, H.; Xia, L. Carbon Dots: Synthesis, Properties and Applications. Nanomaterials 2021, 11, 3419.
[CrossRef]

Rojas-Andrade, M.D.; Nguyen, T.A.; Mistler, W.P; Armas, J.; Lu, ].E.; Roseman, G.; Hollingsworth, W.R.; Nichols, F.; Millhauser,
G.L.; Ayzner, A.; et al. Antimicrobial activity of graphene oxide quantum dots: Impacts of chemical reduction. Nanoscale Adv.
2020, 2, 1074-1083. [CrossRef]

Sun, H.; Gao, N.; Dong, K.; Ren, J.; Qu, X. Graphene quantum dots-band-aids used for wound disinfection. ACS Nano 2014, §,
6202-6210. [CrossRef] [PubMed]

De Maio, E,; Palmieri, V.; De Spirito, M.; Delogu, G.; Papi, M. Carbon nanomaterials: A new way against tuberculosis. Expert Rev.
Med. Devices 2019, 16, 863-875. [CrossRef]

Palmieri, V.; Bugli, F.; Lauriola, M.C.; Cacaci, M.; Torelli, R.; Ciasca, G.; Conti, C.; Sanguinetti, M.; Papi, M.; De Spirito, M. Bacteria
Meet Graphene: Modulation of Graphene Oxide Nanosheet Interaction with Human Pathogens for Effective Antimicrobial
Therapy. ACS Biomater. Sci. Eng. 2017, 3, 619-627. [CrossRef] [PubMed]

De Maio, F,; Palmieri, V.; Salustri, A.; Perini, G.; Sanguinetti, M.; De Spirito, M.; Delogu, G.; Papi, M. Graphene oxide prevents
mycobacteria entry into macrophages through extracellular entrapment. Nanoscale Adv. 2019, 1, 1421-1431. [CrossRef] [PubMed]
De Maio, F,; Palmieri, V.; Santarelli, G.; Perini, G.; Salustri, A.; Palucci, I.; Sali, M.; Gervasoni, J.; Primiano, A.; Ciasca, G.; et al.
Graphene Oxide-Linezolid Combination as Potential New Anti-Tuberculosis Treatment. Nanomaterials 2020, 10, 1431. [CrossRef]
[PubMed]

De Maio, E; Palmieri, V.; Babini, G.; Augello, A.; Palucci, I.; Perini, G.; Salustri, A.; Spilman, P.; De Spirito, M.; Sanguinetti,
M.; et al. Graphene nanoplatelet and graphene oxide functionalization of face mask materials inhibits infectivity of trapped
SARS-CoV-2. iScience 2021, 24, 102788. [CrossRef] [PubMed]

Chung, S.; Revia, R.A.; Zhang, M. Graphene Quantum Dots and Their Applications in Bioimaging, Biosensing, and Therapy. Adv.
Mater. 2021, 33, €1904362. [CrossRef] [PubMed]

Kalluri, A.; Debnath, D.; Dharmadhikari, B.; Patra, P. Graphene Quantum Dots: Synthesis and Applications. Methods Enzymol.
2018, 609, 335-354. [PubMed]

Cui, Y.L.L,; Shi, M.; Wang, Y.; Meng, X.; Chen, Y.; Huang, Q.; Liu, C. A Review of Advances in Graphene Quantum Dots: From
Preparation and Modification Methods to Application. J. Carbon Res. 2024, 10, 7. [CrossRef]

Chen, EW.G.; Xiaopei, Q.; Hong, Z.; Lianhua, L.; Liao, P.; Weiling, F; Luo, Y. Graphene quantum dots in biomedical appli-
cations: Recent advances and future challenges. In Handbook of Nanomaterials in Analytical Chemistry; Elsevier: Amsterdam,
The Netherlands, 2017.

Mousavi, S.M.; Hashemi, S.A.; Kalashgrani, M.Y.; Omidifar, N.; Bahrani, S.; Vijayakameswara Rao, N.; Babapoor, A.; Gholami, A;
Chiang, W.H. Bioactive Graphene Quantum Dots Based Polymer Composite for Biomedical Applications. Polymers 2022, 14, 617.
[CrossRef]

Zhang, X.L.S.; He, D.; Chai, M.; Wu, Z.; Yao, X.; Yang, Y. Antibacterial property of graphene quantum dots-modified TiO2
nanorods on titanium dental implant. Trans. Nonferrous Met. Soc. China 2023, 33, 2395-2405. [CrossRef]


https://doi.org/10.1016/j.ejmech.2019.111620
https://doi.org/10.1039/D3NR05801H
https://doi.org/10.1016/j.biomaterials.2012.06.060
https://www.ncbi.nlm.nih.gov/pubmed/22795854
https://doi.org/10.1186/s12951-021-01053-6
https://www.ncbi.nlm.nih.gov/pubmed/34702276
https://doi.org/10.1155/2013/159157
https://www.ncbi.nlm.nih.gov/pubmed/23555074
https://doi.org/10.1016/j.biomaterials.2014.02.014
https://www.ncbi.nlm.nih.gov/pubmed/24612819
https://doi.org/10.2174/138955709788681582
https://www.ncbi.nlm.nih.gov/pubmed/19601890
https://www.ncbi.nlm.nih.gov/pubmed/22368354
https://doi.org/10.1016/j.biomaterials.2016.12.022
https://www.ncbi.nlm.nih.gov/pubmed/28063357
https://doi.org/10.3390/nano9050737
https://www.ncbi.nlm.nih.gov/pubmed/31086043
https://doi.org/10.3390/nano11123419
https://doi.org/10.1039/C9NA00698B
https://doi.org/10.1021/nn501640q
https://www.ncbi.nlm.nih.gov/pubmed/24870970
https://doi.org/10.1080/17434440.2019.1671820
https://doi.org/10.1021/acsbiomaterials.6b00812
https://www.ncbi.nlm.nih.gov/pubmed/33429629
https://doi.org/10.1039/C8NA00413G
https://www.ncbi.nlm.nih.gov/pubmed/36132595
https://doi.org/10.3390/nano10081431
https://www.ncbi.nlm.nih.gov/pubmed/32707988
https://doi.org/10.1016/j.isci.2021.102788
https://www.ncbi.nlm.nih.gov/pubmed/34222841
https://doi.org/10.1002/adma.201904362
https://www.ncbi.nlm.nih.gov/pubmed/31833101
https://www.ncbi.nlm.nih.gov/pubmed/30244796
https://doi.org/10.3390/c10010007
https://doi.org/10.3390/polym14030617
https://doi.org/10.1016/S1003-6326(23)66267-3

Int. J. Mol. Sci. 2024, 25, 8033 17 of 18

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44.

45.

46.

47.

48.

49.

50.

51.

52.

53.

54.

55.

56.

57.

58.

Stankovic, N.B.M.; Siffalovic, P.; Kotlar, M.; Micusik, M.; Spitalsky, Z.; Danko, M.; Milivojevic, D.; Kleinova, A.; Kubat, P;
Capakova, Z.; et al. Antibacterial and Antibiofouling Properties of Light Triggered Fluorescent Hydrophobic Carbon Quantum
Dots Langmuir-Blodgett Thin Films. ACS Sustain. Chem. Eng. 2018, 6, 4154-4163. [CrossRef]

Knoblauch, R.; Geddes, C.D. Carbon Nanodots in Photodynamic Antimicrobial Therapy: A Review. Materials 2020, 13, 4004.
[CrossRef] [PubMed]

Haridas, D.; Atreya, C.D. The microbicidal potential of visible blue light in clinical medicine and public health. Front. Med. 2022,
9, 905606. [CrossRef] [PubMed]

Liu, HX.EFE; Zhou, Y,; Yu, P; Xu, J.; Luo, R.; Xiang, Z.; Rommens, P.; Liu, M,; Ritz, U. Nanomaterials-based photothermal therapies
for antibacterial applications. Mater. Des. 2023, 233, 112231. [CrossRef]

Kadyan, P; Thillai Arasu, P; Kataria, S.K. Graphene Quantum Dots: Green Synthesis, Characterization, and Antioxidant and
Antimicrobial Potential. Int. . Biomater. 2024, 2024, 2626006. [CrossRef] [PubMed]

Wu, W,; Qin, Y,; Fang, Y.,; Zhang, Y.; Shao, S.; Meng, F.; Zhang, M. Based on multi-omics technology study the antibacterial
mechanisms of pH-dependent N-GQDs beyond ROS. |. Hazard Mater. 2023, 441, 129954. [CrossRef]

Ouyang, B.Z.Q.; Ouyang, P;; Yuan, Y.; Wu, X,; Yang, S. Graphene quantum dots enhance the biological nitrogen fixation by
up-regulation of cellular metabolism and electron transport. Chem. Eng. ]. 2024, 487, 150694. [CrossRef]

Hu, X;; Xu, Y;; Liu, S.; Gudda, EO,; Ling, W.; Qin, C.; Gao, Y. Graphene Quantum Dots Nonmonotonically Influence the Horizontal
Transfer of Extracellular Antibiotic Resistance Genes via Bacterial Transformation. Small 2023, 19, €2301177. [CrossRef]

Wang, Y.; Wang, Y.; Wang, Y.; Murray, C.K.; Hamblin, M.R.; Hooper, D.C.; Dai, T. Antimicrobial blue light inactivation of
pathogenic microbes: State of the art. Drug Resist. Updates 2017, 33-35, 1-22. [CrossRef]

Jao, Y; Ding, S.J.; Chen, C.C. Antimicrobial photodynamic therapy for the treatment of oral infections: A systematic review.
J. Dent. Sci. 2023, 18, 1453-1466. [CrossRef] [PubMed]

Barneck, M.D.; Rhodes, N.L.R.; de la Presa, M.; Allen, J.P,; Poursaid, A.E.; Nourian, M.M.; Firpo, M.A; Langell, ].T. Violet 405-nm
light: A novel therapeutic agent against common pathogenic bacteria. J. Surg. Res. 2016, 206, 316-324. [CrossRef] [PubMed]
Rhodes, N.L.; de la Presa, M.; Barneck, M.D.; Poursaid, A.; Firpo, M.A.; Langell, ].T. Violet 405 nm light: A novel therapeutic
agent against beta-lactam-resistant Escherichia coli. Lasers Surg. Med. 2016, 48, 311-317. [CrossRef]

Roy, R.; Tiwari, M.; Donelli, G.; Tiwari, V. Strategies for combating bacterial biofilms: A focus on anti-biofilm agents and their
mechanisms of action. Virulence 2018, 9, 522-554. [CrossRef]

Rupel, K.; Zupin, L.; Ottaviani, G.; Bertani, I.; Martinelli, V.; Porrelli, D.; Vodret, S.; Vuerich, R.; Passos da Silva, D.; Bussani, R.;
et al. Blue laser light inhibits biofilm formation in vitro and in vivo by inducing oxidative stress. NP] Biofilms Microbiomes 2019,
5,29. [CrossRef] [PubMed]

Ghorbani, J.; Rahban, D.; Aghamiri, S.; Teymouri, A.; Bahador, A. Photosensitizers in antibacterial photodynamic therapy: An
overview. Laser Ther. 2018, 27, 293-302. [CrossRef] [PubMed]

Vatansever, F.; de Melo, W.C.; Avci, P,; Vecchio, D.; Sadasivam, M.; Gupta, A.; Chandran, R.; Karimi, M.; Parizotto, N.A.; Yin,
R.; et al. Antimicrobial strategies centered around reactive oxygen species--bactericidal antibiotics, photodynamic therapy, and
beyond. FEMS Microbiol. Rev. 2013, 37, 955-989. [CrossRef]

Perez-Laguna, V.; Garcia-Luque, I.; Ballesta, S.; Rezusta, A.; Gilaberte, Y. Photodynamic Therapy Combined with Antibiotics or
Antifungals against Microorganisms That Cause Skin and Soft Tissue Infections: A Planktonic and Biofilm Approach to Overcome
Resistances. Pharmaceuticals 2021, 14, 603. [CrossRef]

Bauer, R.; Hoenes, K.; Meurle, T.; Hessling, M.; Spellerberg, B. The effects of violet and blue light irradiation on ESKAPE
pathogens and human cells in presence of cell culture media. Sci. Rep. 2021, 11, 24473. [CrossRef]

Yin, R.; Dai, T.; Avci, P; Jorge, A.E.; de Melo, W.C.; Vecchio, D.; Huang, Y.Y.; Gupta, A.; Hamblin, M.R. Light based anti-infectives:
Ultraviolet C irradiation, photodynamic therapy, blue light, and beyond. Curr. Opin. Pharmacol. 2013, 13, 731-762. [CrossRef]
Shukla, M.P.A; Karthikeyan, C.; Kumar, D.; Khan, R. Multifunctional GQDs for receptor targeting, drug delivery, and bioimaging
in pancreatic cancer. Nanoscale 2023, 15, 14698-14716. [CrossRef]

Iannazzo, D.; Celesti, C.; Espro, C. Recent Advances on Graphene Quantum Dots as Multifunctional Nanoplatforms for Cancer
Treatment. Biotechnol. |. 2021, 16, €1900422. [CrossRef]

De Maio, F,; Battah, B.; Palmieri, V.; Petrone, L.; Corrente, F,; Salustri, A.; Palucci, I; Bellesi, S.; Papi, M.; Rubino, S.; et al.
PE_PGRS3 of Mycobacterium tuberculosis is specifically expressed at low phosphate concentration, and its arginine-rich C-terminal
domain mediates adhesion and persistence in host tissues when expressed in Mycobacterium smegmatis. Cell Microbiol. 2018,
20, €12952. [CrossRef]

Mittal, M.; Siddiqui, M.R; Tran, K.; Reddy, S.P.; Malik, A.B. Reactive oxygen species in inflammation and tissue injury. Antioxid.
Redox Signal. 2014, 20, 1126-1167. [CrossRef]

Mohammed, H.; Kumar, A.; Bekyarova, E.; Al-Hadeethi, Y.; Zhang, X.; Chen, M.; Ansari, M.S.; Cochis, A.; Rimondini, L.
Antimicrobial Mechanisms and Effectiveness of Graphene and Graphene-Functionalized Biomaterials. A Scope Review. Front.
Bioeng. Biotechnol. 2020, 8, 465. [CrossRef]

Senel, B.; Demir, N.; Buyukkoroglu, G.; Yildiz, M. Graphene quantum dots: Synthesis, characterization, cell viability, genotoxicity
for biomedical applications. Saudi Pharm. . 2019, 27, 846-858. [CrossRef]


https://doi.org/10.1021/acssuschemeng.7b04566
https://doi.org/10.3390/ma13184004
https://www.ncbi.nlm.nih.gov/pubmed/32927673
https://doi.org/10.3389/fmed.2022.905606
https://www.ncbi.nlm.nih.gov/pubmed/35935800
https://doi.org/10.1016/j.matdes.2023.112231
https://doi.org/10.1155/2024/2626006
https://www.ncbi.nlm.nih.gov/pubmed/38293702
https://doi.org/10.1016/j.jhazmat.2022.129954
https://doi.org/10.1016/j.cej.2024.150694
https://doi.org/10.1002/smll.202301177
https://doi.org/10.1016/j.drup.2017.10.002
https://doi.org/10.1016/j.jds.2023.07.002
https://www.ncbi.nlm.nih.gov/pubmed/37799910
https://doi.org/10.1016/j.jss.2016.08.006
https://www.ncbi.nlm.nih.gov/pubmed/27884325
https://doi.org/10.1002/lsm.22457
https://doi.org/10.1080/21505594.2017.1313372
https://doi.org/10.1038/s41522-019-0102-9
https://www.ncbi.nlm.nih.gov/pubmed/31602310
https://doi.org/10.5978/islsm.27_18-RA-01
https://www.ncbi.nlm.nih.gov/pubmed/31182904
https://doi.org/10.1111/1574-6976.12026
https://doi.org/10.3390/ph14070603
https://doi.org/10.1038/s41598-021-04202-x
https://doi.org/10.1016/j.coph.2013.08.009
https://doi.org/10.1039/D3NR03161F
https://doi.org/10.1002/biot.201900422
https://doi.org/10.1111/cmi.12952
https://doi.org/10.1089/ars.2012.5149
https://doi.org/10.3389/fbioe.2020.00465
https://doi.org/10.1016/j.jsps.2019.05.006

Int. J. Mol. Sci. 2024, 25, 8033 18 of 18

59. Yuan, X;; Liu, Z,; Guo, Z,; Ji, Y.; Jin, M.; Wang, X. Cellular distribution and cytotoxicity of graphene quantum dots with different
functional groups. Nanoscale Res. Lett. 2014, 9, 108. [CrossRef]

60. Giacon, N.; Lo Cascio, E.; Pennacchietti, V.; De Maio, F,; Santarelli, G.; Sibilia, D.; Tiberio, F.; Sanguinetti, M.; Lattanzi, W.; Toto, A.;
et al. PDZ2-conjugated-PLGA nanoparticles are tiny heroes in the battle against SARS-CoV-2. Sci. Rep. 2024, 14, 13059. [CrossRef]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.


https://doi.org/10.1186/1556-276X-9-108
https://doi.org/10.1038/s41598-024-63239-w

	Introduction 
	Results 
	Stimulation of Graphene Quantum Dots Enhances Their Antibacterial Activity against E. coli 
	Stimulated Graphene Quantum Dots Impair E. coli Metabolic Activity 
	Graphene Quantum Dots Exert Extracellular Antibacterial Activity during Infection of Epithelial Cells 

	Discussion 
	Methods 
	Bacterial Manipulation 
	Graphene Quantum Dots Features 
	In Vitro Antimicrobial Assay 
	Scanning Electron Microscopy (SEM) 
	Graphene Quantum Dots Effect on E. coli Metabolic Activity 
	Assessment of ROS Generation in E. coli Culture 
	Caco-2 Cells Culture and Infection 
	Evaluation of Cytotoxicity on Caco-2 Cells 
	Assessment of ROS Generation in Human Epithelial Cells 
	Statistical Analysis 

	Conclusions 
	References

