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ABSTRACT: Antibiotic resistance continues to be a global health
threat caused by microbial biofilms, yet carbon dots (CDs) offer a
promising countermeasure. Doping CDs with metals or nonmetals
further enhances their properties while maintaining biocompati- o
bility. This work reports the sonochemical synthesis of gallium— 5.0“"@
boronic acid carbon dots (Ga-BACDs) under conditions (20 kHz, e Y
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2000 W, 60% amplitude, 60 °C, and 60 min), achieving significant
gallium incorporation. Ultraviolet—visible and fluorescence anal-
yses reveal characteristic CD absorbance peaks at 286 and 355 nm
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and strong emission at 397—400 nm. Fourier transform infrared —e g
spectral changes on Ga-BACDs suggest successful incorporation of i Ih
gallium and confirm Ga—H/Ga—O—-C (2000—2600 cm™') and FERRss
Ga—0/Ga—0—Ga (400—700 cm™") vibrations. X-ray diffraction R

and Raman spectroscopy data indicate the retention of the amorphous carbon framework with enhanced local ordering. High-
resolution scanning electron microscopy (HR-SEM) and high-resolution transmission electron microscopy images demonstrate
morphological alterations compared to BACDs with a particle mean diameter of 8.6 + 4.1 nm. The gallium doping in Ga-BACDs
was quantified as 3.66 ppm by using inductively coupled plasma—atomic emission spectroscopy. X-ray photoelectron spectroscopy
results indicated that Ga is chemically integrated inside the carbon dot framework. The zeta potential shifts from —32.5 mV
(BACDs) to —23.3 mV (Ga-BACDs), evidencing surface charge modulation. The antimicrobial activity of Ga-BACDs was tested
against Gram-positive (Staphylococcus epidermidis) and Gram-negative (Escherichia coli) bacterial strains; the presence of gallium
contributed to improved bioactivity at 37 °C. HR-SEM images of Ga-BACD-treated bacteria presented significant structural damage,
membrane rupture, and surface irregularities. Ga-BACDs inhibited biofilm formation at concentrations as low as 2.5 mg/mL and
efficiently eradicated preformed biofilms, highlighting their promise for preventing biofilm-associated infections. MTT assays on
normal human brain cells confirm the biocompatibility of Ga-BACD-coated cellulose discs and CD solution (0.1 mg/mL),
supporting the safe use of Ga-BACD-modified fibers. Overall, our findings highlight Ga-BACDs as metal-doped carbon
nanoparticles, with strong potential for novel antibacterial treatments.

1. INTRODUCTION

Bacterial biofilms are well-structured bacterial communities
enclosed in a self-generated extracellular matrix of proteins,
lipids, and primarily polysaccharides.' ™ This polysaccharide
matrix is essential for biofilm formation, providing essential
functions such as adhesion, structural integrity, and protection
against external threats.”” The polysaccharide component acts
as a molecular glue, facilitating irreversible bacterial attachment
to each other and surfaces, enabling the formation of robust
biofilms.®” As the biofilm matures, bacteria within it produce
extracellular polymeric substances (EPSs), further enhancing
their structural complexity and resistance.”® The biofilm enables
bacteria to form structured communities and enhances the
bacterial cell-to-cell communication mechanism, known as
quorum sensing (QS).”'" Due to these factors, biofilm
formation contributes to the bacteria’s high resistance to

antibiotics and immune responses, which poses significant
challenges in clinical settings, particularly on medical devices
and chronic condition infections.'™'* The rise of antibiotic-
resistant bacteria has increased the need for alternative
therapeutic approaches to prevent or treat biofilm-associated
infections, offering the potential to improve treatment outcomes
for various infectious diseases.'>'®

Recent advancements in nanotechnology highlight the
potential of carbon nanomaterials (NPs), particularly carbon
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dots (CDs) and quantum dots.'”'® Their unique physicochem-
ical characteristics, like the high surface area and tunable optical
and fluorescence sensing properties with excellent biocompat-
ibility, make them effective against a wide range of microbes and
other pathogens.'” The nanoscale size of these particles enables
penetration into microbial cells, causing damage through
cytoplasmic leakage, the generation of reactive oxygen species
(ROS), and genetic material fragmentation.”” Moreover, their
surface functionalization enhances antimicrobial effectiveness,
making them a viable option for biofilm disruption.”' These NPs
are even used in antibacterial coatings for implantable devices
and medical materials, providing a protective antimicrobial
layer, reducing the risk of bacterial colonization and biofilm
formation on surfaces.”” By incorporating NPs into medical
devices such as catheters, stents, and surgical implants, their
antimicrobial properties enhance patient safety and promote
faster healing, minimizing the need for long-term antibiotic
treatments.” "

Studies on metal-doped nanoparticles have shown enhanced
physicochemical properties, enablin% their wide application in
medicine and disease treatment.”>~>” The antibacterial activity
of metal-doped carbon quantum dots with metals Fe, Zn, Mn,
Nj, and Co showed higher activity in Gram-negative Escherichia
coli (E. coli) compared to Gram-positive Staphylococcus aureus,
with the highest efficiency for Mn-doped particles.”® Recent
studies on copper-doped carbon dots addressed their anti-
microbial properties, cancer photothermal therapy, optical
bioimaging,*' ~* particularly as a nanomouthwash for removing
oral biofilms, wound healing, and teeth whitening, highlighting
their potential in oral health management.”

Gallium (Ga), a group I1IA metal, shares similarities with iron
(Fe’*) in terms of ionic charge, radius, and electronic
configuration, allowing it to mimic iron in many biological
processes.”* Ga exhibits potent antimicrobial and antitumor
activities by disr%pting iron homeostasis in bacterial, fungal, and
tumor cells.>>™>” It interferes with ribonucleotide reductase,
mitochondrial function, and iron transport proteins, making it a
potent antimicrobial agent. However, since Ga®* cannot replace
Fe’* as a cofactor in redox-dependent enzymes, it inhibits
essential biological functions, such as iron metabolism,
disrupting bacterial growth. This ability to exploit gallium’s
disruption of iron metabolism provides a promising strategy
against a range of bacterial species.”””

Ga-based metal—organic frameworks (MOFs) have shown
potential in combating bacterial infections.”” Recent studies on
gallium carboxymethyl cellulose indicate that Ga ions can
disrupt the iron metabolism crucial for bacterial survival,
inhibiting the growth of both planktonic and biofilm forms.*!
Gallium nanoparticles (Ga NPs) have been shown to inhibit
biofilm formation in Pseudomonas aeruginosa (P. aeruginosa)
DFUS3 and multidrug-resistant Acinetobacter baumannii.”’
Another study on gallium curcumin nanoparticles reported the
effective antibacterial activity against the pathogenic bacterium
P. aeruginosa.*” Additionally, increasing the Ga doping level in
CDs has enhanced antimicrobial activity against P. aeruginosa,
suggesting that Ga-CDs could be an effective new tool for
bacterial infection treatment.>*

While gallium-based nanomaterials have been extensively
studied for their antibacterial effects against various infections,
research specifically focused on gallium-doped carbon dots (Ga-
BACDs) remains limited. Biofilm-associated infections on
implantable devices, such as vascular stents and biofilm
formation on medical devices, continue to pose clinical

challenges due to biofilm resistance. There is a critical need
for innovative antimicrobial strategies that are capable of
effectively preventing bacterial colonization and eradicating
biofilms. This study aims to synthesize and characterize Ga-
doped bioactive carbon dots (Ga-BACDs) and their modified
cellulose fibers, evaluating their antimicrobial activity and
efficacy in disrupting microbial biofilms. By enhancing the
intrinsic properties of carbon dots through gallium doping, this
research aims to develop advanced nanomaterials for infection
control in biomedical applications.

2. MATERIALS AND METHODS

2.1. Chemicals and Materials. The primary chemicals and
materials used in this study include gallium (99.99%),
phenylboronic acid (PBA), and phosphate-buffered saline tablet
capsules, all of which were purchased from Sigma-Aldrich
(Baden-Wurttemberg, Germany). Cellulose paper discs with a 7
mm diameter (Whatman filter paper (grade 1)) were used as the
substrates for the attachment of the carbon dots.

2.1.1. Bacterial Cell Culture. The bacterial studies were
performed using Gram-negative Escherichia coli (MicroKwik
culture 15506SA) and Gram-positive Staphylococcus epidermidis
(SE). Autoclaved tryptic soy broth (Millipore) and Mueller
Hinton broth (Millipore) were used for culturing and bacterial
assay experiments. All bacterial assays were conducted in 96-well
microtiter plates (Corning, USA).

2.1.2. Animal Cell Culture. The biocompatibility of gallium—
boronic acid carbon dots (Ga-BACD) was assessed by
evaluating their toxicity in a normal human brain microvascular
endothelial cell line (HBMEC). The cells were cultured and
maintained in Dulbecco’s modified Eagle medium (DMEM,
Sigma-Aldrich), supplemented with 10% (v/v) fetal bovine
serum (FBS, Sigma-Aldrich) and 10% (v/v) penicillin—
streptomycin (Sigma-Aldrich) (containing 10,000 U/mL
penicillin and 10 mg/mL streptomycin) before use. Additional
reagents used included trypsin-EDTA solution (Sigma-Aldrich),
Dulbecco’s phosphate-buffered saline (Sigma-Aldrich), dimeth-
yl sulfoxide (DMSO), and thiazolyl blue tetrazolium bromide
(Sigma-Aldrich, USA). The experiments were conducted using
24- and 96-well tissue culture plates (Corning, USA).

2.2. Synthesis of Ga-BACDs. Ga-BACDs were synthesized
by dispersion of gallium metal on boronic acid carbon dots
(BACDs). BACD solution was synthesized via a hydrothermal
reaction, following the method described in our previous
studies.'”"® A solution of phenylboronic acid (100 mg/10 mL,
pH 9.0) was prepared and subjected to thorough sonication and
degassing under nitrogen gas for 30—40 min. The reaction was
carried out in a hydrothermal reactor at 160 °C for 8 h, followed
by centrifugation at 10,000 rpm for 15—20 min to separate the
supernatant carbon dots.

Gallium doping was carried out on BACDs using an
ultrasonic-assisted method.”” A small gallium granule containing
the BACD solution was placed in a glass or falcon tube. The tube
was immersed in a 70 °C water bath setup, and the tip of an
ultrasonic homogenizer (model LUHS-A20, frequency 20 kHz,
ultrasonic power 2000 W, voltage 220 V/50 Hz, Labtron
Equipment, UK) was positioned approximately 2 cm above the
gallium (the sonication setup is shown in Figure S1). Once the
gallium metal was completely melted, ultrasonication was
performed for 60 min at a 60% amplitude to facilitate gallium
dispersion and the formation of a gray suspension. The resulting
mixture was centrifuged at 10,000 rpm for 30 min to separate
solid particles. The gallium-doped BACD (Ga-BACD)
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remained in the supernatant and was collected for further
characterization and analysis.

The Ga-BACD solution was subjected to freeze-drying to
obtain a powdered form, which was subsequently used for
bacterial assays.

2.3. Ga-BACD Coating on Cellulose Paper Discs.
Whatman filter paper (grade 1) was used to prepare paper
discs with a diameter in the range of 6—7 mm. These discs were
treated with 20 uL of a Ga-BACD solution (50 mg/mL in PBS,
pH 7.4) and incubated overnight in a sealed 96-well plate at
room temperature. Following incubation, the discs were washed
three times with 10 L of deionized water and air-dried before
being used for further analysis or assays.

2.4. Characterization of Ga-BACDs and Coated
Cellulose Paper Discs. The structural characterization of
gallium-functionalized boronic acid carbon dots (Ga-BACDs)
and modified cellulose-based substrates was conducted to
confirm the successful synthesis of carbon dots and the
attachment of gallium onto the carbon dots. Optical properties
were analyzed using UV—visible spectroscopy (Shimadzu UV-
1800) to record absorption spectra of Ga-BACD, while
fluorescence emission characteristics were analyzed using a
fluorescence spectrometer (FLSP920, Edinburgh Instruments).
The surface charge of synthesized carbon dots and colloidal
stability were assessed via zeta potential measurements using an
Anton Paar Litesizer 500 with a minimum of 60 scans.

Functional group identification in Ga-BACDs was performed
using a PerkinElmer FTIR spectrometer using Fourier transform
infrared (FTIR) spectroscopy. For FTIR analysis, carbon dots
were homogenized with potassium bromide (KBr) in a 1:100
mass ratio, finely ground using an agate mortar, and compressed
into pellets under high pressure for 2—3 min. Spectral data were
recorded with the pure KBr pellet as the background reference.

High-resolution transmission electron microscopy (HR-
TEM) analysis was performed by using a JEOL JEM-2100
microscope equipped with a GATAN ORIUS SC600A camera.
The instrument operated at an accelerating voltage of 200 kV,
with a camera length 0f 499.606 mm and a resolution of 0.24 nm.
For sample preparation, a drop of a Ga-BACD dispersed
solution was deposited onto a carbon-coated copper grid (200
mesh) and left to dry at room temperature until the solvent had
completely evaporated. The prepared grid was then mounted on
the TEM holder for imaging. Structural analysis on Ga-BACDs
was further examined using ultrahigh-resolution scanning
electron microscopy (UHR-SEM, TESCAN Magna GMU)
(energy of 7 keV, magnifications of 17.9 and 28.3 kx, and
working distances of 6.04 and 5.43 mm) coupled with an Oxford
Azteclive energy-dispersive X-ray spectroscopy (EDX) system
equipped with an Ultimax 65 mm?* SSD-ED detector. For SEM
analysis, a droplet of the Ga-BACD dispersion was deposited
onto a silica wafer and allowed to dry under ambient conditions
before imaging. The SEM analysis was performed at an
accelerating voltage of 10 kV. Additionally, EDX elemental
mapping confirmed the successful incorporation of gallium
within the Ga-BACDs.

Inductively coupled plasma—atomic emission spectroscopy
(ICP-AES) was employed to quantify gallium in Ga-BACDs. A
Shimadzu ICPE-9820 plasma atomic Emission spectrometer
was used under the following parameters: a radio frequency
power of 1.20 kW, a plasma gas flow of 10.0 L/min, an auxiliary
gas flow of 0.60 L/min, and a carrier gas flow of 0.70 L/min. The
spectrometer was equipped with axial and radial viewing
capabilities and a mini torch. The gadget provides a broad

measurement wavelength range of 167—800 nm, integrating an
Echelle spectrometer with a semiconductor CCD detector. A 27
MH?z high-frequency source operating at a maximum output of
1.6 kW powered the device. Axial view mode with broad
sensitivity was configured for an exposure duration of 30 s. The
rinsing technique employed a peristaltic pump operating at 20—
60 rpm, comprising a 30 s solvent rinse followed by a 50 s sample
rinse.

Both BACD and Ga-BACD samples were analyzed along with
a standard gallium calibration. Each sample contained 1 mg of
CDs dissolved in 1 mL of ultrapure water, subsequently diluted
with 49 mL of 1 M nitric acid (HNO;), resulting in a final
volume of 50 mL. To ensure complete digestion and removal of
excess acid, the solutions were heated on a hot plate for 2 h at 60
°C. The solutions were initially filtered using Whatman no. 1
filter paper and subsequently passed through a 0.22 ym syringe
filter twice to remove particle debris after cooling. Standard
gallium concentrations of 0, 0.1, 0.5, 1, 2.5, and S ppm
established a calibration curve for ICP readings.

Raman spectroscopy was conducted using a WITec confocal
Raman microscope-a 300. The measurements were carried out
with a laser power of 65 mW at a wavelength (1) of 785 nm. A
10X magnification objective was used with an integration time of
10 s and an accumulation time of 10 s per spectrum.

Powder X-ray diffraction (XRD) analysis was performed using
a Panalytical X’Pert3 Pro multipurpose diffractometer equipped
with Cu Ko radiation. Data were collected over a 26 range of 5—
50° to determine the crystallographic characteristics of the
samples. Lyophilized powder samples were used for the analysis.

X-ray photoelectron spectroscopy (XPS) analysis of the Ga-
BACD sample was recorded using an ESCALAB 250
spectrometer with a monochromatic X-ray source with Al Ka
excitation. Binding energy calibration was based on C 1s at 284.9
eV.

The surface morphology of Ga-BACD-modified paper discs
was analyzed by using a VEGA3 scanning electron microscope
(SEM, TESCAN). Before imaging, the cellulose-based paper
samples were sputter-coated with a thin gold layer to enhance
the electrical conductivity. The elemental composition of the
modified paper discs was characterized via energy-dispersive X-
ray spectroscopy (EDS, Oxford). Quantification of the Ga-
BACD coating was performed by using absorption spectro-
scopic analysis. A Ga-BACD stock solution (50 mg/mL) was
prepared, and paper discs were incubated overnight in this
solution. Following incubation, the absorbance of the treated
solution was measured, and the Ga-BACD quantity on the paper
discs was calculated by comparing the absorbance values of the
original and treated solutions. The observed decrease in
absorbance in the wells containing the paper discs confirmed
the attachment of Ga-BACD to the paper. The absorbance
difference between the treated and control solutions was used to
estimate the amount of carbon dots (CDs) loaded onto each
paper disc.

2.5. Antibacterial Properties of Ga-BACDs. The
antibacterial properties of Ga-BACD original solution and Ga-
BACD-coated paper discs were performed in a similar way to
that described in our previous study.'”

2.5.1. Bacterial Inhibition Assays with Ga-BACD Solution.
The inhibitory concentrations (IC) of Ga-BACD, which is the
measure of potency of a substance inhibiting bacterial growth,**
specifically ICs, and ICy, were checked for bacterial cells SE and
E. coliin a 96-well plate. An overnight seed culture was prepared
for each bacterial strain, and 1% was inoculated into a new
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presterilized Mueller Hinton broth (MHB) tube. The optical
density (OD) was monitored at Agy, until it reached 0.22 (1 X
10® CFU/mL). Ga-BACDs were diluted in PBS (pH 7.4) from a
S0 mg/mL stock to get a range of concentrations (final
concentrations of 25, 10, 5, 4, 2.5, 1, and 0.1 mg/mL). Each well
contained S0 uL of bacterial suspension (1 X 10° CFU/mL),
resulting in a bacterial final concentration of 1 X 10° CFU/mL.
The blank (PBS/MHB) and cell culture control were included
in the bacterial assay. Gentamicin-treated culture wells were
included as a positive control for the assay. After a 120 min
incubation at room temperature, plates were incubated
overnight at 37 °C. Bactericidal activity was assessed by
comparing the Agy, readings of treated and control wells using
a BioTek 800TS microplate reader, using eq 1.***° Background
corrections were done using the mean absorbance value of the
PBS/MHB media blanks. The decrease in absorbance indicated
the bactericidal effect of the CDs. ICy, and ICy, values were
determined by plotting the percentage growth of cells against
CD concentration for each bacterial strain. The IC values were
calculated using GraphPad Prism’s (version 8.4.3) nonlinear
regression curve fit through dose—response inhibition analysis.
Culture viability was calculated using the following relationship:

mean absorbance of treated wells

% culture viability = (

mean absorbance of control wells

X 100)%
(1)

2.5.2. Bacterial Inhibition Assays with Ga-BACD Paper
Discs. To evaluate the bioactivity of CD-modified paper discs
and their ability to inhibit bacterial growth, an agar plate assay
was conducted. The initial assay was conducted with varying
concentrations of Ga-BACD for paper disc coating (50, 20, 10,
and S mg/mL). The modified discs were exposed to a bacterial
suspension (20 uL; 5 X 10° CFU/mL) and incubated for 2 h at
room temperature under dark conditions. After incubation, the
solution in the well underwent serial dilution (5X with PBS,
followed by S0%), and 10 uL of the final dilution was plated onto
MHB agar for overnight incubation at 37 °C. To further assess
growth inhibition, the paper disc from the well was also
transferred to the agar plate. Control experiments with
unmodified discs were performed for comparison. Bacterial
growth on the plates was examined to determine the
antimicrobial effectiveness of CD-modified discs.

2.5.3. SEM Imaging on Bacterial Cells to Study the Cell
Morphological Changes. The surface morphological changes
of bacteria (E. coli and SE) induced by Ga-BACD treatment
were analyzed using high-resolution scanning electron micros-
copy (SEM). A 10 mg/mL solution of GACD was used for the
bacterial treatment. Both the treated and control bacterial
cultures (10° cells/mL) were incubated at 37 °C for 3 h.
Following the incubation period, the cells were harvested and
washed with sterile phosphate-buffered saline (PBS, pH 7.4).
Both control and Ga-BACD-treated bacterial cells were fixed
with a 2.5% glutaraldehyde solution at 4 °C for 4 h. The fixed
samples were then washed and subjected to a graded ethanol
dehydration series (25, 30, SO, 70, 80, 90, and 100%) before
drying. The dried samples were mounted onto SEM stubs by
using double-sided carbon tape. To enhance conductivity, a thin
layer of gold (5—10 nm thickness) was sputter-coated onto the
samples before imaging using SEM.

2.6. Bacterial Biofilm Assays. 2.6.1. Biofilm Inhibition
Assay. To evaluate biofilm formation in the presence of Ga-

BACD, the Gram-positive SE and Gram-negative E. coli cultures
were treated with carbon dot solution at concentrations ranging
from 0.1 to 25 mg/mL, similar to the protocol described in
Section 2.5.1. After 48 h of incubation, total biomass, planktonic
growth, and biofilm formation were quantified using spec-
trophotometric analysis with a BioTek 800T'S microplate reader.

Total microbial growth was determined by measuring each
well’s optical density at 600 nm following the incubation period.
Planktonic phase growth was quantified by transferring the
liquid culture medium to a separate 96-well plate and measuring
its absorbance. Biofilm formation was evaluated using crystal
violet staining, following previously reported methodologies.”"
Briefly, the adherent biofilm in the original microplate was
washed with deionized water and subsequently stained with 100
4L of a 0.1% crystal violet solution for 20 min. The excess stain
was removed, and the wells were washed twice with 200 L of
deionized water. The stained biofilms were then eluted using
200 pL of absolute ethanol with agitation at 120 rpm for 10 min.
The eluted crystal violet solution was transferred to a new 96-
well plate, and the absorbance was measured at 575 nm to
quantify biofilm formation.

2.6.2. Biofilm Eradication Assay. To assess the effectiveness
of Ga-BACD:s in eradicating bacterial biofilms, untreated broth
cultures of Staphylococcus epidermidis (SE) and E. coli were
incubated in a 96-well plate for 72 h, allowing for thick biofilm
formation. After incubation, the planktonic growth was removed
and replaced with fresh media (MHB). The cultures were then
treated with Ga-BACDs at varying concentrations (0—25 mg/
mL). Plates were incubated for another 72 h, and total growth,
planktonic growth, and biofilm formation were then quantified
via a crystal violet staining method as described in Section 2.6.1.

2.7. Cytotoxicity Studies on Human Cell Lines. To
evaluate the cytotoxic effects of Ga-BACD solutions and Ga-
BACD-modified paper discs, we used human brain micro-
vascular endothelial cell (HBMEC) lines. Cellular metabolic
activity was quantified using the MTT assay, as described in our
previous studies.'”'® Experimental conditions included 96-well
plates for the solution-based assay and 24-well plates for a paper
disc assay. HBMEC cells were seeded at cell densities of 10,000
per well (96-well plates) and 50,000 cells per well (24-well
plates) in DMEM complete medium and incubated overnight
under controlled conditions (37 °C, 5% CO,, and >95% relative
humidity).

Following incubation, the medium was replaced with fresh
medium containing Ga-BACD at concentrations of 0.1, 0.5, 1.0,
5.0, and 10.0 mg/mL in triplicates. Untreated cells were
considered as the control, while cells treated with 10% DMSO
served as the positive inhibition control. In parallel, modified
and unmodified control paper discs were added to the 24-well
plates. After 48 h of exposure, an MTT solution (S mg/mL in
PBS) was added, with a final concentration of 0.5 mg/mL, and
the plates were incubated for an additional 4 h. Subsequently,
200 pL (96-well plates) or S00 uL (24-well plates) of DMSO
was added to solubilize the formazan product, and the plates
were maintained in darkness at room temperature for 10—15
min. Absorbance readings were recorded at 570 nm by using a
BioTek 800TS microplate reader. Each experiment was
performed in triplicate by using three independent batches of
Ga-BACDs. Cell viability was determined by comparing the
absorbance values of Ga-BACD-treated wells to those of
untreated control wells, using eq 1. To minimize contamination,
Ga-BACD coating to the paper discs was done in a laminar flow
hood sterile condition. Unmodified control discs underwent the
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Figure 1. Absorbance and emission profiles of Ga-BACDs. (a) UV—vis absorbance spectra showing absorption peaks at (left Y axis, black spectra).
Excitation (blue) and emission spectra (red) of Ga-BACDs (right Y-axis, ex-310 nm; the em range is 330—600 nm). (b) Emission of Ga-BACDs at

different excitation wavelengths, from 250 to 350 nm.

same procedural steps to ensure consistency under experimental
conditions.

2.8. Statistical Analysis. All bacterial assays and cytotox-
icity tests were performed using three distinct batches of freshly
prepared CDs, with each experiment conducted in triplicate.
Statistical analysis was carried out using GraphPad Prism (ver.
8.4.3), and data comparisons between different treatment
conditions were analyzed using the ANOVA test.

3. RESULTS AND DISCUSSION

3.1. Synthesis and Characterization of Ga-BACDs.
Carbon-based nanomaterials, particularly metal-doped carbon
nanoparticles, have gained significant attention considering their
exceptional fluorescence properties and diverse applications in
medical and related industries.””*”*” These materials exhibit
remarkable electrochemical, photothermal, antibacterial, anti-
fungal, bioimaging, and antitumor applications.*® Our previous
research on phenylboronic acid carbon dots (BACDs)
demonstrated significant antibacterial properties.'” The incor-
poration of boronic acid contributed to strong bacterial binding
affinity and potentially enhanced ROS-mediated bacterial
destruction.”” By doping BACD carbon dots with gallium
(Ga), a metal with known antibacterial and biofilm resistance
properties,”’ we aimed to enhance their efficacy for combating
bacterial infections, particularly in the context of biofilm-related
antimicrobial resistance.

The optimal synthesis conditions for Ga-BACDs were
sonication at 20 kHz and 2000 W for 60 min at a 60% amplitude
and 60 °C, yielding the highest gallium incorporation or
dispersal on BACDs (the experimental setup is shown in Figure
S1). The precipitates were separated postsonication, and
detailed optical and structural characterizations were conducted
before evaluating their functional applications. UV—vis spec-
troscopy confirmed distinct absorbance peaks at 286 and 355
nm (Figure la), consistent with BACDs."” Fluorescence
emission spectra recorded at different excitation wavelengths
of 250—350 nm (Figure 1b) revealed that Ga-BACDs exhibited
maximum fluorescence when excited at 308 nm, with a
prominent emission peak at 397—400 nm, characteristic of
carbon dots (Figure 1a).

The successful doping of gallium onto BACDs was confirmed
through FTIR spectroscopy, which showed variations in the
spectral patterns, indicating modifications in surface functional
groups. Figure 2 illustrates the functional groups present in the
synthesized Ga-BACDs (pink spectra) in comparison with
undoped BACDs (green-colored spectra). Both samples

— BACD

— Ga-BACD

2156

2617 2447

1658

Transmittance (arbit. unit.)

T
1200

T T T T T
3600 3200 2800 2400 2000
Wavenumber (cm")

4000 1600 800

Figure 2. FTIR spectra of Ga-BACDs (pink) compared with BACD
spectra (green). The signals indicated with dashed lines represent the
new shifts in characteristic peaks that show gallium doping on BACDs.

exhibited characteristic common peaks at specific wavelengths
(3200 cm™ for O—H and 1340, 1190, and 1020 cm ™! for B—0),
confirming the presence of fundamental functional groups.
However, the introduction of gallium resulted in notable peak
shifts and the formation of new peaks marked with dotted lines,
further supporting the surface modification caused by gallium
doping. The additional peaks (Figure 2) in the 2000—2600 cm ™"
range indicate the formation of Ga—H or Ga—O-C
interactions, potentially resulting from interactions between
gallium and organic functional groups within the carbon dot
framework.”" The new bands visible in the 400—700 cm ™ range
suggest Ga—O and Ga—O-—Ga lattice vibrations, which are
typical of gallium oxide phases.” Specifically, the peak at 455
cm™! suggests the presence of the Ga—O group.”” Additionally,
peaks at the 1400—1600 cm™' range are indicative of C=C
stretching vibrations in graphitic domains and possible
interactions between gallium and aromatic structures, hence
affirming the incorporation of gallium into the carbon dot
network.”

Zeta potential analysis provides a quantitative measure of the
surface charge of nanoparticles, which plays a significant role in
predicting their aggregation behavior, colloidal stability,
dispersion, and interactions in solutions.”> The zeta potential
value of gallium-doped carbon dots (Ga-BACDs) was found to
be —23.3 + 1.53 mV, in contrast to the more negative value of
—32.5 + 1.69 mV observed for undoped BACDs. The less
negative zeta potential of Ga-BACDs relative to BACDs
indicates that gallium doping modulates the surface charge,
likely through modifications in the functional group (carboxyl or
hydroxyl) composition or electrostatic interactions.
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Figure 3. HR-TEM images of Ga-BACDs. (a) TEM micrograph of the Ga-BACDs. (b, c¢) HR-TEM images confirming the crystalline pattern for the
carbon dots with an interplanar spacing of 0.12 nm. Inset: SAED pattern of Ga-BACDs. (d) Histogram showing particle size distribution for (c); here
Ga-BACD:s revealing the size range of 2—26 nm with an average diameter of Ga-BACDs of 8.57 + 4.1 nm.
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Figure 4. XRD and Raman spectroscopy analysis on Ga-BACDs. (a) XRD spectra of doped (Ga-BACD) and undoped (BACD) and (b) Raman
spectral analysis on Ga-BACDs showing the D- and G-band of carbon material.

The sonochemical method efficiently synthesizes well- successfully achieved by sonicating molten gallium in a BACD

. . . solution.
defined, polycrystalline Ga-carbon dots with controlled size High-resolution TEM (HR-TEM) images (Figure 3ac)
distribution.”**° The synthesis of fluorescent Ga-BACDs was clearly show the formation of well-defined nanostructures,
F https://doi.org/10.1021/acsomega.5c03575
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Figure S. XPS analysis on Ga-BACDs. (a) Survey XPS spectra of BACDs and Ga-BACDs, demonstrating the constituent composition prior to and
after to gallium incorporation. (b) The XPS depth profile compares the Ga 2p signal from the as-synthesized surface to the fourth etched layer,
illustrating the retention of Ga beneath the outermost carbon shell. (c) High-resolution Ga 2p spectrum of the synthesized Ga-BACD surface
deconvoluted into constituents. (d) High-resolution Ga 2p spectrum after four cycles of Ar* etching, demonstrating the heightened intensity of
subsurface Ga,O; species and validating the presence of lattice-embedded Ga.

where gallium nanoparticles are embedded within or coated by a
carbonaceous shell, confirming the hybrid nature of Ga-BACDs.
The HR-TEM lattice fringes having interplanar spacings of
0.243,0.207, and 0.123 nm correspond to the (100), (101), and
(110) planes of hexagonal graphitic carbon (PDF 26-1023),
respectively. The Miller indices and d-spacing values are
consistent with previous reports.57’58

Statistical analysis of the particle size (Figure 3c) shows that
the average diameter of the Ga-BACDs is approximately 8.57 +
4.1 nm. This dimension aligns well with the typical size range of
gallium carbon dots reported in an earlier study,” suggesting
consistency and control in the synthesis method. The particle
size distribution histogram (Figure 3d), based on measurements
from Figure 3¢, demonstrates a relatively small count above 12
nm and a narrow distribution between 2 and 26 nm. The 7—8
nm size range has the largest particle counts, suggesting a
preponderance of uniformly smaller particles.

The HR-SEM image of Ga-BACD (Figure S2a) provides
further confirmation of the hybrid structure observed in the
TEM images with Ga-BACD particles showing a slightly larger
size compared to the BACD particles."” This increase in size is
likely due to the incorporation of gallium (Ga), which modifies
the particle morphology, supporting the gallium doping.*”~®!

Additional confirmation of gallium presence was provided
qualitatively by EDX (Figure S2b) and quantitatively by ICP-
AES. The BACD exhibited no gallium content, while the gallium
concentration in the Ga-BACD was determined from the ICP
results as 18.3% (w/w).

Figure 4a displays the X-ray diffraction (XRD) patterns of
bare amorphous carbon dots (BACDs) and gallium-doped
carbon dots (Ga-BACDs). The BACD pattern displays a wide
diffraction peak centered at 20 = 24.5°, corresponding to the
(002) plane of disordered carbon.”> This peak indicates an
amorphous carbon configuration characterized by low graphi-
tization and inadequately arranged graphene layers. The absence
of pronounced peaks signifies the absence of notable crystalline
phases aligned with the amorphous characteristics of the carbon
dots. The Ga-BACD sample has a comparable broad peak at
around 26 = 24.5°, suggesting that the incorporation of gallium
does not substantially modify the fundamental amorphous
carbon structure. Nevertheless, a significant secondary peak is
observed at around 26 = 44°, potentially corresponding to the
(100) plane of carbon, commonly linked to in-plane structural
ordering.63 The peak appears in the Ga-BACD sample,
indicating that gallium incorporation may improve local
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Figure 6. SEM/EDX analysis on a Ga-BACD-coated paper disc. (a) Untreated paper disc (control) and (b) Ga-BACD-coated paper disc: (i) SEM
image of a paper disc and (ii) EDX spectrum of a paper disc. The elemental mapping shows the presence of 33.7% gallium in the Ga-BACD-treated
disc.

ordering within the amorphous matrix or contribute to
scattering effects from gallium—carbon interactions.

The variations in intensity and the emergence of the
secondary peak corroborate the idea that gallium is assimilated
into the carbon matrix in the form of discrete crystalline gallium
or gallium oxide phases. This behavior is characteristic of metal-
doped carbon materials, in which metal atoms are either
intercalated within the carbon matrix or constitute amorphous
complexes.*

Figure 4b displays the Raman spectrum of gallium-doped
amorphous carbon dots (Ga-BACD). The spectra display two
significant peaks located at roughly 1350 and 1580 cm™, which
correspond to the D-band and G-band, respectively. These
bands are indicative of carbon-based materials and offer insights
into the structural characteristics and level of disorder within the
carbon matrix.'” The D-band (about 1350 cm™) originates
from disordered carbon and vibrations caused by defects in the
sp hybridized carbon network. Its presence signifies structural
flaws, including vacancies, grain boundaries, and distortions
resulting from doping with heteroatoms, namely gallium. The
strength of this band indicates considerable disturbance of the
organized graphitic structure. The G-band (~1580 cm™)
corresponds to the E,, vibrational mode of sp> carbon atoms

in graphitic structures, signifying in-plane stretching of carbon—
carbon bonds.**

The intensity ratio of the D-band to the G-band, denoted as
I /I, offers essential insights into the extent of graphitization
(Figure 4b) (the deconvoluted Raman spectra are provided in
the supplementary data, Figure S3). The D-band intensity
surpasses the G-band intensity, indicating a mostly amorphous
carbon structure characterized by a high defect density. This
aligns with the structural disturbance identified in the XRD
analysis (Figure 4a).

The XPS survey spectra (Figure Sa) of BACD revealed the
presence of C 1s at 284.9 eV, O 1s at 532.3 eV,* and B Is at
192.23 eV.”° The B 1s binding energy is consistent with boronic
acid or borate-type species, likely as B(OH), or B,O;-like groups
on the carbon dot surface.”’ Following Ga incorporation, two
new peaks appeared in the Ga-BACD survey spectra at 1143.2
and 1116.4 eV, which correspond to Ga 2p,,, and Ga 2p;,,

166 . o i
respectively.” These binding energies indicate that gallium is
initially present in a partially oxidized state, potentially
interacting with the surface functional groups. After doping
with Ga, the peak of B 1s at the surface of Ga-BACD shifted to
~194.0 eV, a +1.7 eV increase compared to BACDs. This shift
suggests an electron-deficient boron environment, probably
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caused by coordination with Ga®" ions or partially oxidized
gallium to form Ga—O—B bonds. Depth profiling by successive
Ar”* etching (Figure Sb) reveals that the Ga 2p;, peak intensity
increased and progressively shifted from 1116.4 to 1117.7 eV
(Figure 5¢,d), which is characteristic of Ga* in Ga,0,.%
Simultaneously, the B 1s peak shifted further to ~197.0 eV,
consistent with a more oxidized and electronically depleted
environment. These results indicate that gallium is not simply
adsorbed on the surface; instead, the increase in the intensity of
the Ga signal during etching implies that the element is
embedded within the carbon dot matrix, probably via Ga—O—B
or Ga—O—C networks, rather than being confined to surface-
bound species only.

3.2. Characterization of Ga-BACD-Modified Cellulose.
The presence of polysaccharides, primarily cellulose, in the
extracellular polymeric substances (EPS) of biofilms makes
cellulose an important target for antimicrobial strategies.'**’
Since our previous study has shown that BACDs retain their
bioactivity when attached to cellulose surfaces,'” this study
further confirms the activity of Ga-BACDs on cellulose
substrates. To check this, cellulose paper was coated with Ga-
BACD solutions (50 mg/mL), following the protocol outlined
in Section 2.3. The amount of CDs deposited on the cellulose
was found to be 255.7 + 47.8 pug per milligram of cellulose, as
measured by UV spectrophotometric analysis. The successful
deposition of Ga-BACDs on the cellulose substrate was further
verified by using HR-SEM and EDX. SEM imaging showed the
presence of nanoparticles on the cellulose surface (Figure
6b(i)), in contrast to the untreated cellulose (Figure 6a(i)), and
EDX analysis (Figure 6b(ii)) confirmed the presence of gallium
(Figure 6a(ii)). This effective surface modification suggests that
Ga-BACD-functionalized cellulose could be a novel alternative
for antimicrobial application materials for preventing biofilm
formation and microbial contamination.

3.3. Antibacterial Studies. The antibacterial efficacy of Ga-
BACD was tested against two model bacterial species: the Gram-
negative bacterium Escherichia coli (E. coli) and the Gram-
positive bacterium Staphylococcus epidermidis (SE). The experi-
ment involved treating these bacterial cultures with varying
concentrations of Ga-BACD solution (0—25 mg/mL), as
described in Section 2.5.1. The initial 2 h incubation at room
temperature allowed better interaction between the bacterial
membrane and carbon dots thereby promoting their potential
bindin§ prior to the enhancement of metabolic activity at 37
°C."”"% Gentamicin-treated culture wells (GM) were consid-
ered as a positive inhibition control for the assay. A dose-
dependent decrease in bacterial growth was observed with
increasing concentrations of Ga-BACD. Ga-doped BACDs
exhibited superior antibacterial activity compared to undoped
BACDs against both SE (Figure 7a) and E. coli (Figure 7b). The
inhibitory concentrations (ICg, and ICy,) are summarized in
Table 1. The ICy, value for Ga-BACD against SE was found to
be 3.2 + 0.28 mg/mL, which is approximately half of the ICy,
value observed for BACD (6.52 = 0.58 mg/mL), indicating
enhanced antibacterial activity of Ga-BACD. Similarly, for E.
coli, the ICy, value for Ga-BACD treatment was 2.22 + 0.10 mg/
mL, significantly lower than that of BACD (472 + 0.17 mg/
mL), further confirming the superior antibacterial efficacy of Ga-
BACDs. The enhanced antibacterial activity can be attributed to
gallium’s ability to disrupt bacterial iron metabolism, a
mechanism previously reported in Pseudomonas aeruginosa.”
Additionally, the increased antibacterial effect of carbon
nanoparticles,71 especially metal-doped variants like Ga-
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Figure 7. Antibacterial assay with BACDs and Ga-BACDs against (a)
Staphylococcus epidermidis (SE) and (b) Escherichia coli. Control
represents the untreated culture wells, and GM represents the culture
well treated with antibiotic gentamicin (positive control). Each point
represents the mean + SD, calculated from three different experiments.

Table 1. Minimum Inhibitory Concentrations (ICyy and ICy,)
of Ga-BACDs and BACDs against Bacteria

ICyy (mg/mL) ICyo (mg/mL)

type of CD SE E. coli SE E. coli
BACD 6.52 £ 0.58 4.72 £ 0.17 1.87 £ 0.28 3.05+0.26
Ga-BACD 32+0.28 2.22 +0.10 125 £0.11 1.35 +£0.14

BACDs, is primarily driven by the generation of reactive oxygen
species (ROS), such as hydroxyl radicals and singlet oxygen.
These ROS cause oxidative stress, damaging key bacterial
components like DNA, RNA, proteins, and lipids, leading to
mitochondrial dysfunction, protein deactivation, and lipid
peroxidation, ultimately resulting in bacterial cell death through
apoptosis or necrosis.” ">

HR-SEM images of Ga-BACD-treated bacteria (Figure 8a,b;
treated) show significant structural damage, including mem-
brane rupture and surface irregularities, which contrast with the
intact surfaces of untreated Gram-negative bacteria E. coli
(Figure 8a, untreated) and Gram-positive SE (Figure 8b,
untreated). This membrane disruption increases bacterial
permeability, causing cytoplasmic leakage and accelerating cell
death. These results validate Ga-BACDs as a promising
antibacterial tool against both Gram-positive and Gram-negative
bacteria.

3.4. Antibacterial Studies of Ga-BACD-Modified
Cellulose. The antimicrobial activity of Ga-BACD-modified
cellulose was evaluated and compared with BACD-modified
cellulose, following the protocol outlined in Section 2.5.2.
Cellulose discs were coated with solutions of CDs at an optimal
concentration of 50 mg/mL (Figure S4) leading to a loading of
255.7 +0.0478 g CDs per mg of cellulose fibers. The modified
discs were incubated with bacterial solutions for 2 h, and the
growth of bacteria was monitored in solution and on the surface
of the fibers.

The results (Figure 9) showed complete bacterial inhibition
by Ga-BACD-modified cellulose with no visible bacterial growth
around the coated discs or in the treated solution. In contrast,
BACDs exhibited reduced antibacterial activity under darker
conditions, with bacterial colonies forming around the coated
disc and in the treated solution resembling those of the control
disc. These findings highlight the enhanced antibacterial
potential of Ga-BACD-functionalized cellulose, suggesting it
as a promising material for developing advanced antimicrobial
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Figure 8. Ultrahigh-resolution SEM images of bacteria: the images compare untreated bacteria with those treated using Ga-BACD. The treatment was
done to (a) Escherichia coli and (b) Staphylococcus epidermidis (SE). Morphological changes or damage induced by Ga-BACD treatment are indicated

with arrows.

surfaces or protective coatings, particularly in biomedical and
environmental settings.

3.5. Bacterial Biofilm Inhibition Assay. Bacterial biofilms
play a major role in antimicrobial resistance by providing a
protective environment for bacteria, making them highly
resistant to both conventional antibiotics and immune system
defenses. These biofilms, formed through exopolysaccharide
secretion, enhance bacterial adhesion and greatly increase
resistance to antimicrobial agents.””> The formation of biofilms
on medical devices presents a major challenge in healthcare,
highlighting the need for advanced antimicrobial strategies.”’

Our study extended to investigate the potential of gallium-
doped carbon dots (Ga-BACDs) to inhibit the biofilm for the
selected model microbes Escherichia coli (E. coli) and Staph-
ylococcus epidermidis (SE). By treating with varying concen-
trations of Ga-BACDs in bacterial cultures, as per the procedure
outlined in Section 2.6.1, we assessed the potential of Ga-

BACDs on growth and biofilm inhibition. The growth and
biofilm formation of E. coli and SE were induced at 28—30 °C in
MHB broth, with treatment at various Ga-BACD concen-
trations. Within each well, inoculated with bacterial cultures,
total growth comprised both planktonic phase proliferation
(bacteria suspended in liquid culture media) and biofilm-
associated bacteria (adherent to the bottom and side surfaces of
the well).

Bacterial growth in both the total and planktonic phases was
assessed by measuring the absorbance at 600 nm. By comparing
bacterial growth across these phases following 48 h of
incubation, the specific inhibitory effects of Ga-BACD treatment
on E. coli and Staphylococcus epidermidis (SE) proliferation were
calculated.

Figure 10 shows the total bacterial growth and planktonic
phase growth patterns, with SE data in Figure 10a(i) and E. coli
data in Figure 10b(i). Ga-BACD treatment resulted in a
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Figure 9. Antibacterial assay with BACD- and Ga-BACD-coated paper
discs against (a) Staphylococcus epidermidis (SE) and (b) Escherichia
coli. The Ga-BACD-coated disc has shown a stronger antibacterial
effect compared to the BACD paper disc.

statistically significant reduction in total bacterial proliferation at
all concentrations >1 mg/mL (p < 0.0001) (Figure 10a(i)). A
gradual decrease in planktonic growth was observed at

concentrations ranging from 1 to 25 mg/mL, indicating a direct
inhibitory effect of Ga-BACDs on bacterial growth.

The biofilm formed from untreated SE and E. coli, quantified
via crystal violet staining and measured at 575 nm, was
normalized to 100%. Upon treatment with 2.5 mg/mL Ga-
BACDs, SE biofilm formation exhibited a progressive decline to
20% within 48 h, with complete inhibition occurring at
concentrations >10 mg/mL for both SE (Figure 10a(ii)) and
E. coli (Figure 10b(ii)). Furthermore, at Ga-BACD concen-
trations of 25 and 10 mg/mL, no detectable biofilm formation
was observed for either bacterial strain. Figure S5 shows the
inhibition of biofilm formation on the coverslip surface at a
concentration of 10 mg/mL, comparing biofilm growth in the
control sample to that in the Ga-BACD-treated SE strain.

Bright-field microscopy imaging (with a Leica DMil bright-
field microscope) further confirmed the concentration-depend-
ent inhibition of biofilm formation in both Staphylococcus
epidermidis (SE) (Figure 11) and E. coli (Figure S6). At 2.5 mg/
mL of Ga-BACDs, approximately 20% of biofilm growth
remained compared to the untreated control, while concen-
trations of >10 mg/mL resulted in complete biofilm inhibition
(Figures 10a(ii) and 11). At concentrations exceeding 2.5 mg/
mL, minimal biofilm formation was observed for both E. coli and
SE, demonstrating that Ga-BACDs effectively inhibit biofilm
formation at concentrations above this threshold. Figure S7
presents a photograph showing the layout of a 96-well plate
crystal violet staining assay, demonstrating a gradual reduction
in biofilm formation with increasing Ga-BACD concentration.

3.6. Biofilm Eradication Assay. To evaluate the biofilm
eradication potential of Ga-BACDs, untreated bacterial cultures
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Figure 10. Antibiofilm properties of Ga-BACDs against (a) Gram-positive (SE) and (b) Gram-negative bacteria (E. coli). Microbes were treated with
Ga-BACDs at varying concentrations of CDs (0.1—25 mg/mL). Cultures were incubated for 48 h, at which time (i) the total planktonic and (ii) biofilm
growth was quantified. Experiments were performed in triplicate, and each point represents the statistical averaged value (mean + SD).
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25 mg/mL

10 mg/mL

2.5mg/mL

Control

Figure 11. Bright-field microscopy images of crystal violet-stained biofilm (Staphylococcus epidermidis). Ga-BACDs effectively inhibited bacterial
biofilm formation on well surfaces at concentrations of 1 mg/mL and higher.
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Figure 12. Biofilm eradication assay. The figure illustrates the eradication of mature biofilms of Staphylococcus epidermidis (SE) (a) and E. coli (b).
Previously untreated biofilms were treated with Ga-BACDs and quantified total/planktonic growth (i) and biofilm (ii). Results represent the mean +
SD values of triplicate readings from three different experiments.

were first incubated in a 96-well plate for 72 h to allow for the

formation of a mature biofilm. Following incubation, the liquid

phase, including planktonic bacteria, was carefully removed. The

wells were then treated with varying concentrations of Ga-

BACDs (0—25 mg/mL) and incubated, after which total,
planktonic (Figure 12a(i),b(i)), and biofilm-associated bacterial
populations were quantified.
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Figure 13. Biofilm eradication. Bright-field microscopy images of biofilm showing eradication of Staphylococcus epidermidis (SE biofilm) in the
presence of increasing levels of Ga-BACDs. Significant disruption of biofilms was observed with Ga-BACDs at concentrations of >1 mg/mL.

At concentrations above 1 mg/mL, Ga-BACDs significantly
disrupted preformed Staphylococcus epidermidis (SE) and
Escherichia coli (E. coli) biofilms compared to untreated controls
(Figure 12a(ii),b(ii)). This suggests that Ga-BACDs directly
interact with bacteria within the established biofilm. Post-
treatment analysis showed that, except at the lowest
concentration (0.1 mg/mL), the number of viable bacteria
within the biofilm was significantly reduced relative to control
cells. The antibiofilm activity of Ga-BACDs may be attributed to
multiple mechanisms, including direct particle—bacteria inter-
actions that hinder bacterial adherence, interference with
quorum sensing, and/or disruption of the extracellular matrix
(ECM) integrity, which is crucial for biofilm stability.”” This
suggests that Ga-BACDs are effective against planktonic bacteria
and target bacteria embedded within biofilms, which is a major
challenge in treating chronic infections.

Bright-field microscopy further confirmed the eradication of
Staphylococcus epidermidis (SE) (Figure 13) and E. coli biofilms
(Figure S8). At concentrations of 2.5 mg/mL and above,
planktonic bacterial growth was significantly inhibited with a
50% or more increase in biofilm eradicated. The percentage
reduction in residual biofilm indicates that although Ga-BACD
mainly acts on bacterial cells, it also interferes with components
of the extracellular matrix, thereby hindering the development of
new biofilms and breaking down established biofilm structures.

Our experimental studies have demonstrated that Ga-BACDs
exhibit strong antibacterial activity and effective biofilm
eradication, showing their potential as promising antimicrobial
agents. These properties are particularly valuable in the context
of biomedical applications, where biofilm-associated infections
continue to pose serious clinical challenges.'"** The data
presented in this study support the feasibility of using Ga-
BACDs as multifunctional agents capable of preventing bacterial
colonization and biofilm formation. Based on our findings, the

study can be progressed toward application-specific studies, with
a focus on medical implants, such as vascular stents and other
implantable medical devices. These are high-risk areas where
conventional treatments often fail due to the resistance of
microbial biofilms and the limitations of systemic antibiotic
therapy.”*

3.7. Cytotoxicity Studies on Ga-BACDs. The biocompat-
ibility of BACDs was reported in our previous study.'’
Consistent with those findings, Ga-BACDs also exhibited no
in vitro toxicity at a 0.1 mg/mL concentration in a normal
healthy human cell line (HBMEC), with 100% cell viability
observed following treatment (Figure 14a). At a significantly
higher concentration of Ga-BACDs (10 mg/mL), the cell
survival was approximately 16.6 + 4.14%. Additionally, the
cytotoxicity assay using Ga-BACD-coated paper discs (255.7 +
47.8 ug/mg) did not show any significant toxicity, with 99% cell
viability observed (Figure 13 b). These results highlight the
safety profile of Ga-BACD-coated surfaces for clinical
applications.

4. CONCLUSIONS

In conclusion, this study demonstrates that the successful
doping of gallium into phenylboronic acid carbon dots (Ga-
BACDs), synthesized under optimized sonication conditions,
exhibits enhanced optical and antibacterial properties compared
with undoped BACDs. The Ga-BACDs exhibited superior
antibacterial activity against Gram-negative E. coli and Gram-
positive Staphylococcus epidermidis, significantly reducing
bacterial viability. Additionally, Ga-BACDs effectively inhibited
and eradicated bacterial biofilms, showcasing their potential as a
promising tool for combating microbial infections. The Ga-
BACD:s also exhibited excellent biocompatibility in solutions, at
100 pug/mL concentrations, and on cellulose surfaces,
demonstrating significant potential for clinical applications,
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Figure 14. Toxicity assessment in human cell lines. The viability of
human normal cell lines (HBMECs) was evaluated following exposure
to CDs. Cell viability was assessed by an MTT assay, with results
expressed as percentages and averaged over three independent
experiments. (a) Viability test using Ga-BACD solutions at varying
concentrations (0.1, 0.5, 1, 5, and 10 mg/mL). “Control” represents
untreated cells, and “DMSO” denotes cells treated with DMSO as a
positive control for cytotoxicity. (b) Biocompatibility test with paper
discs. Human healthy cell lines were exposed to paper fibers coated with
a 50 mg/mL CD solution, and cell viability was compared to that of
untreated paper discs.

such as modifying medical implants and self-disinfecting
surfaces.
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