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Abstract: Objectives: Bedsores (pressure ulcers) exhibit high incidence rates (0.4-38%) and prolonged recovery
periods, with bacterial infections posing the most frequent and severe complications, significantly impeding wound
healing. Conventional antibiotic therapies face limitations due to antimicrobial resistance, necessitating innovative
strategies with enhanced biocompatibility and reduced resistance-inducing potential. This study aimed to develop
a photodynamic therapy (PDT)-based antimicrobial approach by converting antimicrobial drugs into N-doped carbon
quantum dots (N, CQ-dots) for efficient bacterial inhibition in wound environments. Methods: N, CQ-dots were syn-
thesized from protocatechuic acid (a natural antimicrobial metabolite) via solvothermal method, preserving critical
functional groups (-COOH, -OH) inherited from the precursor. Structural and optical properties were characterized
using transmission electron microscopy (TEM), X-ray photoelectron spectroscopy (XPS), and ultraviolet-to-visible
(UV-Vis) spectroscopy. Photodynamic antimicrobial efficacy was evaluated against Staphylococcus aureus and
Escherichia coli through colony-count assays, and live/dead staining. Results: The synthesized N, CQ-dots exhibited
uniform morphology (~3.5 nm) and abundant oxygen-containing functional groups, as confirmed by XPS and Fourier
Transform Infrared (FTIR) spectrometer analysis. Under irradiation, the material demonstrated potent antibacterial
activity, achieving >99.9% viability reduction in Gram-positive and Gram-negative strains, with minimal cytotox-
icity (MBC >100 pg/mL). Conclusions: This work demonstrates a novel paradigm for transforming antimicrobial
drugs into multifunctional N, CQ-dots, leveraging preserved pharmacophores and PDT mechanisms to overcome
drug resistance. The system combines intrinsic antibacterial activity with light-triggered responsiveness, offering a
promising solution for managing infected bedsores while minimizing systemic toxicity. These findings highlight the
translational potential of drug-derived nanomaterials in precision wound care.
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Introduction

Prolonged immobilization during recovery ph-
ases, such as in bedridden or paraplegic pa-
tients, predisposes cutaneous tissues to sus-
tained pressure-induced ischemia, culminating
in pressure ulcer development [1, 2]. Cha-
racterized by epidemic prevalence (up to 38%
incidence), refractory healing dynamics, and
recurrent episodes [3, 4], these lesions pre-
dominantly affect geriatric populations [5].
Metabolic impairments, including malnutrition,
diabetes mellitus, and venous insufficiency, fur-
ther compromise wound resolution [6], escalat-
ing risks of osteomyelitic infections, septice-
mia, and hypoproteinemia [7]. Such complica-

tions exacerbate clinical management com-
plexities, with mortality rates reaching 25% in
severe cases [8]. Despite advances in wound
care, bacterial colonization remains a principal
impediment to tissue regeneration [9]. Current
therapeutic paradigms primarily rely on topical
antimicrobial agents for superficial infections
[10], escalating to systemic antibiotic adminis-
tration when microbial invasion penetrates
deeper tissue strata [11]. Deep tissue infec-
tions require systemic antibiotics, with initial
intravenous therapy transitioning to oral regi-
mens upon clinical improvement, while severe
cases may escalate to optimized parenteral
strategies [12]. However, excessive antimicro-
bial utilization correlates with dysbiosis, hepa-
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torenal dysfunction and the emergence of
multidrug-resistant pathogens, underscoring
urgent demands for innovative biocompatible
antimicrobial strategies.

Photodynamic therapy (PDT) is a minimally
invasive modality that employs photochemi-
cal or photophysical mechanisms to eradicate
pathogens through the conversion of light ener-
gy into reactive oxygen species (ROS) or lo-
calized thermal energy [13]. Central to PDT
advancement is the engineering of nanomateri-
als exhibiting exceptional photon-to-ROS con-
version efficiency, including noble metal-based
constructs, semiconductor systems, organic
photosensitizers, carbon nanomaterials, etc
[14]. However, these materials often exhibit
prohibitive costs, cytotoxic profiles, and sub-
optimal photostability, thereby constraining
their clinical translation. Consequently, there
remains a critical demand for developing mul-
tifunctional materials that synergize robust
PDT efficacy, economic feasibility, biosafety,
and scalable synthesis to overcome antimicro-
bial resistance challenges in pressure ulcer
management while enhancing bacterial eradi-
cation outcomes. Carbon quantum dots (CQ-
dots), a class of carbon-based nanomaterials
primarily constituted by carbon, hydrogen, oxy-
gen, and nitrogen elements, demonstrate mul-
tidisciplinary applications in antimicrobial ther-
apy, oncotherapy, and bioimaging owing to th-
eir exceptional biocompatibility, low cytotoxici-
ty, precursor abundance, and photostability
[12, 15, 16]. Protocatechuic acid, a pleiotropic
polyphenol metabolite exhibiting antibacterial,
antioxidant, anti-inflammatory, antihyperglyce-
mic and neuroprotective activities, is ubiqui-
tously distributed in botanical species and
fruits. This compound undergoes efficient bio-
availability in mammalian systems through gas-
trointestinal absorption [17-19].

To circumvent antimicrobial resistance chal-
lenges, this study engineered nitrogen-doped
carbon quantum dots (N, CQ-dots) through a
solvothermal protocol utilizing protocatechuic
acid as the exclusive carbon precursor. Struc-
tural characterization via nuclear magnetic res-
onance (NMR) and Fourier-transform infrared
spectroscopy (FTIR) revealed preserved phar-
macophoric motifs (-COOH, -OH) inherited from
the precursor. In vitro antimicrobial assays
demonstrated exceptional bactericidal effica-
¢y, achieving >99.9% viability reduction against
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multidrug-resistant pathogens. This pioneering
strategy transforms natural antimicrobial me-
tabolites into functional nanomaterials, syner-
gistically enhancing photodynamic inactivation
capabilities. The developed N, CQ-dots offer
a biocompatible, scalable platform for combat-
ing recalcitrant infections in pressure ulcer
management.

Materials and methods
Materials

Protocatechuic acid (=297%) and N, N-Dime-
thylformamide (DMF, >99.9%) were purchased
from Aladin (Shanghai Aladdin Biochemical
Technology Co., Ltd., Shanghai, China). Dich-
loromethane (=299.9%) and methanol (=99.9%)
were purchased from Thain Chemical Tech-
nology Co., Ltd., (Shanghai, China). SYTO 9/PI
live/dead bacterial double stain kit and phos-
phate buffer saline (PBS) were provided by
Beijing Solaibao Technology Co., Ltd. China.
Sangon Biotech (Shanghai, China) was respon-
sible for supplying Luria-Bertani (LB) broth and
LB broth agar.

Synthesis of the N, CQ-dots

As shown in Scheme 1, N, CQ-dots were syn-
thesized via solvothermal method with proto-
catechuic as precursor, DMF as solvent, and
H,SO, as the catalyst. Firstly, 0.25 g of proto-
catechuic and 1 mL H,SO, (33%) were dis-
solved in 60 mL of DMF to form a homogene-
ous solution. Subsequent sonication for 10
minutes yielded a transparent solution, which
was transferred to a 100 mL stainless-steel
autoclave lined with polytetrafluoroethylene
(PTFE) and heated at 180°C for 12 h. Then,
the reactors were cooled to ambient tempera-
ture naturally. The resultant solution was con-
centrated and subjected to purification through
silica gel column chromatography (300-500
mesh) using a dichloromethane/methanol gra-
dient (10:1) as the eluent. Subsequently, the
byproducts were dialyzed for 8 h through a
1,000 Da dialysis membrane with deionized
water to remove byproducts. Finally, the puri-
fied N, CQ-dots powder were obtained by
freeze-drying.

Bacterial cell culture
The antibacterial efficacy of N, CQ-dots was

evaluated against Escherichia coli (E. coli, ATCC
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Bacterial death

Scheme 1. Schematic illustration of the preparation and antibacterial ap-
plication of the N-doped carbon quantum dots (N, CQ-dots).

9637) and Staphylococcus aureus (S. aureus,
ATCC 25923). Initially, the standardized bacte-
rial suspension was cultured at 37°C for 24 h.
After that, 5 mL of Luria-Bertani (LB) broth cul-
ture medium was incubated with 500 pL of bac-
teria suspension (either E. coli or S. aureus, 5 x
10° CFU/mL). In a shaking incubator at 150
rom, the medium was cultured overnight at
37°C. Subsequent photodynamic treatment
protocols were made by diluting the bacteria to
1 x 108 CFU/mL.

Antibacterial performance

For experimental evaluation, 100 pg of N,
CQ-dots were suspended into 1 mL of bac-
terial suspension and designed as the experi-
mental group, while 100 pL of the phosphate-
buffered saline (PBS) supplemented with iden-
tical bacterial volume served as the control
group. Following a 6 h co-cultivation period at
37°C, samples underwent 808 nm laser irradi-
ation (0.3 W/cm?) for different times and cul-
tured for 18 h. Subsequently, 10 uL aliquots
were uniformly plated onto agar media and
incubated overnight at 37°C to facilitate colony
formation. Quantitative analysis of antimicro-
bial efficacy was performed through colony
enumeration and photographic documenta-
tion, with statistical validation against baseline
controls.
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Bacterial live/dead staining

Bacterial suspensions (10*
CFU/mL) were exposed to
either PBS or N, CQ-dots (100
pug/mL) for 6 h, followed by 5
min of 808 nm laser irradia-
tion (0.3 W/cm?). Subsequent
post-incubation for 18 hours
at 37°C was conducted to
assess delayed cytotoxic eff-
ects. Staining was perform-
ed using the LIVE/DEAD™
BacLight™ Bacterial Viability
Kit, where samples were in-
cubated for 15 minutes at
room temperature in dark-
ness, then rinsed thrice with
PBS to remove unbound dye.
Following this, the stained
bacterial suspension (5 uL)
was placed on a slide and the
fluorescence image was imaged using a confo-
cal microscope.

Bacterial morphology observation

The bacterial suspensions (10* CFU/mL) were
exposed to PBS or N, CQ-dots (100 ug/mL) for
6 h, subjected to 808 nm laser irradiation (0.3
W/cm?) for 5 min. Subsequent post-irradiation
incubation was conducted for 18 h at 37°C to
assess delayed cytotoxic effects. Afterwards,
cells were collected by centrifugation, and pla-
ced in 2.5% glutaraldehyde for 2 h at room
temperature. Dehydration followed, using an
ethanol dilution series of increasing concen-
trations (10-100%) for 15 min. Final samples
were sputter-coated with gold and examined
via (scanning electron microscope) SEM for
morphological analysis.

Statistical analysis

All experiments were performed in triplicate
(n=3 biological replicates), with triplicate tech-
nical replicates per sample, following standard-
ized protocols for reproducibility assessment.
Comparative analyses utilized Student’s t-test
(two-tailed) for pairwise comparisons or one-
way ANOVA with Dunnett’s post-hoc correction
for multiple group comparisons. Significance
thresholds were set at P<0.05 (*), P<0.01 (**),
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Figure 1. Morphology, and structure properties of the N, CQ-dots. A. Transmission electron microscope (TEM) image
of the N, CQ-dots. B. Particle size distribution histogram of the N, CQ-dots. C. High-resolution TEM image of the N,

CQ-dots. D. X-ray diffraction (XRD) pattern of the N, CQ-dots.

and P<0.001 (***), as established in quantita-
tive biological studies.

Characterization

Applied transmission electron microscope
(TEM, JEM-2100F, Japan) and X-ray diffraction
with Cu Ka radiation (Rigaku Smartab, 3KW)
to character the morphology and components
of N, CQ-dots. Fluorescence spectrophotome-
ter (F-2700 Hitachi, Japan), ultraviolet-visible
(UV-Vis) absorption spectrophotometer (Avas-
pec-2048-2-USB2, Avantes, Netherland), fou-
rier transform infrared spectrometer (FTIR,
Nicolet 6700, Thermo Scientific, USA), and
Superconducting Nuclear Magnetic Resonan-
ce spectroscopy (NMR, 600 MHz, Avance lIl,
Germany) were employed to record the vibra-
tions of optical spectra. The morphological ba-
cterial changes were monitored by scann-
ing electron microscopy (SEM, Hitachi, Tokyo,
Japan). Fluorescence images were acquired by
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confocal laser scanning microscope (CLSM,
Leica TCS SP8 STED 3X). 808 nm diode laser
was produced from JPT Opto-electronics Co.,
Ltd. (Shenzhen, China).

Results
Structure analysis

As shown in Figure 1A, transmission electron
microscope (TEM) analysis at 20 nm resolution
demonstrates the uniform dispersion of syn-
thesized N, CQ-dots with minimal agglomera-
tion, exhibiting an average diameter of 3.5 nm
(Figure 41B). High-resolution TEM (HR-TEM)
image (Figure 1C) indicates an interplanar
spacing of 0.21 nm, corresponding to the
(100) lattice plane of graphitic carbon [20].
Furthermore, the X-ray diffraction (XRD) pattern
(Figure 1D) displays a broad diffraction peak
centered at 25.5°, which aligns with the (002)
crystallographic plane of graphite - a hallmark
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Figure 2. Composition of the N, CQ-dots. A. X-ray photoelectron spectroscopy (XPS) survey spectrum of the N, CQ-
dots. B-D. High-resolution XPS C 1s, N 1s, and O 1s spectra of the N, CQ-dots.

for successful carbon quantum dots formation
21, 22].

Composition analysis

To further elucidate the chemical composition,
the synthesized N, CQ-dots were systematically
characterized via X-ray photoelectron spec-
trometer (XPS). The full-scan XPS spectrum
(Figure 2A) demonstrates the presence of car-
bon (C), nitrogen (N), and oxygen (0) elements
with atomic percentages of 70.47%, 3.85%,
and 25.68%, respectively, confirming success-
ful nitrogen doping in the carbon quantum dots.
In addition, the elevated O content means ab-
undant surface oxygen functionalities, which
may enhance hydrophilicity and interfacial in-
teractions. High-resolution XPS C 1s spectra
(Figure 2B) resolve three distinct C species:
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sp?/sp® hybridized C-C/C=C (284.6 eV), C-N/
C-0 (286.1 €V), and C=0 (288.8 eV) [23].
Similarly, the N 1s spectrum (Figure 2C) exhib-
its two prominent peaks at 398.2 eV (pyridinic
N) and 399.9 eV (graphitic N), indicating ef-
fective N incorporation into the C lattice [24].
Deconvolution of the O 1s band (Figure 2D)
identifies two binding energy components at
531.6 eV (C=0) and 532.7 eV (C-O/C-0O-H), cor-
roborating the existence of carboxylic and
hydroxyl groups on the surface [25].

Surface state of the N, CQ-dots

Fourier transform infrared (FTIR) spectrometer
and nuclear magnetic resonance (NMR) spec-
troscopy were employed for surface func-
tional group characterization of N, CQ-dots.
Comparative analysis of the FTIR spectrum of
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Figure 3. Surface groups of the N, CQ-dots. A. Fourier Transform Infrared (FTIR) spectra of the N, CQ-dots (green
line), and protocatechuic acid (black line). B. Hydrogen nuclear magnetic resonance (*H NMR) spectrum of the N,
CQ-dots (green line), and protocatechuic acid (black line).

precursor (Figure 3A, black line), in the N, summary, combined with the results of FTIR,
CQ-dots, the broad absorption band at 3431 and *H NMR analysis, surface functional groups
cm is attributed to the stretching vibration of of the N, CQ-dots are dominated by residual
-OH, and the sharp peak at 1638 cm™ is -COOH and -OH groups of protocatechuic acid,
assigned to the stretching vibration of -C=0 and their distribution is highly consistent with
(Figure 3A, green line), confirming the preser- that of the precursor, which indicates that the
vation of residual -COOH and -OH groups from N, CQ-dots may retain the antimicrobial ability
the precursor post-pyrolysis [26]. Furthermore, of the protocatechuic acid.

the absorption band of 1489 cm™ derived from

the stretching vibration of the aromatic ring Optical properties of the N, CQ-dots

[27]. In addition, the prominent absorption at
~1100 cm? (C-0-C) indicates enhanced aque-
ous solubility [26]. The bond of 1260 cm™ ori-
ginates from the stretching vibration of C-0O, the
peaks at 801 and 742 cm™ are separately
ascribed to the stretching vibration and out-of-
plane bending vibration of C-H on the aromatic
ring [28, 29]. To better understand the struc-
ture of the N, CQ-dots, characteristic hydrogen
nuclear magnetic resonance spectroscopy (*H
NMR) of precursor was recorded and treated as
a standard reference. The results of *H NMR
spectra are shown in Figure 3B. Protocatechuic
acid features three kinds of chemical shifts
located at 6.79, 7.31, and 7.34 ppm, and these
chemical shifts are caused by hydrogen vibra-
tion of the benzene ring (black line). As shown
in Figure 3B (green line), N, CQ-dots shows the
almost same chemical shift at 6.75 and 7.29

The optical properties of the N, CQ-dots were
systematically investigated through UV-Vis and
photoluminescence (PL) spectroscopy. The
absorption spectrum exhibits two absorption
maxima bands at 275 and 428 nm (Figure 4A,
black line), attributed to m—m* transition of the
aromatic C=C bond and n—n* transitions of
the aromatic sp? system containing C=0 and
C=N bonds, respectively [26, 30]. In the PL
spectrum of the N, CQ-dots (Figure 4A, red
line), N, CQ-dots dispersed in aqueous solution
exhibits the strongest emission center at 547
nm under the irradiation of a handheld UV lamp
at 395 nm. In addition, the N, CQ-dots show
excitation wavelength independent emissions
properties (Figure 4B), indicating the stable
energy level structure may promote the photo-
dynamic antimicrobial ability of the N, CQ-dots.

ppm, which proves that the surface character- Antibacterial testing of the N, CQ-dots

istic structure of the N, CQ-dots is highly con-

sistent with that of precursors. In addition, aro- An effective method of sterilization is essential
matic hydrogen at 6.58 ppm is also observed due to the potential risk of bacterial infection
on the surface of the N, CQ-dots, which may be caused by bedsores. The observations led us
caused by the introduction of the N element. In to exert further research on the bactericidal
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Figure 4. Optical properties of the N, CQ-dots. A. ultraviolet-to-visible (UV-vis) absorption (black line) and photolu-
minescence (PL) spectrum (red line) of the N, CQ-dots. B. PL spectrum of the N, CQ-dots excited by different wave-

length.

properties of the N, CQ-dots, centered around
their significant photodynamic effect E. coli
and S. aureus were selected as typical strains
of Gram-negative and Gram-positive bacteria,
two clinically relevant pathogens. To elucidate
the interaction dynamics between N, CQ-dots
and microbial cells, colony-forming unit (CFU)
assays were performed to quantify viable bac-
terial populations following varied irradiation
durations and nanoparticle concentrations.
Time-dependent assessments revealed a pro-
gressive enhancement in antimicrobial activity,
with complete inhibition observed at extended
exposure intervals (Figure 5A). Under 808 nm
laser irradiation for 5 minutes, the bacterial
load decreased proportionally with increasing
N, CQ-dots concentration, as evidenced by
reduced colony counts (Figure 5B, 5C). A
threshold concentration of 100 pg/mL was
established as the minimum bactericidal con-
centration (MBC), effectively eradicating both
E. coli and S. aureus within the experimental
framework. Consequently, these findings cor-
roborate the robust in vitro bactericidal efficacy
of N, CQ-dots, positioning them as promising
candidates for combating recalcitrant wound
infections through non-antibiotic mechanisms.

SYTO9 is a cell-permeant fluorogenic nucleic
acid stain that intercalates into double-strand-
ed DNA, producing bright green fluorescence
with excitation/emission maxima at 483/503
nm [31]. PI, in contrast, selectively penetrates
compromised membranes of necrotic cells,
binding to nucleic acids and emitting red fluo-
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rescence. To investigate membrane integrity
disruption mechanisms, live/dead bacterial
viability assays were performed. Confocal im-
aging (Figure 6A) reveals exclusive SYTO9
green fluorescence in the PBS control group
under 808 nm irradiation, demonstrating in-
tact bacterial membranes with minimal perme-
abilization. Conversely, N, CQ-dots combined
with 808 nm irradiation elicit pronounced PI
uptake, evidenced by intensified red fluores-
cence, indicating severe membrane damage
through photodynamic oxidation. Scanning el-
ectron microscope (SEM) further corroborates
these findings. Control bacteria in the PBS
group maintain characteristic morphology with
smooth cell surfaces for both E. coli and S.
aureus. However, N, CQ-dots-mediated photo-
dynamic treatment induces catastrophic struc-
tural alterations, including membrane blebbing,
cytoplasmic leakage, and cellular fragmenta-
tion (Figure 6B). These morphological transfor-
mations align with ROS-induced lipid peroxida-
tion and mechanical destabilization of Gram-
negative/Gram-positive bacterial envelopes.
Collectively, these data establish that the syn-
ergistic action of N, CQ-dots and NIR irradiation
effectively compromises membrane integrity,
leading to bacterial eradication through non-
antibiotic photodynamic mechanisms.

Discussion

Bacterial infections remain a critical global
public health challenge, exacerbated by the
escalating antimicrobial resistance crisis driv-

Am J Transl Res 2025;17(8):6347-6358
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Figure 5. Antibacterial properties of the N, CQ-dots. A. The viability of E. coli and S. aureus is evaluated using the N,
CQ-dots at different times. B. An analysis of the inhibition efficacy of the N, CQ-dots against E. coli and S. aureus at
different concentrations. C. Images of E. coli and S. aureus colonies after treatment with the N, CQ-dots at 808 nm

laser for five minutes at various concentrations.

en by antibiotic overuse. To address this, we
have successfully converted antibiotics (proto-
catechuic acid) into N, CQ-dots by solvother-
mal method using N, N-dimethylformamide as
solvent and N source. This strategy aligns with
recent advances in nanomaterial-based antimi-
crobial therapies, offering a promising alterna-
tive to conventional antibiotics.

The synthesized N, CQ-dots exhibited a uniform
particle size of ~3.5 nm, consistent with stu-
dies demonstrating that sub-5 nm CQ-dots
achieve superior antibacterial efficacy due to
enhanced cellular membrane penetration. No-
tably, our findings expand on Sun et al.'s work
by demonstrating that solvothermal carboniza-
tion preserves key functional groups (e.g., -OH,
-COOH) from the precursor and may synergi-
stically enhance bacterial targeting [32]. This
retention of structural motifs, evidenced by
FTIR and NMR analyses, suggests that the anti-
microbial activity stems not only from physical
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interactions (e.g., membrane disruption) but
also from chemical compatibility with bacterial
cell walls, such as hydrogen bonding between
carboxyl groups and peptidoglycan layers.

Generally, CQ-dots require light-induced gener-
ation of ROS to exert antimicrobial abilities. In
contrast, their antibacterial activity is signifi-
cantly diminished in the absence of photoexci-
tation. Ren et al. demonstrated that CQ-dots
retain intrinsic carbonaceous domains during
carbonization, enhancing dark-state antibacte-
rial efficacy through ROS-independent mecha-
nisms supported by structural stability [33].
Building on this, we conducted FTIR analysis
to compare structural features of N, CQ-dots
and protocatechuic acid. The spectra revealed
nearly identical characteristic absorption pe-
aks for both materials, including -OH, -COOH,
and aromatic ring functionalities. Furthermore,
N, CQ-dots exhibited a distinct ether bond
vibration signal (1050 cm), likely arising from

Am J Transl Res 2025;17(8):6347-6358
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Figure 6. Antibacterial characterization of the N, CQ-dots. A. The live/dead staining of bacteria in control and ex-
perimental groups was visualized using laser confocal fluorescent images, scale bar 50 ym. B. A comparison of
scanning electron microscope (SEM) images of E. coli and S. aureus in corresponding treatment groups, scale bar

=500 nm. L: 808 nm laser.

oxygen participation during solvothermal syn-
thesis and contributing to superior aqueous
dispersion.

To further elucidate surface chemistry, proton
resonance signals were analyzed via super-
conducting NMR spectroscopy. The chemical
shifts of N, CQ-dots and protocatechuic acid in
the 7.5-6.7 ppm range showed strong align-
ment, confirming preservation of aromatic
structures from the precursor. Importantly,
high-efficiency photodynamic therapy necessi-
tates CQ-dots with broad light absorption ca-
pabilities [13]. While Shi et al. reported Sm-
doped CQ-dots with absorption spanning 300-
1100 nm, the N, CQ-dots synthesized here
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exhibited a narrower range (260-500 nm), high-
lighting a critical area for optimization through
heteroatom doping or hybrid nanostructures
[34]. Notably, antibacterial assays demonstrat-
ed ~100% efficacy under 808 nm excitation,
indicating two-photon/multi-photon absorption
properties. This feature positions N, CQ-dots
as promising candidates for non-invasive pho-
todynamic therapy, particularly for deep-tissue
infections where near-infrared activation mini-
mizes collateral damage.

Comparative analysis with existing literature
reveals both congruent and contradictory find-
ings. While Jou et al. reported CdSe/ZnS quan-
tum dots [35] and Peng et al. reported CdTe

Am J Transl Res 2025;17(8):6347-6358
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quantum dos [36] with broader light absorp-
tion, their synthesis involved toxic heavy met-
als, raising biosafety concerns. In contrast, our
metal-free N, CQ-dots avoid cytotoxicity risks,
aligning with recent trends toward eco-friendly
nanomaterials. However, this work shares a
limitation with most CQ-dot studies: the reli-
ance on in vitro models. Future investigations
should validate efficacy in animal models of
bacterial infection to assess translational po-
tential.

The clinical implications of this work are signifi-
cant. First, the dual-mode antibacterial activity
reduces dependence on external light sources,
addressing practical challenges in wound care
settings. Second, the two-photon absorption
property enables NIR-triggered PDT, which is
safer and more tissue-penetrating than UV or
blue light commonly used in conventional
PDT. These advantages position N, CQ-dots as
candidates for next-generation antimicrobial
agents, particularly for biofilm-associated in-
fections resistant to conventional therapies.
Despite these advancements, several chall-
enges remain. The scalability of solvothermal
synthesis needs optimization for industrial
applications, and long-term environmental im-
pacts of CQ-dots require thorough evaluation.
Additionally, while our FTIR/NMR data suggest
structural retention, direct evidence of precur-
sor-to-product molecular transformations could
strengthen mechanistic claims.

Collectively, this study advances the mechanis-
tic understanding of structure-property rela-
tionships in carbon nanomaterials and provides
a scalable framework for developing sustain-
able antimicrobial agents. By integrating che-
mical intuition with materials science, we dem-
onstrate how rational design of CQ-dots can
address critical gaps in antimicrobial resis-
tance management, offering a blueprint for
future innovations in this field.

Conclusion

This study demonstrates the successful trans-
formation of a natural antimicrobial agent into
N, CQ-dots through a solvothermal protocol.
Leveraging their intrinsic optoelectronic proper-
ties, these nanomaterials exhibit enhanced
photodynamic inactivation efficacy, achieving
>99.9% viability reduction against multidrug-
resistant pathogens under 808 nm laser exci-
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tation. Mechanistic investigations reveal effi-
cient cellular uptake by both Gram-negative E.
coli and Gram-positive S. aureus, followed by
ROS-mediated membrane disruption and intra-
cellular content leakage. This platform pres-
ents a novel prophylactic strategy for pressure
ulcer management, potentially preventing pro-
gression to systemic infections through local-
ized antimicrobial action. Preclinical validation
through in vivo models is warranted to estab-
lish their therapeutic translatability in biomedi-
cal applications. The present findings establish
a paradigm for combating antimicrobial resis-
tance while offering biocompatible nanomateri-
als with clinical translation potential.
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