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Novel antibacterial strategies such as antibacterial photodynamic therapy (aPDT) and photothermal ther-
apy (PTT) have gained significant attention, however, relying on a single-treatment approach still faces
challenges of insufficient therapeutic efficiency and the potential for drug resistance. In this study, a mul-
timodal synergistic antibacterial nanoplatform by coupling a carbon monoxide (CO) donor (4-(3-hydroxy-
4-0x0-4H-chromen-2-yl)benzoic acid (4-BA)) with carbon dots (CDs) is developed, referred to as CDs-CO,
which integrates multiple antibacterial modes of aPDT, PTT, and gas therapy. This nanoplatform is de-
signed for highly efficient antibacterial action with a low risk of inducing drug resistance. CDs are en-
gineered to possess tailored functions, including deep-red light-triggered heat and singlet oxygen (10,)
production. After modification with 4-BA and exposure to 660 nm laser irradiation, CDs-CO exhibits fa-
vorable photothermal conversion efficiency (17 =52.7 %), robust 10, generation, and '0,-activated CO re-
lease. Antibacterial experiments demonstrated the excellent sterilization effects of CDs-CO against both
Escherichia coli (E. coli) and Staphylococcus aureus (S. aureus), underscoring the enhanced antibacterial ef-
ficiency of this multimodal nanoplatform. This study offers a rational approach for designing multimodal
synergistic antibacterial platforms, highlighting their potential for effectively treating bacterial infections.
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Bacterial infections have become an increasingly serious global
public health issue [1-4]. The discovery of antibiotics, one of
the most significant breakthroughs in medical science, has saved
countless lives from infectious diseases over the past century [5,6].
However, the extensive and repeated use of antibiotics has led to
the emergence of antimicrobial-resistant bacterial infections, which
have once again become a critical challenge [7,8]. Projections indi-
cate that by 2050, antimicrobial resistance could result in 10 mil-
lion deaths annually [9,10]. Therefore, it is urgent to develop non-
antibiotic strategies to combat bacterial infections without induc-
ing resistance.

Photo-mediated antibacterial strategies, which use various
wavelengths of light to induce photochemical or photothermal
changes in bacteria, have received considerable attention due to
their non-invasive nature and high spatiotemporal selectivity [11-
14]. Antibacterial photodynamic therapy (aPDT) and photothermal
therapy (PTT) are the two most common phototherapies, they con-
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vert absorbed light into reactive oxygen species (ROS) or localized
heat, which can damage key biomacromolecules such as phospho-
lipids, enzymes, proteins, and DNA [15-18]. However, the antibac-
terial efficiency of these methods is often constrained by limited
irradiation power density, shallow tissue penetration, and the short
lifetime and restricted diffusion of ROS [19-21]. To overcome these
limitations, it is crucial to combine treatments that operate on dif-
ferent antimicrobial mechanisms while minimizing the risk of drug
resistance.

Gas therapy is an emerging antibacterial strategy that elimi-
nates bacteria using gaseous molecules such as carbon monox-
ide (CO), nitric oxide, sulfur dioxide, hydrogen sulfide, and hy-
drogen [22,23]. Particularly, CO, an endogenous gas produced via
heme catabolism by heme oxygenase in the human body and other
biological systems, exhibits multiple beneficial functions, includ-
ing anti-inflammation, anti-apoptosis, anti-proliferative, and cyto-
protective effects [24-28]. To date, various CO donors have been
developed, generally classified into metal-base and metal-free CO
donors [29]. While metal-based CO donors have been successfully
used in antibacterial and anti-tumor therapies, their metal content
raises potential biosafety concerns and leaves their mechanisms of
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Fig. 1. Schematic illustration of the preparation of CDs-CO and their application for
integrating photodynamic, photothermal, and gas treatment against bacterial infec-
tion.

action uncertain [30,31]. In addition, most metal-free CO donors
are activated by ultraviolet (UV) light, which poses challenges due
to poor tissue penetration and the risk of skin damage [32]. The
development of non-metal CO donors, such as 3-hydroxyflavone
(3-HF) and its derivatives, addresses these concerns and supports
the construction of multifunctional antibacterial platforms.

Carbon dots (CDs), a novel zero-dimensional carbon-based
nanomaterial, exhibit significant advantages in biomedical applica-
tions due to exceptional biocompatibility, low toxicity, unique opti-
cal properties, and facile surface functionalization [33-37]. Notably,
the high efficiency of photo-mediated ROS and heat generation in
disrupting bacterial structures make CDs as promising candidates
for antibacterial therapies [38,39]. In this study, we successfully
developed a multimodal antibacterial nanoplatform by modifying
metal-free CO donors on dual-functional carbon dots (referred to
as CDs-CO). This nanoplatform offers several key advantages: (i)
The CDs are designed to possess both photothermal and photo-
dynamic antibacterial properties, eliminating the need for addi-
tional components and simplifying the preparation process. (ii)
The CO donor, 4-(3-hydroxy-4-oxo-4H-chromen-2-yl)benzoic acid
(4-BA), is synthesized with active carboxyl groups and combined
with CDs via an amide bonding reaction. Upon laser irradiation, the
generated ROS from CDs trigger controlled CO release. (iii) Antibac-
terial experiments further demonstrated that CDs-CO, integrating
three antibacterial mechanisms, showed superior sterilization ef-
fects against both Gram-positive and Gram-negative bacteria. Ad-
ditionally, the combination of multiple antibacterial modes helps
prevent the development of drug resistance. These advantages po-
sition CDs-CO as a promising platform for effective bacteria inacti-
vation through multiple antibacterial modes of aPDT, PTT, and gas
therapy.

The prepared process of CDs-CO is illustrated in Fig. 1. Initially,
dual-functional CDs with both PDT and PTT properties were syn-
thesized via solvothermal reaction, following the procedures estab-
lished in our previous work [40]. The CO donor, 4-BA, a deriva-
tive of 3-HF, was synthesized through Claisen-Schmidt condensa-
tion and Algar-Flynn-Oyamada reaction. Detailed synthesis routes
and corresponding characterizations are provided in the Experi-
mental Section and Figs. S1-S3 (Supporting information). CDs-CO
were prepared by a facile amide condensation reaction between
CDs and 4-BA. The mass ratio of 4-BA in CDs-CO was determined
to be 0.47% using the amine titration method (Figs. S4 and S5 in
Supporting information). The morphological structure of CDs-CO
was characterized using transmission electron microscopy (TEM)
and high-resolution TEM (HR-TEM). As shown in Fig. 2a, CDs-CO
are shown to be well-dispersed, monodisperse spherical particles
with an average diameter of approximately 3.7nm, and a lattice
spacing of 0.21nm, corresponding to the (100) spacing plane of
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Fig. 2. (a) TEM image of CDs-CO (insert: particle size distribution and HR-TEM im-
age). Scale bar: 20 nm (inset: 2nm). (b) FT-IR spectra of 4-BA, CDs, and CDs-CO. (c)
Zeta potentials of CDs and CDs-CO. (d) UV-vis spectra of 4-BA, CDs, and CDs-CO.
(e) FL emission spectra of CDs-CO under different excitation wavelengths. (f) The FL
excitation spectrum of CDs-CO.

graphitic carbon [41]. As illustrated in Figs. S6a and b (Supporting
information), the TEM and HR-TEM images reveal that the mor-
phology of CDs closely resembles that of CDs-CO. Nevertheless, the
particle size of CDs is slightly smaller at around 2.35 nm due to the
introduction of 4-BA (Fig. S6¢ in Supporting information). Fourier
transform infrared spectroscopy (FT-IR) was conducted to deter-
mine the successful bonding of CDs and 4-BA. Compared with CDs,
the FTIR spectrum of CDs-CO shows an additional shoulder peak at
about 1550 cm~! attributed to the N-H bending vibration of the
amide bond and a decreased peak at about 3060 cm~! ascribed
to N-H stretching vibration of amino, demonstrating the success-
ful integration of CDs and 4-BA (Fig. 2b) [42]. The X-ray photo-
electron spectroscopy (XPS) analysis of CDs and CDs-CO has been
subsequently conducted. As shown in Figs. S7 and S8 (Support-
ing information), the XPS spectra of both CDs and CDs-CO exhibit
characteristic peaks for C (284.8eV), N (399.8eV), O (531.8eV),
and S (163.1eV). High-resolution XPS spectra of C 1s, N 1s, O 1s,
and S 2p further confirm the presence of chemical bonds, such
as C=0, C-0/C-0-C, N-C=0, C-N, and thiolate groups. Addition-
ally, the zeta potential of CDs was measured to be —19.1 £0.3 mV,
which positively shifted to —7.54+3.3mV after grafting with 4-
BA (Fig. 2¢). To further investigate the optical properties of CDs-
CO, ultraviolet-visible (UV-vis) spectroscopy and fluorescence (FL)
emission/excitation spectra were measured. As shown in Fig. 2d,
the UV-vis absorption spectra of both CDs and CDs-CO exhibit sim-
ilar absorption behavior, with characteristic bands extending into
the deep-red light region, indicating their potential for deep-red
light-triggered antibacterial therapy. Additionally, a new absorption
peak at 350 nm was observed in the CDs-CO spectrum, which is at-
tributed to the incorporation of 4-BA. As depicted in Fig. 2e, CDs-
CO displays excitation-dependent FL emission, with the excitation
wavelengths ranging from 360 nm to 440 nm. The optimal excita-
tion wavelength of CDs-CO is at 420 nm, with the maximum emis-
sion peak at 650 nm (Fig. 2f). Furthermore, the FL emission spec-
tra and excitation spectra of CDs were measured and found to be
similar to those of CDs-CO, indicating minor effects on the opti-
cal properties of CDs after 4-BA modification (Fig. S9 in Supporting
information). Finally, the colloidal stability of CDs-CO under phys-
iological conditions was evaluated by dispersing the material in
saline. As shown in Fig. S10 (Supporting information), CDs-CO ex-
hibited excellent dispersion with no evident aggregation observed
after 7 days, which is promising for biomedical applications.

To evaluate the feasibility of CDs-CO as a photothermal an-
tibacterial agent, their photothermal properties were thoroughly
studied. The photothermal conversion capabilities of CDs and CDs-
CO under 660nm laser irradiation were monitored using a ther-
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Fig. 3. (a) Photothermal heating curves and (b) real-time infrared thermal images
of CDs-CO (50 pg/mL) under 660 nm laser irradiation at different power densi-
ties. (c) Photothermal heating curves and (d) real-time infrared thermal images of
CDs-CO at different concentrations under 660nm laser irradiation (440 mW/cm?,
10 min). (e) The photothermal effect of CDs-CO (50 pg/mL) under 660 nm laser irra-
diation (440 mW/cm?) for 10 min. (f) The plot of cooling time data versus —Inf and
corresponding linear fitting curve.

mal imager. The photothermal properties of CDs-CO were ini-
tially assessed under varying laser powder densities. As shown in
Figs. 3a and b, the temperature increase of the CDs-CO solution
was positively correlated with the laser power density. The maxi-
mum temperature rise of the CDs-CO solution (50 pg/mL) reached
23°C under 660 nm irradiation for 10 min at a power density of
1 W/cm?2. Subsequently, the laser-triggered temperature changes of
CDs-CO aqueous dispersion at varying concentrations were inves-
tigated. As revealed in Figs. 3c and d, under certain laser irradi-
ation (440 mW/cm2, 10min), the photothermal effect of CDs-CO
was positively correlated with its concentration, while the con-
trol group showed no significant temperature change. This demon-
strates that CDs-CO efficiently converts the absorbed 660 nm laser
energy into heat. Moreover, the photothermal conversion efficiency
(n) of CDs-CO was determined from the photothermal cooling
curves shown in Fig. 3e, with the 5 calculated to be 52.7% (Fig.
3f). The photothermal performance of CDs was also analyzed (Fig.
S11 in Supporting information), confirming that the photothermal
characteristics of CDs-CO were successfully inherited from CDs.
CDs-CO was specifically designed to harness both photother-
mal and photodynamic antibacterial properties. After confirming
its favorable photothermal effect, the photo-induced ROS genera-
tion capacity was subsequently examined. Electron spin resonance
(ESR) spectroscopy was carried out to detect the generation of ROS
from CDs using 2,2,6,6-tetra-methylpiperidine (TEMP) as a trapping
agent. As shown in Fig. 4a, characteristic singlet oxygen (10,) sig-
nals were observed in both CDs and CDs-CO after 660 nm laser ir-
radiation. In contrast, no significant 10, ESR signals were detected
in either CDs or CDs-CO without laser irradiation. These findings
confirm that '0, can be generated by CDs under 660 nm laser ir-
radiation. The photosensitization properties of CDs-CO were fur-
ther evaluated using singlet oxygen sensor green (SOSG) as the
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Fig. 4. (a) ESR spectra of TEMP +CDs and TEMP + CDs-CO without or with 660 nm
laser irradiation (440 mW/cm?). (b) FL intensity of SOSG at 525nm in the presence
of CDs, CDs-CO with 660 nm irradiation (440 mW/cm?). (c) FL emission spectra of
AFCO probe (10 pmol/L) and palladium chloride (PdCl,, 10 pmol/L) in the presence
of CDs-CO dispersion with or without 660 nm laser irradiation. (d) The CO release
of 4-BA, CDs, and CDs-CO under 660 nm irradiation (440 mW/cm?). (e) Schematic
illustration of deep-red light-triggered CO release of CDs-CO.

fluorescent probe in phosphate buffer saline (PBS) buffer (pH 7.4).
As shown in Fig. 4b, the FL intensity of SOSG increased progres-
sively upon laser irradiation in both CDs and CDs-CO samples.
Weaker FL emission from SOSG was observed in the CDs-CO dis-
persion compared to that of CDs at the same concentration, indi-
cating that 4-BA consumes a portion of 10, to release CO. After
validating the superior PTT and PDT performance of CDs-CO, the
ROS-triggered CO generation was examined. The allyl-Flu (AFCO)
probe, a commercial probe for CO detection, was used to mon-
itor CO production from CDs-CO under 660nm laser irradiation
[43]. The response mechanism of the AFCO involves the reduction
of Pd?* to Pd® by CO, followed by Pd®-mediated Tsuji-Trost re-
action to remove the allyl group. As shown in Fig. 4c, strong FL
signals were observed after laser irradiation of CDs-CO, confirm-
ing CO release, whereas no CO was detected from CDs-CO without
irradiation. Moreover, the CO release process was monitored by a
portable CO detector (Drdger Pac6500), revealing no CO produc-
tion from 4-BA under laser irradiation, while significant CO release
was detected from CDs-CO upon irradiation, supporting the pro-
posed CO release mechanism (Fig. 4d). Additionally, CO release sta-
bility was investigated after a 7-day incubation in saline. As illus-
trated in Fig. S12 (Supporting information), comparative FL inten-
sity between aged samples and freshly prepared aqueous disper-
sions (Fig. 4c) was recorded, confirming sustained photosensitivity
and CO release capability in physiological conditions over extended
durations. Taken together, these results demonstrate that the 10,
generated by CDs is partially utilized to oxidize 4-BA, leading to
the release of CO under 660 nm laser irradiation (Fig. 4e).
Encouraged by the promising PDT and PTT performance, as well
as the CO generation of CDs-CO under 660nm laser irradiation,
the antibacterial activity of the nanoplatform was further eval-
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Fig. 5. (a) Agar plate digital photographs of S. aureus and E. coli after being treated
with PBS, CDs, and CDs-CO (50 pg/mL) with or without laser irradiation, and cor-
responding survival rates for (b) S. aureus, and (c) E. coli. Scale bar: 1cm. The
relative survival rates of (d) S. aureus, and (e) E. coli treated with CDs and CDs-
CO (0-50 pg/mL) under 660 nm laser irradiation (440 mW/cm?, 20 min). *P < 0.05,
**P <0.01, ***P <0.001, ****P < 0.0001, ns represents no significant difference. Data
represent mean + SD from three times independent experiments.

uated. Prior to evaluating its antibacterial efficacy, the cytotoxi-
city of CDs-CO was assessed by cell counting kit-8 (CCK-8) as-
say. 3T3 cells were co-cultured with CDs and CDs-CO, respectively,
and no significant cytotoxicity was observed at a series of con-
centrations from 0 to 100 pg/mL, confirming the low cytotoxic-
ity of both CDs and CDs-CO under experimental dosages (Fig. S13
in Supporting information). To directly assess the bacterial inter-
nalization ability of CDs and CDs-CO, confocal laser scanning mi-
croscope (CLSM) imaging was conducted. Escherichia coli (E. coli)
was selected as the representative bacterium and incubated with
CDs and CDs-CO for 30 min, respectively. Utilizing their intrinsic FL,
strong red FL signals were localized within bacterial cells (Fig. S14
in Supporting information), confirming successful cellular uptake
despite their negative surface charge. To evaluate the antibacterial
performance, two representative strains commonly associated with
wound infections, the Gram-positive Staphylococcus aureus (S. au-
reus) and the Gram-negative E. coli were selected. The antibacterial
efficacy of CDs and CDs-CO, with and without laser irradiation, was
evaluated using the plate colony counting method. As illustrated
in Fig. 5a, both S. aureus and E. coli showed a marked reduction
in colony count following laser irradiation with CDs and CDs-CO,
compared to those without irradiation. Minimal viable bacteria re-
mained after treatment with CDs-CO under laser irradiation. The
corresponding quantitative results are presented in Figs. 5b and
c. Additionally, the dose-dependent antibacterial activity of CDs
and CDs-CO against S. aureus and E. coli was systematically ana-
lyzed. As shown in Figs. 5d and e, both CDs and CDs-CO demon-
strated a dose-dependent antibacterial efficacy, with nearly 99%
of S. aureus and 80% of E. coli being eliminated at a concentra-
tion of 50 pg/mL of CDs-CO under laser irradiation. Notably, both
CDs and CDs-CO exhibited stronger antibacterial activity against S.
aureus compared to E. coli. This observed difference is likely due
to the outer membrane of gram-negative E. coli, which is tightly
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packed with lipopolysaccharides (LPS), making it more resistant to
ROS compared to gram-positive bacteria like S. aureus [44]. Addi-
tionally, CDs and CDs-CO were ineffective in killing bacteria with-
out laser irradiation (Fig. S15 in Supporting information), verify-
ing their photo-mediated sterilization effect against S. aureus and
E. coli bacteria. To elucidate the dominant mechanism underlying
the multimodal antibacterial nanoplatform, comparative analysis
of PTT, aPDT, and gas therapy modalities was conducted. Building
upon prior quantitative characterization of gas therapeutic efficacy
(Figs. 5b-e), the phototherapeutic modes were decoupled using L-
ascorbic acid (a selective 10, scavenger) to isolate the photother-
mal effect of CDs-CO (Fig. S16 in Supporting information). Quan-
titative plate counting revealed bactericidal rates of 13.0% (PTT),
59.2% (aPDT), and 27.8% (gas therapy). These results confirm that
aPDT drives the primary antibacterial activity in our nanoplatform.

For more direct observation, Live/dead staining assays for S. au-
reus and E. coli were conducted and monitored by CLSM. STYO9
and propidium iodide (PI) FL dyes were employed to label all
(green) and dead bacteria (red), respectively. As shown in Fig. 6a,
the PBS group and non-irradiated groups exhibited minimal red FL,
indicating negligible bacteria death. In contrast, significant red FL
was observed in the CDs-CO group under laser irradiation, demon-
strating the superior antibacterial efficiency of CDs-CO. Moreover,
compared to CDs, the CDs-CO group exhibited stronger red FL, in-
dicating enhanced antibacterial activity attributable to the incor-
poration of gas therapy. To further investigate the interaction of
CDs and CDs-CO with S. aureus and E. coli, scanning microscopy
(SEM) was carried out to observe the morphology and membrane
integrity of bacteria. As depicted in Fig. 6b, bacteria in the control
group and those treated with CDs or CDs-CO without laser irradia-
tion displayed intact membranes and smooth surfaces. In contrast,
bacteria exposed to laser-irradiated CDs or CDs-CO showed wrin-
kled and roughened surfaces. Notably, more pronounced morpho-
logical deformation was observed in bacteria treated with CDs-CO
compared to those treated with CDs, indicating the exceptional an-
tibacterial efficacy of CDs-CO. Overall, these results demonstrated
that CDs-CO exhibit broad-spectrum antibacterial activity by in-
ducing bacterial membrane damage through multiple mechanisms.

In summary, we have successfully developed a novel multi-
modal antibacterial nanoplatform, CDs-CO, by seamlessly integrat-
ing aPDT, PTT, and gas therapy. This nanoplatform was fabricated
through the facile conjugation of CO donor (4-BA) onto the well-
designed CDs. Notably, the CDs-CO exhibit high n (52.7%), abun-
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dant 0, production, and '0,-driven CO release when exposed
to 660nm laser irradiation. In vitro antibacterial assays revealed
that the CDs-CO nanoplatform was highly effective against both E.
coli and S. aureus bacteria. This study addresses the limitations of
single-mode antibacterial therapies and provides a novel approach
for designing multimodal antibacterial platforms.
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