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Abstract

effectively manage infected wounds.

pathway

Management of bacterial infected wounds remains challenging due to the open, susceptibility to infection

and delayed healing characteristics of damaged wounds, and there is an urgent need for non-antibiotic-based
wound healing strategies. Here, we describe zinc-doped curcumin carbon dots (CCDs) as a novel nanoscale
photosensitizer, which was applied in photodynamic therapy (PDT) to promote infected wound healing by
modulating various cellular functions. The PDT generation of reactive oxygen species (ROS) effectively inactivates
the source of infection without drug resistance, effectively inhibiting the propagation of bacteria and the spread

of inflammation in the wound. In addition, CCDs have the ability to promote cell proliferation and extension,
accelerate blood vessel formation and collagen deposition, and significantly improve wound healing efficiency by
modulating the VEGF signaling pathway. These features create a favorable environment for skin regeneration and
synergistically accelerate infected wound healing. We believe it has great potential to address antibiotic misuse and
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Introduction

Skin wounds due to various causes go through four
phases: hemostasis, inflammation (including antimicro-
bial activity and inflammatory factor secretion), prolifer-
ation and tissue remodeling/epithelial reformulation [1].
Skin wounds are susceptible to bacterial infection when
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exposed to the external environment, resulting in delayed
wound healing [2]. Antibiotics are now widely used to
treat infected wounds. However, misuse of antibiotics
can lead to the development of drug resistant strains,
which not only reduces the effectiveness of treatment,
but can even lead to the emergence of super bacteria [3].
Therefore, new strategies that are free of drug resistance
are essential for bacterial wound treatment.
Photodynamic therapy (PDT) has been used to treat
cancer, infectious diseases, and skin and oral conditions,
including acne vulgaris, rosacea, and genital warts [4, 5].
PDT uses a combination of photosensitizers and specific
wavelength lasers that result in the generation of reac-
tive oxygen species (ROS) that affect cell signaling and
selectively cause damage or death in target tissues and
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microorganisms without treatment resistance. The main
product of PDT is ROS, which can mediate the regula-
tion of intracellular signaling in vivo [6]. The selection
of appropriate photosensitizers as well as wavelength-
matched light sources is crucial in the application of PDT
for disease treatment.

Carbon dots (CDs) as a novel photosensitizer with low
toxicity, fast metabolism and high efficiency in ROS gen-
eration [7, 8]. Recent studies have shown that CDs have
emerged as a promising biomedical material with excel-
lent optical properties as well as good biocompatibility,
and have great potential for antimicrobial therapy and
wound healing promotion. The ultra-small size endows
CDs with more exposed active sites and functional
groups for modification [9]. As the field has evolved, CDs
derived from herbs have been used in disease treatment
due to their inspiration from traditional Chinese medi-
cine [10, 11]. The broad spectral absorption of CDs in the
UV to NIR region gives them the ability to achieve pho-
todynamic anti-microbial effects under visible/natural
light activation [12]. Meanwhile, it has been shown that
the raw materials used in the synthesis of CDs retain a
portion of their efficacy structure during the carboniza-
tion process, thereby transferring properties to the final
product. Curcumin (CUR) is a class of biologically active

natural compounds isolated from the turmeric plant.
Turmeric is rich in bioactive curcuminoids - includ-
ing curcumin (77%), dimethoxy-curcumin (17%) and
dimethoxy-curcumin (3-6%). Among them, curcumin
(1,7-bis-(4-hydroxy-3-methoxyphenyl)-hepta-1,6-diene-
3,5-dione) is the most important constituent, and as a
lipophilic polyphenol is used as an anticancer, antimicro-
bial, anti-inflammatory, anti-aging and other [13]. CUR
is also currently used in PDT as an effective photosensi-
tizer against a wide range of bacteria. However, the thera-
peutic potential of CUR is limited by its low solubility in
aqueous media, poor bioavailability and pharmacokinetic
profile [14]. In order to solve these problems, the synthe-
sis of nanoscale CDs as photosensitizers from CUR may
be a very feasible route. What’s more, compared with
other CDs prepared from pure chemical compounds and
complex surface functionalization, CUR is more suitable
for large-scale production as a precursor with abundant
sources, simple preparation routes, and green environ-
ment, which is expected to be used as a novel photosensi-
tizer for counteracting the problem of delayed healing of
bacterial infected wounds.

As one of the essential metallic elements for humans
and bacteria, zinc has many important physiological roles
[15, 16]. In the case of bacteria, excess zinc interacts with



Zhao et al. Journal of Nanobiotechnology (2025) 23:424

the sulfhydryl groups of bacterial respiratory enzymes
to inactivate them, and ultimately electron transfer mis-
matches in the respiratory chain led to the production of
intracellular ROS in the bacterial cell. This accumulation
of ROS induces irreversible damage to bacterial DNA as
well as lipid peroxidation of bacterial membranes, lead-
ing to bacterial death [17]. For human body, zinc-based
nanomaterials are easily degraded and metabolized,
meanwhile, appropriate amount of zinc can activate vari-
ous signaling pathways and induce cells to secrete stro-
mal chemokines, transforming growth factors, vascular
endothelial growth factors, and platelet growth factors,
which play an important biological function in the main-
tenance of venous vascular network and hematopoietic
development [18, 19]. Zinc has been shown to act as
a nutrient or proliferation stimulating signal for dam-
aged tissues, and Wu et al. used zinc sulfonate and black
phosphorus to accelerate wound healing and bone regen-
eration under photothermal conditions. The presence of
zinc increased the sensitivity of bacteria to photothermal
heat and promoted wound healing through the sustained
slow release of Zn?* [20].

In this study, we report a kind of carbon nanocompos-
ites prepared by using CUR as a raw material in combina-
tion with zinc acetate (Zn-CCDs, referred to as CCDs).
Applied as an effective photosensitizer for photodynamic
killing of Gram-positive and Gram-negative bacteria
while promoting vascular regeneration and healing of
infected wounds, the high biocompatibility and stability
of CCDs enable the long-lasting effect of the whole com-
posite system at the wound. Meanwhile, CDs as photo-
sensitizers retain the antibacterial, anti-inflammatory
and photosensitizing activities of CUR, improving the
overall bioavailability. Zinc-loaded CCDs can achieve
the purpose of promoting angiogenesis and reducing
vascular pathological disorders through slow release of
zinc ions. Meanwhile, Zn?* doping changed the internal
electronic environment of CDs, and the increased surface
defects could promote the effective separation of photo-
generated electrons and holes, thus enhancing the pho-
todynamic therapeutic effect of CCDs [21, 22]. What’s
more, CCDs can accelerate wound healing by activating
the VEGF pathway and promoting tissue regeneration.
Therefore, we believe that this is a novel strategy to effec-
tively promote the recovery of infected wounds.

Materials and methods

Materials

Curcumin, zinc acetate and polyethyleneimine were
obtained from Macklin Reagent, CCK-8 kit, cell live/
dead staining reagent, cytoskeletal staining reagent, and
matrix gel were purchased from Thermo Fisher Scien-
tific. The water used in the experiments was deionized
water, and the reagents were used directly without any
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purification. Escherichia coli (E. coli, ATCC 25922) and
Staphylococcus aureus (S. aureus, ATCC 25923) were
purchased from Beijing Three Drugs Science and Tech-
nology Development Company (China). The human
umbilical vein endothelial cells (HUVEC) and 1929 cells
were purchased from the Clinical Research Center of
Shanxi Medical University. Male Sprague Dawley (SD)
rats (8 weeks old) were purchased from Beijing Vital
River Laboratory Animal Technology Co.

Preparation of CCDs

In the present study, one-step hydrothermal method was
used to obtain zinc ion doped carbon dots of curcumin
origin. 2 ml of polyethyleneimine, 1 g of curcumin, 0.5 g
of zinc acetate were dissolved in 45 ml of deionized water
and transferred to a reactor. The reaction was carried out
in a vacuum drying oven at 200 °C for 10 h to obtain a
brownish yellow liquid. The brownish yellow solution
obtained was centrifuged at 12,000 rpm for 10 min to
remove large particles. The remaining solution was fil-
tered through a 0.22 pm and dialyzed in deionized water
for 48 h. The molecular retention capacity of the dialy-
sis bag was 1000 Da. The final liquid was freeze-dried to
obtain a brown Zn-CCDs powder and used for further
analysis.

Characterization of CCDs

The UV-Vis absorption spectra of CCDs were character-
ized using a TU-1901 117 spectrophotometer. In addi-
tion, a JEM-2100 transmission electron microscope was
used to characterize the morphology and structural fea-
tures of CCDs. The composition and surface functional
groups of CCDs were analyzed by Fourier transform
infrared instrument (FT-IR). Transmission electron
microscopy (TEM) was used to detect CCDs after dial-
ysis and to characterize their appearance and structure.
The crystal structure of CCDs was determined by X-ray
diffraction (XRD). In addition, XPS analysis was per-
formed using X-ray photoelectron spectroscopy in order
to identify the elemental composition of the CCDs.

Antibacterial performance test
S. aureus and E. coli suspensions (1x10%6~1x10"7
CFU/mL) were treated in groups. The control group was
left untreated, the Laser group was subjected to laser
irradiation (660 nm, 5 min), the CCDs group and the
Laser + CCDs group were co-cultured with CCDs and
only the Laser + CCDs group was subjected to laser irra-
diation (660 nm, 5 min). Diluted bacterial suspensions
(100 pL, 1:1000 dilution) of each culture were inoculated
onto agar plates. Bacterial colonies formed were counted
and recorded after 12 h of incubation.

Sterile filter paper sheets of 7 mm diameter were
soaked with PBS buffer or different concentrations (1, 10,
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20, 50, 100, 200 pg/mL) of CCDs solution. The suspen-
sions of S. aureus and E. coli (1x1077 CFU/mL) were
dipped in cotton swabs and then spread evenly on TSB
agar plates. The diameters of the inhibition rings were
photographed and recorded after incubation at a con-
stant temperature of 37 C for 12 h.

Scanning electron microscope (SEM) was used to
observe the morphological changes of bacteria after
treatment in different groups. The suspensions of S.
aureus and E. coli were treated with CCDs for 4 h and
laser irradiation for 10 min, and the bacteria of differ-
ent treatment groups were collected by centrifugation
and washed twice with PBS. Glutaraldehyde solution
was added to the bacterial precipitates to fix the bacte-
rial surface morphology. The immobilized bacteria were
washed with PBS buffer and then dehydrated with 30%,
50%, 70%, 80%, 90% and 100% ethanol for 15 min, and
then resuspended in anhydrous ethanol and placed on
the silicon wafer. Finally, the samples were sprayed with
gold to obtain SEM images of the bacteria, and then the
obtained images were processed with pseudo-color using
Photoshop CS6.

The CCDs were co-cultured with bacterial suspensions
of S. aureus and E. coli (2 mL, 1.5x 1078 CFU/mL) for 4 h
and subjected to different treatments. Bacteria from dif-
ferent treatment groups were collected and stained with
SYTO 9 (green fluorescence) and PI (red fluorescence) in
the dark and incubated away from light for 30 min. The
final bacterial precipitates were washed twice with PBS
and resuspended. The resuspended bacterial droplets
were added to glass slides, observed under a confocal
laser scanning microscope (CLSM) and photographed
for documentation.

ROS production in two bacteria was imaged using the
classical ROS fluorescent probe 2;7’-Dichlorodihydro-
fluorescein diacetate (DCFH-DA). Bacterial suspensions
were incubated for 4 h under different treatment condi-
tions, centrifuged and washed three times before adding
a final concentration of 20 uL DCFH-DA and incubated
for 30 min at 37 °C. Subsequently centrifuged and
washed three times, then resuspended in PBS and fixed
on slides with glycerol gelatin sealing solution for CLSM
observation.

S. aureus and E. coli (1x1076) in logarithmic growth
phase were inoculated on sterile crawls in 24-well plates.
After different group treatments, the plates were incu-
bated for 48 h. After the bacterial biofilm was formed, the
plates were carefully washed with PBS for three times, to
which the crystal violet dye was added. After 10 min, the
plates were washed twice with PBS, dried naturally and
photographed and recorded with a digital camera. After-
wards, crystal violet dye was dissolved using glacial ace-
tic acid and the absorbance of the solution was tested at
570 nm.
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S.aureus and E. coli suspensions (1x1076 CFU/
mL) were treated in groups. The control group was left
untreated, Laser group was irradiated with laser, CCDs
and Laser + CCDs groups were co-cultured with CCDs
and only Laser + CCDs group was irradiated with laser
and antibiotic group was treated with standard antibi-
otic Ciprofloxacin. After different treatments, bacteria
were collected by centrifugation at 5000 rpm for 5 min
and rinsed thoroughly with PBS. After resuspending the
bacteria with PBS, PI apoptosis kit were added to them
and incubated at 37 ‘C in a dark environment for 15 min.
The bacteria were washed three times with PBS and
then resuspended in 0.2 mL of PBS to be used for flow-
through assay in the experimental group. The prepared
samples were detected by flow cytometry and the data
were analyzed by Flow Jo software.

Cytotoxicity assay

To detect the cytotoxicity of CCDs on HUVEC and L929,
cell viability was assayed using the CCK-8 assay. Briefly,
HUVEC cells (5 x 1074) were homogeneously inoculated
in 96-well plates overnight. After continued incubation
for 1, 3, and 5 days for different concentration (10, 20, 50,
100, 200, and 500 pg/mL) groups treated accordingly, the
medium was discarded and rinsed thoroughly with PBS.
Subsequently, basal medium containing CCK-8 reagent
was added to each well so that the final concentration of
CCK-8 in each well was 10%. The 96-well plate was taken
out after several hours, and the absorbance value of each
well was measured at 450 nm with an enzyme labeler, and
the OD value of the experimental group was compared
with that of the control group to calculate the cell pro-
liferation rate with the formula: cell proliferation rate =
(OD value of the experimental group / OD value of the
control group) x 100%. Another set of CCK-8 assays were
set up with Control group, Laser group, CCDs group (set
to the optimal concentration of CCDs) and Laser + CCDs
group. The remaining treatments were as above.

Live/dead assay

HUVEC cells (1x10”5) were uniformly inoculated in
24-well plates overnight. The different treatment groups
(Control, Laser, CCDs and Laser + CCDs) were treated
accordingly and continued to incubate for 24 h. Subse-
quently, the well plates were rinsed thoroughly with PBS
and the configured live/dead staining solution was added
for 15 min. After washing the excess dye with PBS, the
cells were observed with CLSM.

Scratch assay

A linear scratch model was used to assess the migration
ability of HUVEC and L929 cells. HUVEC cells were
inoculated in 12-well plates at a cell density of 5x 1074/
well overnight, and linear scratches were scraped with
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a sterile p200 pipette. CCDs were added to the medium
and incubated for 4 h. The cells were then irradiated with
laser for 10 min and incubated continuously for O h, 12 h,
24 h and 48 h. Finally, the cells were gently washed with
PBS and observed under a light microscope. L929 cells
were treated as above, and the time intervals between
incubation and observation were 0 h, 24 h and 36 h.
The area of the scratches was measured using Image]
software and the scratches’ healing rate was calculated.
Scratch healing rate (%) =(A0-A1/A0) x100%, where Al
and AO are the scratch areas at different times of culture
and 0 h, respectively.

Transwell migration assay

HUVEC and L929 cells were inoculated into the upper
chamber of the transwell at a density of 1x 10”5 cells/
well overnight, the medium in the lower chamber of the
two groups was replaced with complete medium con-
taining CCDs and the other groups were treated accord-
ingly. 24 h later, the transwell chambers were fixed with
4% paraformaldehyde for 15 min, and then the cham-
bers were immersed with 1% crystal violet solution
and washed three times. The non-migrated cells in the
upper chamber were wiped away with a cotton swab.
The migration was observed and recorded under a light
microscope.

Tube formation assay

To evaluate the angiogenic ability of HUVEC in vitro, we
performed tube formation assay. The method was as fol-
lows: first, the 96-well plate was pre-cooled in a -20 ‘C
refrigerator, and Matrigel (Corning, USA) was kept in a
4 °C refrigerator for spare time. The pre-cooled 96-well
plate was placed in an ice box, and then 50 pL of Matrigel
was added to each well to confirm the absence of air bub-
bles. The matrix was solidified at 37 C for 30 min. Then,
the HUVEC cells were cultured through different treat-
ment groups for 6 h. The cells were observed and photo-
graphed under a light microscope, and three regions were
randomly selected, and the number of junctions and the
total tube length were calculated using Image] software.

Immunofluorescence assay

HUVEC and 1929 cells were mixed with CCDs at a cell
density of 4x107"5/mL and transferred to cell culture
dishes for co-culture for 48 h. Cells were fixed with 4%
paraformaldehyde for 30 min at room temperature,
washed twice with PBS, permeabilized with Triton X-100
for 15 min, and then added to immunostaining block-
ing solution and incubated for 60 min. Next, cells were
incubated with VEGF (ab52917, 1:500), overnight at 4
‘C, then incubated with fluorescent secondary antibody
under dark conditions for 1 h at room temperature,
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washed with PBS, and stained with DAPI for 5 min.
Finally, cells were imaged under CLSM.

EdU cell proliferation assay

1x 1075 HUVEC cells were inoculated in each well of
a 12-well plate. After different treatment groups were
treated and incubated for 12 h, the cells were treated
with 10 uM EdU reagent (KeyGEN BioTECH, China)
for 2 h at 37 °C. After rinsing with PBS, cells were fixed
with 4% paraformaldehyde solution for 15 min. After
permeabilization with Triton X-100 for 15 min, the cells
were incubated with reaction reagent for 30 min at room
temperature. The nuclei were labeled with DAPI reagent.
Finally, the cells were observed under CLSM.

Quantitative real-time RT-PCR (qRT-PCR) analysis of cells
Total RNA was extracted using an RNA extraction kit
(Vazyme, China). cDNA was reverse transcribed from
the extracted RNA using a PrimeScript RT kit (Vazyme,
China). RT-qPCR experiments were performed using
a quant studio 6 Flex real-time PCR system (Thermo
Fisher Scientific) and a SYBR@Premix Ex Taq (spark-
jade, China). VEGF and TGF-[5 genes were detected using
B-actin as endogenous control gene, the primer sequence
is shown in Table S1.

Transcriptome sequencing and data analysis

To further elucidate the mechanism by which CCDs pro-
mote skin wound healing, we performed transcriptome
analysis. Cells were incubated with or without CCDs
solution added to HUVEC. RNA was extracted by treat-
ing the cells with Trizol reagent and stored at -80 °C for
sequencing. RNA-seq was performed with Illumina
HiSeq X10 (Illumina, USA) and normalized using the
fragment count per kilobase per million reads method.
Gene ontology and KEGG pathway enrichment analyses
were performed via the free online bioinformatics plat-
form (www.bioinformatics.com.cn).

The cells seeded in the culture dish were divided into
three groups: Control group (without any treatment),
Laser + CCDs group (after uptake of CCDs, laser irra-
diation for 10 min), and Inhibitor group (co cultured
with VEGFR2 inhibitor SU1498 for 2 h, then added to
the culture medium containing CCDs, and laser irradia-
tion after uptake). The scratch assay, transwell assay, and
VEGF immunofluorescence staining steps are the same
as above. The steps of immunoblotting are as follows: col-
lect the proteins from three groups of HUVEC cells with
different treatments using cell lysate, and conduct protein
gel experiments on SDS-PAGE gel. All antibody models
and sources used are listed in Table S2.
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In vivo study

All the animal experiments were performed in accor-
dance with the Guidelines for the Care and Use of
Laboratory Animals of Shanxi Medical University and
approved by the Animal Ethics Committee of Shanxi
Medical University. In vivo antimicrobial and wound
healing promotion experiments were performed on a
rat bacterial infection wound model. SD rats (250+ 10 g)
were randomly divided into 4 groups (n=4): Control
group, Laser group (660 nm, 10 min,), CCDs group, and
Laser + CCDs group (660 nm, 10 min). On day 0, the rats
were anesthetized intraperitoneally with 0.6% sodium
isopentylbarbitone (0.12 mL/10 g), and a perforator (2 cm
in diameter) was used to create a full trauma on the back
of the rats, and 60 pL of S. aureus suspension (2x 107
CFU/mL) was added dropwise to the wound. The groups
were treated on day 1, 3, 6, 9, and 13, and photographs
of the rats were taken on day 0, 2, 5, 10, and 14. The rats
were anesthetized on day 14, and traumatic skin tissues
were collected. The wound healing rate was calculated
as: healing rate = (day 0 wound area - day n wound area/
day 0 wound area) x 100%. The skin tissues on day 1 and
day 10 were placed in sterile saline with full vortex shock
to release bacteria, and the bacteria-containing solution
was sampled on agar plates (37 ‘C, 24 h). After euthana-
sia, important organs of rats were removed, and the skin
tissues were subjected to H&E staining, Masson staining,
Sirius Red Staining and immunofluorescence and histo-
chemical staining (CD31, CD206, and iNOS).

Statistical analysis

All data were statistically analyzed and the results were
expressed as mean +standard deviation (SD). Statistical
differences were determined by one-way ANOVA and
student-t test. In all cases, a significant difference was
indicated if p < 0.05.

Results and discussion

Preparation and characterization of CCDs

Using curcumin powder as the main raw material, com-
bined with zinc ions provided by zinc acetate and nitro-
gen rich polyethyleneimine, a brownish yellow carbon
dots powder was finally obtained through a classic one-
step hydrothermal method (Fig. 1A). During the syn-
thesis process, some properties of the raw materials
were well transferred to the new products. At the same
time, various elements and electron pairs undergo reac-
tion pairing and binding, giving CCDs new and unique
properties.

Fig. 1B and C are TEM images of composite nanopar-
ticles, showing that CCDs were spherical and had a
uniform particle size distribution, with an average of
2.65+0.3 nm. It can be seen that CCDs had detailed lat-
tice fringes, and the lattice spacing corresponds to the
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(001) crystal plane of graphite at 0.21 nm, which was
similar to the results reported in the literature [23]. The
XRD pattern of the composite nanoparticles in Fig. 1D
showed a clear peak of CCDs at 22.77 °, corresponding
to the (002) crystal plane of graphite carbon, indicating
that CCDs had a complete crystal structure and have
been successfully prepared [24]. The surface of CCDs had
a positive potential of 28.9 (Fig. S1), and the presence of
multiple functional groups on the surface facilitates the
response of CCDs to laser irradiation in various wave-
length bands. Studies have shown that CCDs with posi-
tive potential can firmly bind to bacterial surfaces with
negative potential, improving their bactericidal perfor-
mance [25].

The FT-IR spectrum shown in Fig. 1E exhibited peaks
at 3409, 3255, 2931, 1604, and 1457 cm™, correspond-
ing to the stretching vibrations of - OH/- NH, C-H, C=C,
and N-H groups, respectively. The peak at 879 cm™!
could be considered a characteristic peak of ZnO, which
is related to specific vibration modes in the ZnO crys-
tal structure. Therefore, the significant water solubility
of CCDs can be attributed to the presence of abundant
hydrophilic groups on their surfaces, which also con-
firmed the existence of Zn [26]. The chemical composi-
tion and functional groups of CCDs were analyzed using
X-ray photoelectron spectroscopy (XPS). The XPS full
spectrum in Fig. 1F showed that CCDs are mainly com-
posed of C, N, O, and Zn elements. The high-resolution
XPS spectrum of Cls can be decomposed into three
peaks with binding energies of 288.1 eV, 255.5 eV, and
284.5 eV, respectively. These peaks represented C=0/C-
N, C-O/C-N, and C-C/C=C, respectively (Fig. 1G). The
N1s band deconvolution peaks at 399.9 eV and 399.0 eV
correspond to graphite nitrogen and pyrrole nitrogen,
respectively (Fig. 1H) [27]. The peaks of Ols at 532.3 eV
and 530.9 eV correspond to C=0 and O-H (Fig. 1I) [26].
Fig. 1] showed the high-resolution XPS spectrum of
Zn2p, with two peaks at binding energies of 1044.4 eV
and 1021.4 eV. These peaks corresponded to the spin
orbit dipoles of Zn 2p3/2 and Zn 2pl/2, respectively,
indicating that zinc doped CCDs contain zinc in the two
positive valence state [28]. The abundant nitrogen in
CCDs comes from polyethyleneimine, which can provide
the necessary elements for the synthesis of carbon dots.
Meanwhile, nitrogen atom doping, as an efficient and
convenient method, provides abundant active sites and
functional groups on the surface of CCDs, which broad-
ens the application scope of carbon dot nanomaterials.
Because the doping of nitrogen plays an important role in
improving the fluorescence properties and photosensitiz-
ing activity of carbon dots, it may lead to a 20 nm redshift
of the maximum fluorescence emission position of the
carbon dots and an increase in the emission intensity of
the carbon dots, a property that is of great significance
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Fig. 1 Characterization of CCDs. (A) Schematic illustration of the preparation process of CCDs; (B, C) TEM images and nanoparticle size analysis; (D) XRD
pattern of CCDs; (E)FT-IR spectra of CCDs; (F) XPS full-scan spectrim of CCDs; XPS high-resolution scans of C1s (G), N1s (H), O1s (1) and Zn 2p (J) of CCDs.

for the use of carbon dots as photosensitizers [29]. All
these results demonstrated the successful synthesis of
Zn-CCDs nanoparticles.

Antibacterial property

Due to the damaged barrier, exposing the wound to the
complex daily environment increases the risk of bac-
terial infection. S. aureus is ubiquitous on the surface
of the skin and in the living environment and is one of

the most common infectious agents of the skin [30,
31]. In addition, many studies have shown that E. coli is
increasing the incidence of wound infections [32, 33].
Therefore, S. aureus and E. coli were selected as repre-
sentative strains of Gram-positive and Gram-negative
bacteria for the study of the antimicrobial properties of
CCDs in PDT of infected wounds. The CCDs compos-
ites with an overall positively charged nature were firmly
attached to the negatively charged bacterial surfaces by
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electrostatic interaction. At the same time, a part of the
bacteria ingested the nanoscale CCDs into the intracellu-
lar space, and PDT effect was produced under laser irra-
diation to achieve the killing effect. As shown in Fig. 2C,
different concentrations of CCDs formed inhibitory rings
with varying diameters, indicating that the inhibitory
effect of CCDs on bacteria was stronger as the concen-
tration increased (1-200 pg/ml). Digital photographs
of S. aureus and E. coli forming colonies on agar plates
in different treatment groups are shown in Fig. 2A. The
number of colonies in the Laser + CCDs group was signif-
icantly less than that of the control group, with a reduc-
tion of 3—4 orders of magnitude. It can be seen that laser
irradiation or CCDs alone had some inhibitory effect on
the growth of both bacteria, but the effect was poor.
CCDs, as a novel photosensitizer, are capable of pro-
ducing ROS under laser irradiation for photodynamic
effects. In order to investigate the specific mechanism
of bacterial killing by Laser + CCDs, we used DCFH-DA
as a reactive oxygen probe to probe the ROS produc-
tion in bacteria after different treatments. The presence
of ROS in bacteria oxidizes the non-fluorescent DCFH-
DA to the strong green fluorescent substance DCF [34].
Fig. 2E showed a weak green fluorescence in E. coli and
S. aureus after ingestion of CCDs, and a bright green
fluorescence in almost all bacteria after PDT, represent-
ing the production of a large amount of ROS after pho-
todynamic therapy. Fig. 2G showed the SEM images of
the two bacteria after PDT, with pseudo-colors being
used to highlight the regions of interest. It can be seen
that the surface of the bacteria in the Control group was
smooth and full, with clear and intact boundaries, able to
form a complete biofilm structure. In the Laser + CCDs
group, it was obvious to see that the bacterial cell mem-
branes were wrinkled, collapsed, with blurred boundar-
ies, and in some cases the contents were in the form of a
jet, which is a typical manifestation of the severe damage
to the bacteria caused by the high concentration of ROS.
The surface of S. aureus was twisted and compressed and
deformed, but basically remained intact and spherical.
In contrast, the degree of destruction of E. coli was more
significant, the cell membrane was strongly contracted
and ruptured, and the shell lost its intact morphology.
This difference may be due to the fact that the phospho-
mimic acid cell wall of the outer layer of Gram-positive
bacteria restricted the expansion and rupture of the bac-
terial body to a certain extent. A part of the large amount
of ROS generated by photodynamic force acted directly
on the cell membrane structure, while the other part
attacked the organelles and nucleic acids, causing irre-
versible damage and thus killing the bacteria. This is the
classic type I mechanism in PDT, which played an impor-
tant role in the whole treatment system [35]. This thera-
peutic mechanism significantly slowed the development
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of bacterial drug resistance and prevents the formation of
bacterial biofilms. We hypothesize that Zn** was released
from the composite nanoparticles and disrupted the cell
membrane by neutralizing the negative charge of the cell
membrane [36]. At the same time, the composition of
CUR can also inhibit the adhesion of bacteria to a cer-
tain extent, greatly reducing the risk of bacterial infection
[37].

In Fig. 2G, live/dead fluorescence staining was per-
formed on the bacteria in different treatment groups
to visually distinguish the survival status of bacteria by
red and green fluorescence. Compared with the Con-
trol group and the Laser group, the rest of the treatment
groups had obvious red fluorescence, indicating that the
inactivated bacteria accounted for a great proportion. In
contrast, there was almost no green fluorescence in the
Laser + CCDs treatment group, and this killing showed
the same trend in the quantitative analysis of Fig. 2F.
Some studies have already reported that PDT has dif-
ferent selectivity for Gram-negative and Gram-positive
bacteria due to differences in the surface structure of
bacterial cell membranes. In general, photosensitizers are
more likely to penetrate the porous cell walls of Gram-
positive bacteria to produce ROS to act as bactericidal
agents [38, 39].

Exploration of the mechanism of CCDs-mediated
PDT also revealed that the ROS produced by this treat-
ment modality inhibits the formation of bacterial biofilm,
which improves the permeability of CCDs and enhances
the killing effect on deep-seated bacteria [40]. At the
same time, this treatment reduces the risk of developing
drug resistance by not targeting the characteristic stages
of the bacterial metabolic phase and impeding the forma-
tion of biofilm——the barrier. The results of biofilm for-
mation inhibition experiments showed (Fig. S2) that the
density and structure of the two bacterial biofilms were
significantly disrupted after Laser + CCDs treatment and
antibiotic Ciprofloxacin treatment, showing almost the
same trend, indicating that the effect of CCDs-mediated
PDT is almost comparable to that of the standard antibi-
otics in terms of antimicrobial activity. Therefore, CCDs
as photosensitizers can effectively induce ROS burst to
inhibit biofilm formation and significantly kill bacteria.

Fig. S3 showed the results of flow cytometry analysis
of CCDs mediated PDT on E. coli and S. aureus. It can
be seen that almost all (99.1%, 99.5%) of the bacteria in
the control group did not undergo apoptosis, which
means that most of the bacteria in the group were in a
viable state. Both the Laser group (3.34%, 8.17%) and
the CCDs group (19.5%, 20.4%) showed varying num-
bers of stained cells with apoptotic signals, but apop-
totic signals were stronger in the CCDs group, which
means both of the treatments can both kill certain bac-
teria, but the killing ability of CCDs is stronger. After the



Zhao et al. Journal of Nanobiotechnology (2025) 23:424 Page 9 of 21

Control Laser CCDs Laser+CCDs E.coli S.aureus

E.coli

S.aureus

5 z
w

£ B 8F 5E

4 b S E S E

5 Qe i w10

e %

z g 5 v

= 3

3 3 $8 £5

s 4 %3 £5 S

= 3 EE SE

= 3 € oc

g 2 &

w < o

@ PBS 1 10 20 50 100200 PBS 1 10 20 50 100200
E Concentration of CCDs (ug/mL) Concentration of CCDs (ug/mL)
Control Laser CCDs Laser+CCDs

E.coli DCFH
E.coli

S.aureus

M S.aureus DCFH

o © o
§ 8¢

Relative fluorescent
»
=3
1

intensity of DCFH in E.coli

[N}
=]
1

E.coli Live/Dead Ratio (%)

o
1
Relative fluorescent
intensity of DCFH in S.aureus

s
2
©
4
o
1
&
Q
o
2z
=
@
3
3
]
@

mm Live = Dead mmm Live === Dead
100 100
50 50

S & o o & o o
S 0 o&*\,&oé’c?
(% Fod
60

N4

Fig.2 Antimicrobial properties. (A) Plate count images of £. coli and S. aureus in each group; (B) Quantitative analysis of the number of E. coli and S. aureus
colonies; (C) Ring of inhibition images of E. coli and S. aureus in each group. The different conditions are PBS buffer or CCDs solution with concentrations
of 10, 20, 50, 100, 200 ug/mL; (D) Quantitative analysis of diameters of inhibition ring of E. coli and S. aureus with different concentration of CCDs; (E) ROS
probe fluorescent staining images of E. coli and S. aureus in each group; (F) Quantitative ratios of live and dead E. coli and S. aureus; (G) SEM images and
live/dead fluorescent staining images of E. coli and S. aureus in each group; (H) Quantitative analysis of the intensity of ROS fluorescence of E. coli and S.
aureus. (*p<0.05, **p <0.01, ***p <0.001)



Zhao et al. Journal of Nanobiotechnology (2025) 23:424

addition of laser irradiation, the survival rate of both bac-
teria in the Laser+ CCDs group decreased dramatically,
showing similar results to the antibiotic Ciprofloxacin.
Among them, the apoptotic cells of E. coli increased to
32.3% (37.8% in the Ciprofloxacin group) while those of
S. aureus increased to 31.4% (36.9% in the Ciprofloxacin
group). The results showed that CCDs-mediated PDT
had excellent antibacterial effects, even similar to those
of standard antibiotics, and was effective in inducing
apoptosis and inhibiting further propagation of bacteria.
CCDs adhered to the bacterial organisms and entered
into the intracellular compartment, and then ROS gen-
erated by the PDT damaged the internal biomolecules of
bacteria and eventually led to bacterial death, which is in
line with the conclusions drawn from the previous stud-
ies [41].

Promote cell migration and vascularization

Damaged tissues begin to proliferate and repair after the
inflammatory phase, and blood vessels are important
channels for transporting nutrients and growth factors
[42]. Classical scratch and transwell migration assays
were chosen to examine the angiogenic potential of
HUVEC and L1929 cells after PDT, and a matrigel-based
tube formation assay for HUVEC was designed to further
investigate.

The cytotoxicity of CCDs was first explored by stan-
dard CCK-8 assay. Fig. S4 showed that CCDs at different
concentrations did not exhibit significant toxicity after
1, 3 and 5 days of co-culture with HUVEC. Interestingly,
CCDs at a concentration of 200 pug/ml were able to sig-
nificantly promote the proliferation of endothelial cells to
some extent. This concentration was chosen as the stan-
dard concentration for subsequent assays. Fig. 3C and
Fig. S5 showed that the Laser + CCDs treatment group
promoted the proliferation of HUVEC and L929 cells,
respectively. The CCDs treatment group also slightly
raised the viability of both cells. The remaining treatment
groups showed no significant difference. Based on the
results of live/dead cell staining of HUVEC cultured with
CCDs for 24 h, almost no dead cells (red fluorescence)
were observed in each treatment group, as shown in
Fig. 3A. EdU staining of HUVEC showed similar results
to those of CCK-8. EdU is a thymine deoxyribonucleo-
side analog that is capable of replacing the thymine deoxy
nucleus doped into de novo and synthesized DNA dur-
ing DNA synthesis. Therefore, the amount of newly syn-
thesized DNA was examined by the EdU-related kit to
reflect the proliferation status of the cells. The results
showed (Fig. 3B) that the Laser + CCDs group exhibited
bright red fluorescence, and the rest of the treatment
groups had weaker fluorescence intensity (Fig. 3E), indi-
cating that CCDs in the presence of laser irradiation
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could indeed promote HUVEC propagation and facilitate
wound recovery.

Scratch healing by endothelial cells is central to the
process of tissue re-formation during wound healing. As
shown in Fig. 4A and Fig. S6A, both HUVEC and L929
cells in the Laser + CCDs group exhibited optimal healing
after treatment. Notably, the CCDs group also showed
some promotion in the scratch assay for both cells. The
data in Fig. S5 and Fig. S6D quantified the healing rate of
scratches, showing the same trend. After 24 h of incuba-
tion, the migration rates of HUVEC and L929 cells were
significantly higher in the Laser + CCDs group than in the
other treatment groups (Fig. 4B and S6B). Endothelial
cells are components of blood vessels and play a crucial
role in angiogenesis. The matrix gel tube formation assay
performed to assess the angiogenic capacity showed
(Fig. 4C) that Laser + CCDs-treated HUVEC showed a
significant increase in tube length and number of junc-
tions after 6 h compared with the Control group (Fig. 4E
and S8), which may be attributed to the release of Zn?* as
well as the generation of controlled ROS. Overall, CCDs
have the ability to promote cell migration under laser
irradiation, which is beneficial for accelerating the wound
healing process.

As a well-known angiogenesis related factor, vascular
endothelial growth factor (VEGF) induces proliferation,
migration, and angiogenesis of epidermal and endothe-
lial cells. During angiogenesis, VEGF is essential for the
recruitment, maintenance, proliferation, migration and
differentiation of endothelial cells [43, 44]. Therefore, we
expressed the expression of VEGF protein in cells of dif-
ferent treatment groups by fluorescence staining (Fig. 3D
and S6C). The results showed that HUVEC and 1929
cells exhibited bright red fluorescence in the cytoplasm
after PDT, and CCDs-treated group also had strong red
fluorescence, while the ones in the Control group showed
almost no expression. The quantitative analysis of fluo-
rescence intensity in Fig. 3F and Fig. S6F is consistent
with the above. The relative gene expression levels of
VEGF and TGF-p in the two types of cells (Fig. 4F and G
and S9, S10) were closer in the CCDs and Laser + CCDs
groups, and significantly higher than those in the Con-
trol and Laser groups. Zinc, as an essential trace element,
plays an important biological function in the mainte-
nance of the venous vascular network and the develop-
ment of hematopoiesis [45]. Our study confirmed that
CCDs stimulate angiogenesis by slowly releasing Zn?*,
which is consistent with previous reports [46]. And the
aforementioned toxicity test also showed that Zn?* in
the composite nanoparticles also did not affect the nor-
mal cell viability. The above results indicated that CCDs
exhibit complex and active regulation of angiogenesis
after laser irradiation.
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The potential mechanism of accelerated infected wound
healing

Wound healing is a complex process involving interac-
tions between different cell types, growth hormones,
cytokines, antioxidants, and a steady supply of metal ions
(e.g., calcium, zinc, and magnesium). After skin dam-
age, a number of cellular systems and signaling pathways
are activated in the wound to protect the body [47]. In

order to elucidate the possible regulatory mechanisms of
Zn**-doped curcumin carbon dots to promote infected
wound healing, we performed transcriptome analysis on
cells from two different treatment groups (Control and
Laser + CCDs groups).

Principal Component Analysis (PCA) results showed
that samples from each group were clustered inde-
pendently, verifying that the two treatment groups did
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produce differences (Fig. 5A). Volcano plots showing up-
and down-regulated genes generated after different treat-
ments in the Control and Laser + CCDs groups exhibited
significant differential gene expression between the dif-
ferent groups (Fig. 5B). To further analyze these differ-
ential gene expressions, we performed Gene Ontology
(GO) enrichment analysis. GO typically characterizes
genes at three levels: cellular component (CC), biologi-
cal process (BP), and molecular function (MF). Fig. 5C
showed the top enriched items in each category, which
mainly include down-regulated expression of immune
response, inflammatory response aspects and up-regu-
lated vascular morphology and proliferation of vascular
smooth muscle, endothelial phylogeny and cell adhesion.

Meanwhile, Kyoto Encyclopedia of Genes and
Genomes (KEGG) enrichment analysis was applied to
analyze the potential signaling pathways. Fig. 5D showed
in detail the pathways with high relevance and their
names, and the up-regulated signaling pathways include
VEGF signaling pathway, cell adhesion molecule sig-
naling pathway and mitogen-activated protein kinase
(MAPK) signaling pathway.

It is well known that the VEGF signaling pathway is
closely related to collagen deposition and angiogenesis.
And the MAPK signaling pathway promotes keratino-
cyte proliferation and migration, and plays an important
role in transmitting extracellular stimulatory signals to
cells and mediating cellular biological responses (e.g.,
cell growth, migration, proliferation, differentiation, and
apoptosis). On the other hand, CCDs photodynamic
therapy also down-regulated some of the pathways,
including the IL-17 signaling pathway, and the tumor
necrosis factor (TNF) signaling pathway, which are asso-
ciated with the inflammatory response and regulation of
tissue destruction. The heatmap in Fig. 5E showed the
names of the genes with specific changes for major dif-
ferences in the above pathways. Specific names and inter-
connections regarding the genes screened for greater
differential expression by GO enrichment analysis are
displayed in Fig. 5F. These results suggested that the
VEGF signaling pathway may be activated during PDT
with CCDs to promote cellular angiogenesis, thereby
accelerating wound healing.

MAPK is very important in transmitting signals of
extracellular stimuli to the cells and mediating cellu-
lar biological responses (e.g., cell growth, migration,
proliferation, differentiation and apoptosis). Mamma-
lian MAPKs can be categorized into four subfamilies:
ERK1/2, p38, JNKs and ERK5 [48]. Multiple differential
genes of the ERK pathway were enriched in the MAPK
signaling pathway. VEGF is the most important angio-
genic stimulator and plays important roles in angiogen-
esis and neointima formation, including causing cell
proliferation, inhibiting apoptosis, increasing vascular
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permeability, and vasodilation. Genes upregulated in the
VEGF/VEGFR2 pathway include VEGFA, PLCG2, and
PLA2G4C. Among them, PLA2G4C is also involved in
the ERK pathway.

To investigate whether the MAPK and VEGF signaling
pathways were potential mechanisms and further vali-
date the above hypothesis to promote infectious wound
healing, we validated them in terms of genes and pro-
teins as well as phenotypes. VEGFR2 inhibitor (SU19498)
was used to test the reliability of the sequencing results.
The scratch test results after 12 h in Fig. 6A showed that
the scratch area of the Control group and the Inhibitor
group has not changed much compared to 0 h, with only
a trace amount of healing. The Laser + CDs group showed
a significant promoting effect on healing. The migra-
tion assay in Fig. 6C also showed the same trend, with
only the Laser + CCDs group showing a large number of
cells migrating to the lower chamber. This proves that
VEGFR2 inhibitor hindered the signaling process on this
pathway, thereby inhibiting the growth and migration of
HUVEC cells. The above effects were also demonstrated
by VEGF immunofluorescence and immunoblotting
(Fig. 6E and G), confirming the importance of VEGF in
endothelial cell growth and various physiological activi-
ties. The VEGF/VEFGR2 pathway is closely related to
the MEK1/2/ERK1/2 signaling pathway, and one of the
downstream pathways of the VEGF signaling pathway is
to mediate cell proliferation through the ERK pathway
[49]. By WB detection of VEGF, VRGFR2, phosphory-
lated VRGFR?2, phosphorylated ERK1/2, and ERK1/2, we
found that the protein expression levels of the Control
group and pathway inhibitor group were almost the same,
whereas the expression of each index was significantly
increased in the PDT group with CCDs. It is particularly
noteworthy that the application of VEGFR2 inhibitor
(SU19498) can effectively inhibit the phosphorylation of
VEGER2, resulting in a significant decrease in the expres-
sion levels of downstream VEGF proteins p-VEGFR2/
VEGFR2 and p-ERK1/2/ERK1/2 in the Inhibitor group.
In summary, the above results indicated that CCDs pro-
mote endothelial cell growth and wound healing through
the VEGF/VEGFR2/ERK1/2 pathway.

The results suggested that CCDs photodynamic ther-
apy exerts its role in promoting vascular endothelial cell
growth by modulating VEGF/VEGFR2 and its down-
stream MEK1/2/ERK1/2 signaling axis. Thus, wound
healing cannot be achieved without precise regulation
including hemostasis, inflammation, proliferation and
remodeling sequences.

Evaluation of in vivo infected wound healing
Based on the efficacy of CCDs with PDT in killing bac-
teria and promoting the proliferation and repair of
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endothelial cells obtained in vitro, we further used
infected wound rats to study their repair effect in vivo.
First, a whole-layer rat skin defect model with a diam-
eter of 2 cm was created, and S. aureus bacterial suspen-
sion was applied to the wound surface to establish an
infection model. Saline and CCDs were injected into the
infected wounds for treatment (named Control group,
Laser group, CCDs group, and Laser+CCDs group,
respectively), and the parameters of the laser used in
the treatment were 660 nm, 10 min, and 500 mW/cm?.
Digital photographs of the wound area at different time

points and overlapping images of the simulated healing
are shown clearly in Fig. 7A and B. After 24 h, the wound
the wound became visibly infected. The results showed
that at the end of the first treatment (day 2), the surface
of the Control and Laser groups was ulcerated and ooz-
ing, bleeding was apparent, and no obvious scab forma-
tion was seen, while the CCDs and Laser + CCDs groups
showed obvious signs of healing, with the bleeding stop-
ping and the formation of thicker healing scabs. After 14
days, the wounds of the CCDs and Laser + CCDs groups
were almost healed but accompanied by varying degrees
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of scar formation. In contrast, wounds in the Control and
Laser groups remained open, and the newly formed tis-
sue was significantly thinner and redder. The percentage
of wounds healed in each group of rats is quantified in
Fig. 7C. Significant differences were observed between
groups after 2 days, with the Control group having the
slowest healing rate values at all time points. 92.65%,
96.05%, and 98.7% of wounds were healed at the last
time point in the Laser group, the CCDs group, and the
Laser + CCDs group, respectively. To directly characterize
the infection, tissues from the wound area were homoge-
nized and incubated on agar plates. Fig. 4D and F showed
the colony diagrams and quantitative results of localized
bacteria in all wounds after day 1 and day 10, respectively.
The results showed that a large number of colonies with
surface bacterial colonization and growth were observed
in all treatment groups at day 1. Whereas, on day 10, the
number of colonies in the Laser + CCDs group was signif-
icantly reduced, and quantification showed that S. aureus
was reduced by almost 4 orders of magnitude. The above
results indicated that PDT with CCDs has the potential
to control wound infection and assist healing.

In addition, to further explore the complex biologi-
cal processes including inflammation, proliferation, and
remodeling during the healing of infected wounds treated
with CCDs.

in PDT, we evaluated the histological changes after
14 days. At day 14 post-treatment, hematoxylin-eosin
(H&E) staining of the wound and surrounding area
showed histologically relevant wound healing, such as
epithelial re-formation and granulation tissue, as shown
in Fig. 7E. The results of the H&E staining of the wound
and surrounding area showed that the wound heal-
ing process was not as simple as that of the Control
group. The granulation tissue width (distance between
the black dotted lines) was significantly reduced in the
CCDs group and narrowest in the Laser + CCDs group
compared to the Control and Laser groups, with quan-
titative results showing the same trend (Fig. 7H). The
blue dashed box in Fig. 7E showed the normal epithe-
lium versus the damaged epithelium, and it can be seen
that the photodynamically treated tissues appeared as
smooth and flat epithelium with neoplastic hair follicles,
which is closer to the state of normal skin. In contrast,
the other treatment groups had disorganized cells in the
basal layer, disorganized collagen, and clear demarcation
from the normal epithelium. The red dashed box illus-
trated the reduction of inflammatory cell infiltration and
the appearance of more fibroblast migration in the epi-
thelium in the Laser + CCDs group after photodynamic
treatment. The green dashed box showed that the control
group had edema, discontinuity and dense inflammatory
cell bands in the epithelium. The Laser + CCDs group had
a thinner epithelium with no visible inflammatory cells
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and more mature tissue remodeling. Quantitative analy-
sis of epithelial tissue thickness was shown in Fig. 7G.
Thicker epithelial tissue thickness was observed in the
Control group (138 +12 pm) and Laser group (94 +7 pm).

Collagen deposition is a key determinant of skin
strength and maturity [50]. Masson staining in Fig. 8A
gave a more specific picture of the amount of collagen
in the newborn skin tissue and the arrangement of its
fibers. The collagen fibers in the CCDs group and the
Laser + CCDs treatment group were more dense, well-
arranged, and the tissue was more mature. Quantitative
analysis of collagen deposition in Fig. 8D showed the
same results. The major collagens in the skin are collagen
types I and III, which make up about 95% of the skin’s col-
lagen composition. These two types of collagens play an
important role in maintaining the elasticity, integrity and
pliability of the skin. Not only that, but these two most
important types of collagens are also under dynamic
change during the wound healing process in addition to
the increase in the overall amount of collagen [51]. There-
fore, Sirius red staining was utilized to differentially stain
mainly type I (red/yellow) and type III (green) collagens
based on the different characteristics of collagen polym-
erization winding and helical arrangement. The results
showed (Fig. S11) that at day 7, a lower proportion of type
I and type III collagen was observed in the Laser + CCDs
group, with an overall green-dominated fluorescent sig-
nal, which was due to the fact that type III collagen was
more predominant in the early wound healing stage. In
the process of wound remodeling and tissue maturation,
type III collagen was gradually replaced by mature type L.
The Laser + CCDs group showed a similar proportion of
type I and type III collagen as normal skin on day 14, and
the overall fluorescence signal was reddish-yellow, which
indicated that the wound healing after PDT tended to be
normalized during reconstruction and remodeling, and
there was no delayed and disordered collagen deposition.

The blood vessels in the new tissue can deliver essen-
tial nutrients, growth factors and oxygen to the wound
site, and CD31 is a typical marker for vascular endothe-
lial cells [52]. As shown in Fig. 8B, the immunofluores-
cence images showed that the Control and Laser groups
showed few green fluorescent signals, while the CCDs
and Laser+CCDs treatment groups showed more sig-
nals and more complete green fluorescent rings. There-
fore, we analyzed the number and diameter of blood
vessels (Fig. 8E and F) and found that can CCDs group
and Laser + CCDs treatment group promoted the forma-
tion of vascular system. Zn" in the composite nanopar-
ticles induced proliferation, migration and angiogenesis
of epidermal and endothelial cells [53]. The inflammatory
response period is a stage in normal wound healing, and
we explored the inflammatory changes during wound
healing by evaluating two typical inflammation-related
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factors. In Fig. 8C, the anti-inflammatory factor CD206
was shown to be barely expressed in the control group,
while the expression showed an increasing trend in the
Laser, CCDs and Laser+CCDs treatment groups, and
the pro-inflammatory factor iNOS showed a completely
opposite expression in the four treatment groups. The
indication suggested that PDT effectively increased the
anti-inflammatory level in vivo and significantly reduced
inflammation. The above results suggested that CCDs
promote healing of infected wounds by accelerating the
blood supply for neovascularization as well as decreasing
the level of inflammation through photodynamic therapy.
At the end of the animal experiments, H&E staining of
major organs was performed (Fig. S14). There were no
differences between all treatment groups, suggesting that
CCDs were non-toxic and well biologically safe in vivo
and can significantly promote infected wound healing in
a safe manner.

Conclusion

Wound healing is an extremely complex process involv-
ing the integration of multiple mechanisms at different
intervals on the timeline. Bacterial infections create an
even longer healing cycle for wound healing. We have
developed a fascinating new photosensitizer for PDT to
be applied in a safe and efficient manner for the healing
treatment of infected wounds. The therapeutic foun-
dation of CCDs is laid by using curcumin, which has
antibacterial and anti-inflammatory efficacy, as a raw
material, and combining it with sustainably releasable
Zn** to promote vascular regeneration and tissue repair
as well as antimicrobial properties, we have achieved the
effect of generating ROS photodynamic killing of bacteria
under laser irradiation to promote the healing of infected
wounds. Meanwhile, the Zn?*-doped CCDs composite
nanoparticles can promote the proliferation of vascular
endothelial cells, alleviate tissue inflammation, and cre-
ate a relatively suitable environment for wound healing.
During in vivo treatment, almost complete wound heal-
ing can be achieved. What’s more, the ultra-small-sized
CCDs have good biocompatibility and do not cause sub-
stantial inflammation or pathological damage to normal
tissues. Overall, this work will brighten the clinical appli-
cation of carbon dots as antibiotic-free nanoplatforms for
wound sterilization and healing.
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