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In this project, we propose a highly effective photosensitizer that breaks through drug-resistant bacterial
infections with zinc-doped carbon dots. By passing through the membrane of drug-resistant bacteria,
the photosensitizers produce ROS in bacteria under the action of blue light to directly kill bacteria, so as
to realize the antibacterial local treatment of drug-resistant bacteria. The experiment firstly uses an
efficient one-step hydrothermal method to prepare zinc-doped red-light CDs as photosensitizers, in
which zinc metal was doped to improve the optical properties of the CDs. Then we try first to use EDTA
as a second-step attenuator for preparing CDs to obtain photosensitizers with high-efficiency and low
toxicity. In vitro cytotoxicity tests, bacterial effect tests, and in vivo animal experiments have also
demonstrated that this antibacterial method has great potential for clinical translation, with a bactericidal
efficiency of up to 90%. More notably, we used this antibacterial regimen seven times repeatedly to
simulate the bacterial resistance process, with a bactericidal efficiency of up to 90% every time. The
result indicated that S. aureus did not develop resistance to our method, showing that our method has
the potential to break through drug-resistant bacterial infections as an alternative to antibiotic candidates.
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Introduction

Drug-resistant bacteria seriously affect the lives and health of
people around the world and are a hot topic of concern for
researchers." However, because of the widespread utility of
antibiotics, a lot of bacteria have already developed resistance,**
and researchers are urgently searching for a new non-resistant
antibacterial solution or antimicrobial agent. Many physical
antimicrobial options have received attention from scientists
because of their low probability of resistance and low toxicity,
such as radiation** and heat.*” Among them, photodynamic
therapy (PDT) is one of the means of treating cancer, especially
skin cancer, and is a minimally invasive treatment method with
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the advantages of low drug resistance, less marginal tissue
damage, and fewer toxic side effects than other traditional
therapies such as surgery and radiotherapy.®

PDT consists of three elements: the photosensitizer, the
excitation light, and the molecular oxygen in the tissue. The
efficiency of reactive oxygen species (ROS) generation by
photosensitizers and the unavailability of bacteria to develop
drug resistance are two major factors determining the effec-
tiveness of photodynamic therapy for the treatment of infec-
tions. Its basic principle®'® is shown in Scheme 1. Antimicrobial
photodynamic therapy is based on the idea that a safe chemical
compound, called a photosensitizer, should be activated by
visible light with the appropriate wavelength to produce ROS
which is toxic to pathogens. Generation of reactive oxygen
species will take place along two alternative paths as soon as the
photosensitizers are activated by light. The singlet active state
1PS* is formed after absorbing a photon with the ground-state
photosensitizer. The active 1PS* state is short-lived and can
undergo intersystem crossing to a long-lived triplet state, or
alternatively could return to the ground state by fluorescence
emission and heat. Usually the 3PS* acts as a mediator for type-I
and type-II processes. Type-I: production of hydrogen peroxide
(H»0,), hydroxyl radical (HO"), and superoxide anion ("O,") by
charge transfer from excited PS. Type-II: the 3PS* can undergo
energy exchange immediately by triplet ground-state oxygen,
resulting in the formation of singlet oxygen, '0,."*
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Scheme 1 |lllustration of the fabrication process of EDTA-Zn-RCDs
and the utilization of EDTA-Zn-RCDs as effective agents for syner-
gistic bacteria killing.

However, common photosensitizers such as phthalocya-
nines, porphyrins, phenothiazines, and nano-semiconductor
materials have disadvantages that limit their use. For
example, although phthalocyanines have unique optical prop-
erties, they have obvious disadvantages such as poor water
solubility and a tendency to aggregate. Porphyrins give a high
yield of ROS but are often painful due to their strong photo-
sensitivity."> Phenothiazines such as toluidine blue have been
shown to have antibacterial properties, but are poorly targeted
and have the same antibacterial properties when unirradiated,
which is dark toxicity.” The diode photocatalyst, TiO,, requires
UV light for excitation, which occupies only 4% of the incident
solar spectrum and is harmful to live organisms."* Although
photosensitizers have shown good antibacterial activity in the
above studies, they suffer from disadvantages such as causing
pain, dark toxicity, lack of photocatalytic efficiency, and narrow
excitation wavelengths, which severely limit their widespread
use in photocatalysis.

Carbon dots were figured out in 2004 for the first time by
Wang et al.®® when they were preparing single-walled carbon
nanotubes. They are of great interest to scholars because of
their high biosafety, chemical stability, excellent optical prop-
erties, anti-photobleaching properties, low toxicity, and simple
and diverse synthesis methods, and have a bright future in
many fields such as antibacterial, biomarker, and biocatalytic
applications.’*™*® They have provided different avenues for new
antibacterial materials and photosensitizers. Ju et al.’ prepared
carbon dots using chloroform, diethylamine, and ammonium
carbonate and found that the carbon dots were able to generate
strong electrostatic interactions with bacteria thereby causing
damage to the bacterial cell walls or cell membranes of Staph-
ylococcus aureus and Escherichia coli. The nitrogen and zinc-
doped luminescent carbon dots prepared by Das et al.>* were
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able to kill Escherichia coli under light excitation. The carbon
dot composite prepared by Meziani et al.** was found to be able
to kill E. coli after 30 min of visible light irradiation. Although
research on the use of carbon dots for photodynamic steriliza-
tion therapy is at an early stage, the exact mechanism is not yet
fully understood. However, due to their unique fluorescence
properties, stable chemistry, low toxicity, easy binding to
bacteria and their biofilms, good light-induced electron transfer
ability, and light absorption ability, they have the potential to
become excellent photosensitizers and are of great importance
for the development of new antibacterial therapies.

Many photo-catalytically active nanomaterials are currently
used as photocatalysts for the study of electron transfer
processes and charge separation.”** The problem that this field
encounters is developing lots of economical and high-efficiency
photocatalysts to replace the existing ones based on expensive
metal nanoparticles, like ruthenium nanoparticles.>® Fortu-
nately, CDs have special electron transfer and broadband light
absorption capabilities and are abundant, cheap, and non-
toxic.>’*® These excellent properties facilitate intermolecular
electron transfer, which are of paramount importance in lots of
photo-oxidation interactions. To improve the electron transfer
and photooxidation reactions of photocatalysts, the strategy of
co-doping carbon dots with heteroatoms has attracted the
attention of scholars and has wide applications in biomolecular
labeling, chemical sensing, optoelectronics, and trace element
detection.**** In recent years, there have been fewer reports on
the doping of metal atoms, among which Wu et al.** reported
the co-doping of CDs with nitrogen and copper to enhance their
electron-giving and accepting abilities. However, there is some
increase in toxicity when doped metal atoms enter the CD
matrix. Whereas zinc is an important element that assists many
electron transfer processes, it is a trace element in various
biological systems as well with negligible toxicity and zinc
deficiency can lead to a lot of health problems. So doping the
CD matrix with zinc may be beneficial to improve the perfor-
mance of nanomaterials,* and there are also examples in the
literature to demonstrate that the properties of photodetectors
will be significantly enhanced by intervention with ZnO
quantum dot/carbon nanodot hybrid films, as reported by Guo
et al.*® The preparation of ZnO/carbon quantum dots, which
have outstanding photocatalytic properties, by the sol-gel
method was reported by Zhang et al.*® The preparation of ZnO-
doped CDs with QYs of 29.3% chitosan/ion complex was re-
ported by Li et al.*’

Therefore, we propose a highly effective photosensitizer that
breaks through drug-resistant bacterial infections with the aid
of zinc-doped carbon dots. By passing through the membrane
of drug-resistant bacteria, the photosensitizer produces ROS in
bacteria under the action of blue light power to directly kill the
bacteria, so as to realize the antibacterial local treatment of
drug-resistant bacteria and their traumatic infection model. At
the same time, how to use visible light, a resourceful,
economical, and environmentally friendly energy source, and
convert it into chemical energy or other forms has attracted the
interest of researchers in recent years. In this project, blue light,
which has higher energy, and is safer, lower in cost, and easier

© 2022 The Author(s). Published by the Royal Society of Chemistry
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to obtain among all visible lights, was chosen as the excitation
light, and blue light has been reported to excite photosensitizers
to produce ROS,*® which has a certain inhibition effect on brain
glioma cells. A highly efficient and economical one-step
hydrothermal approach was used to construct zinc-doped red
light carbon dots as a photosensitizer. And zinc metal was used
as a photocatalyst for the photodynamic reaction, which greatly
improved the efficiency of ROS generation and the bactericidal
rate, which is higher than that of PpIX. To reduce the cytotox-
icity caused by free metal zinc ions under acidic reaction
conditions, the first attempt was made to employ EDTA as
a second-step attenuator in preparing CDs to obtain photo-
sensitizers with high efficiency and low toxicity. And this is
a novel way for the construction of highly efficient and low-
toxicity metal-doped carbon dots. The bactericidal efficiency
was 90% after seven repeated treatments in the simulated
bacterial resistance process, indicating that S. aureus did not
develop resistance to our method. The results showed that our
method has the potential to break through drug-resistant
bacterial infections as an alternative to antibiotic treatment
candidates as well as one of the candidate treatment regimens.
And with this antimicrobial solution, firstly, the researcher can
visually locate the lesion or direct the light at the lesion by
imaging. Secondly, as the photosensitizer accumulates in one
infected area, the inflamed area is concretely targeted as soon as
the light reaches the inflamed area. In subsequent studies in
mouse wound models, the antimicrobial effect is good,
requiring only one complete treatment to show a significant
difference with a bactericidal efficiency of 91.17%. The method
provides a novel antimicrobial alternative to antibiotics for
subsequent studies for antimicrobial treatment in deeper
tissues and organs. The process of preparing EDTA-Zn-RCDs
and the bactericidal principle are shown in Scheme 1.

Experimental
Instruments, reagents, and materials

Fluorescence spectrophotometer RF6000 (Shimadzu), micro-
plate reader Varioskan LMX (Thermo), UV-2300 UV-visible
spectrophotometer (Shanghai Tianmei Scientific Instruments
Co., Ltd), infrared spectrometer (Invenio R, Bruker), Sartorius
BT 125D 1-in-100,000 electronic balance (Germany) SHANGP-
ING PA 2004 one-millionth electronic balance (Shanghai
Tianping Instrument Factory), KL 10260D ultrasonic cleaner
(Shanghai Jinghe Analytical Instruments Co., Ltd), water puri-
fier (Chengdu Pincheng Technology Co., Ltd), transmission
electron microscope (H-600, Hitachi, Japan), scanning electron
microscope (S-3400, Hitachi, Japan), fluorescence microscope
(Olympus, Japan), Pannoramic MIDI pathology section scanner,
biological safety cabinet (Sojung-Antai), X-ray photoelectron
spectroscopy instrument (XPS, PHI-5000versaprobe), blue light
(Qixin, 450-460 nm, 30 pW cm ™ >).

Ethanol (analytical purity, Chengdu Hi-Tech Shiyang
Chemical Preparation Plant), o-phenylenediamine (99%,
Shanghai Aladdin Biochemical Technology Co., Ltd), i-trypto-
phan (99%, Shanghai Maclean Biotechnology Co., Ltd), hydro-
chloric acid (analytical purity, Xilong Science Co., Ltd),

© 2022 The Author(s). Published by the Royal Society of Chemistry
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disodium ethylenediaminetetraacetate (EDTA-2Na, analytical
purity, Fuchen Chemical Reagent Co., Ltd), zinc chloride
(analytical purity), sodium hydroxide (analytical purity), agar
powder (Chengdu Kolon Chemical Co., Ltd), yeast leaching
powder (Chengdu Kolon Chemical Co., Ltd), tryptone (Beijing
Auboxing Biotechnology Co., Ltd), anhydrous ether (analytical
purity, Xilong Science Co., Ltd). Trypsin, DMEM, and FBS were
all imported reagents. Glutaraldehyde fixative (2.5%) was
purchased from Shanghai Yuanye Biotechnology Co. The reac-
tive oxygen assay kit (DCFDA, Solarbio) and propidium iodide
(PI) were purchased from Shanghai Biyuntian Biotechnology
Co., singlet oxygen sensor green reagent was from SOSG, Mei-
lunbio, and protoporphyrin IX (PpIX) from Sigma.

Mice (BALB/c, 7 weeks, female, SPF, Beijing Huafukang
Biotechnology Co., Ltd). L929 cells, Staphylococcus aureus, and
Escherichia coli were provided by the State Key Laboratory of
Sichuan University.

Preparation of RCDs, Zn-RCDs, and EDTA-Zn-RCDs

RCDs. Based on the literature,* we selected red carbon dots
(RCDs), which are simple to prepare, rapid to synthesize, and
stable for in vivo local studies. The RCDs were prepared by
making use of a one-step hydrothermal approach: 108 mg of o-
phenylenediamine and 54 mg of i-tryptophan were weighed in
a clean reactor with 10 ml of deionized water. 200 pl of
concentrated hydrochloric acid was added and mixed well, and
the experiment was conducted at 200 °C for 3 hours. The
resulting mixture was sterilized using a 0.22 pm filter
membrane and then lyophilized to obtain the carbon dots
powder and set aside.

Zn-RCDs. To improve the photocatalytic efficiency of RCDs
as photosensitizers, we doped zinc into the carbon sites to
enhance their bactericidal effect. The Zn-RCDs were also
prepared by making use of a one-step hydrothermal approach:
108 mg of o-phenylenediamine, 54 mg of r-tryptophan, and
136 mg of zinc chloride were weighed in a clean reactor con-
taining 10 ml of deionized water. 200 pl of concentrated
hydrochloric acid was added and mixed well, and the experi-
ment was performed at 200 °C for 3 hours. The resulting
mixture was decontaminated using a 0.22 pm filter membrane
and then lyophilized to obtain carbon dots powder.

EDTA-Zn-RCDs. As Zn-RCDs are highly bactericidal but
cytotoxic, subsequent experiments have shown that the cause of
cytotoxicity is the free zinc ions under acidic reaction condi-
tions. Because EDTA contains 6 coordination atoms and has
strong coordination ability, it is often used as a metal ion
detoxification agent. For the first time, we applied EDTA as
a second-step detoxification agent in the preparation of CDs to
produce highly efficient and low-toxicity EDTA-Zn-RCDs:
108 mg of o-phenylenediamine, 54 mg of r-tryptophan and
136 mg of zinc chloride were weighed into a clean reactor with
10 ml of deionized water. 200 pl of concentrated hydrochloric
acid was added and mixed well, and the experiment was con-
ducted at 200 °C for 3 hours. 372.24 mg of EDTA-2Na was added
to the liquid mixture, mixed well, the pH was adjusted to 6.0
and the reaction was conducted in a water bath at 60 °C for 1.5
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hours. Then this mixture was decontaminated using a 0.22 pm
filter membrane and then lyophilized to obtain carbon dots
powder and set aside.

EDTA-Zn. 136 mg of zinc chloride and 372.24 mg of EDTA-
2Na were weighed into the liquid mixture, mixed well, the pH
was adjusted to 6.0 and the reaction was conducted in a water
bath at 60 °C for 1.5 hours. Then this mixture was decontami-
nated with a 0.22 pm filter membrane and then lyophilized to
obtain a powder and set aside.

Characterization of RCDs, Zn-RCDs, and EDTA-Zn-RCDs

5 mg lyophilized powder was added to 5 ml PBS solution and 1
mg ml~" RCD, Zn-RCD, and EDTA-Zn-RCD solutions were
prepared by dropping the respective powder on a copper mesh,
and then they were left to dry naturally, and then the
morphology and size of the CDs were observed using a trans-
mission electron microscope (TEM). EDTA-Zn-RCDs with the
largest particle size were observed in a dark field and scanned
for Zn. 20 mg freeze-dried RCD, Zn-RCD, and EDTA-Zn-RCD
powders were mixed with potassium bromide in a suitable ratio
and pressed into sheets. The FTIR spectra of RCDs, Zn-RCDs,
and EDTA-Zn-RCDs were recorded using an infrared spec-
trometer. 5 mg lyophilized powder was added to 5 ml PBS
solution and 1 mg ml~" RCD, Zn-RCD and EDTA-Zn-RCD
solutions were prepared. Then the UV-Vis absorption spectra of
carbon dots were recorded on a UV-Vis spectrophotometer.
5 mg lyophilized powder was added to 5 ml PBS solution and 1
mg ml™' RCD, Zn-RCD and EDTA-Zn-RCD solutions were
prepared. Their fluorescence spectra were recorded on a fluo-
rescence spectrophotometer. 20 mg lyophilized RCD, Zn-RCD,
and EDTA-Zn-RCD powders were taken and sent to the analysis
and testing center for inspection. They were kept away from
light and vacuum, XPS experiments were conducted by profes-
sional teachers.

Cell culture as well as biocompatibility assays

Cytotoxicity assays for RCDs, Zn-RCDs, o-phenylenediamine,
Zn>*, EDTA-Zn-RCDs, and EDTA-Zn were performed using the
CCK8 method. L929 cells were resuscitated in an H-DMEM
medium with 1% double antibodies and 10% fetal bovine
serum and then cultured in a cell culture incubator. L929 cells
in the logarithmic growth phase were inoculated in 96-well
plates with 5000 cells per well and incubated at 37 °C in a 5%
CO, cell culture incubator. 24 hours later, the cells were trans-
ferred into new concentrations of RCD, Zn-RCD, o-phenyl-
enediamine, Zn?', EDTA-Zn-RCD and EDTA-Zn culture
solutions (5, 10, 25, 50, 100, 200, 400 and 600 pg ml %), with 6
replicate wells set up for each concentration. The wells were
washed 3 times with PBS. 100 pl of culture medium containing
CCK-8 10 pl was added and incubated for 2 hours. The optical
density values of the wells were measured at 450 nm on
a microplate reader. The optical density value was used to
express the concentration of each group and to calculate the
relative survival rate of L929 cells (%) = (OD values of experi-
mental group/OD values of the blank control group) x 100%.
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Bacterial culture and bactericidal effect experiments

The experiment was divided into 2 groups: carbon dots + blue
light group and blank control group. Firstly, an S. aureus colony
or an E. coli colony was taken on a plate with a sterilized ring
and inoculated in LB culture solution. After 18-24 h incubation,
100 pl of the bacterial solution was taken and placed at 600 nm
to determine the optical density value, OD600 = 0.5. The cor-
responding strain concentration was 10° CFU ml ™", diluted at
1:100 and ready to be used. The bacteria in the logarithmic
growth phase were inoculated to 96-well plates at 100 pl per
well. For the carbon dots + blue light group, different final
concentrations of RCD, Zn-RCD, o-phenylenediamine, Zn ions,
EDTA-Zn-RCD and EDTA-Zn solution (5, 10, 25, 50, 100, 200,
400 and 600 ug ml ") were added, prepared using PBS solution
before, shaken well, incubated at 37 °C for 15 minutes, and
irradiated with blue light for 30 minutes. The distance between
the blue light and the sample was 20 cm and the sample was
incubated at 37 °C for 24 h, protected from light. At the same
time, the group without the addition of drugs and blue light
irradiation was set up as a blank control group, and the optical
density value was measured at a wavelength of 600 nm. The
optical density value was used to express the concentration of
each group and to calculate the relative survival rate of bacteria
(%) = (OD value of experimental group/OD value of blank
control group) x 100%.

Quantitative test of 'O, in vitro

The generation of extracellular singlet oxygen was measured by
the green fluorescence emitted by SOSG. The cell-free LB culture
medium was inoculated with 100 pl per well to 96 well plates.
The final concentration of 600 pg /ml~" of RCD, Zn-RCD, EDTA-
Zn-RCD, and PpIX solution, prepared with PBS solution before,
was added, 6 multiple wells were set, shaken well, and then
irradiated with blue light for 30 min. The distance between the
blue light lamp and the sample was 20 cm. The same amount of
PBS group was set as the blank control group. After the illu-
mination, SOSG staining is added immediately to obtain the
final concentration of 5 pM. The solution was shaken well,
incubated at 37 °C for 15 min and kept away from light. Then,
the fluorescence intensity of SOSG in each group was measured
with a microplate reader, setting the excitation wavelength of
504 nm and emission wavelength of 525 nm.

Quantitative test of ROS

The production of ROS in bacterial cells was measured from the
green fluorescence emitted by DCFDA. The bacterial suspension
was stained with 10 uM DCFDA at 37 °C for 20 minutes, mixed
once every 5 minutes, and then washed three times with PBS.
The washed cells were inoculated into 96 well plates with 100 pl
per well. The final concentration of 600 ug ml~" of RCDs, Zn-
RCDs, EDTA-Zn-RCDs, and PpIX, prepared with PBS solution
before, was added, 6 multiple wells were set, shaken well, and
incubated at 37 °C for 15 min; light was avoided, and then
irradiated with blue light for 30 min. The distance between the
blue light lamp and the sample was 20 cm. The same amount of

© 2022 The Author(s). Published by the Royal Society of Chemistry
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PBS group was added as the blank control group. Then, the
fluorescence intensity of DCFDA in each group was measured
using an enzyme labeling instrument, setting the excitation
wavelength of 485 nm and emission wavelength of 525 nm.

Validation experiment of the bactericidal mechanism and the
ROS staining assay

Validation experiment of the bactericidal mechanism. The
green fluorescence emitted by DCFDA was used to determine
the production of ROS in bacterial cells. Bacterial suspensions
were stained with 10 uM DCFDA for 20 minutes at 37 °C in the
dark, mixed every 5 min, and washed three times with PBS. The
washed cells were inoculated into 96-well plates at 100 ul per
well, and different final concentrations of EDTA-Zn-RCD solu-
tion (5, 10, 25, 50, 100, 200, 400, and 600 pg ml~ '), prepared
using PBS solution before, were added, shaken well, incubated
for 15 minutes at 37 °C, and then irradiated with blue light for
30 minutes. The distance between the blue light lamp and the
sample was 20 cm, while the group without the addition of
drugs and no blue light irradiation was set up as a blank control
group, followed by the use of the microplate reader and tuning
parameters such as the excitation wavelength at 488 nm and
emission wavelength at 525 nm. The fluorescence intensity of
DCFDA was measured for different concentrations of the EDTA-
Zn-RCD group.

The ROS staining experiment. The ROS staining experiment
was divided into 4 groups: carbon dots + blue light group,
carbon dots group, blue light group, and blank control group to
determine the production of ROS in bacterial cells using the
green fluorescence emitted by DCFDA. Bacterial suspensions
were stained with 10 uM DCFDA for 20 minutes at 37 °C in the
dark, mixed every 5 minutes, then centrifuged at 4000 rpm and
washed three times with PBS. The carbon dots + blue light
group incubated the washed cells with a final concentration of
600 pg ml~' EDTA-Zn-RCDs, prepared using PBS solution
before, for 15 minutes at 37 °C and blue light for 30 minutes,
with a distance of 20 cm between the blue light and the sample.
The carbon dot group incubated the washed cells with a final
concentration of 600 ug ml~' EDTA-Zn-RCDs, prepared using
PBS solution before, at 37 °C for 15 min then incubated for
30 min protected from light. The blue light group incubated the
washed cells for 15 minutes at 37 °C and then the cells were
incubated again with blue light for 30 min. The blank control
group incubated the washed cells for 15 min at 37 °C and then
incubated them for 30 min protected from light, followed by
observation of green fluorescent ROS-producing bacterial cells
at 485 nm excitation wavelength using a fluorescence micro-
scope. The observation areas were photographed randomly (3
areas per sample).

Live and dead bacteria staining experiments

The live and dead cell staining experiment was divided into 4
groups: carbon dots + blue light group, carbon dot group, blue
light group, and blank control group, using PI to stain the dead
cells with red fluorescence. The carbon dot + blue light group
incubated the washed cells with a final concentration of 600 pg

© 2022 The Author(s). Published by the Royal Society of Chemistry
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ml ' EDTA-Zn-RCDs, prepared with PBS solution before, for 15
minutes at 37 °C and the cells were incubated with blue light for
30 minutes, with a distance of 20 cm between the blue light
lamp and the sample. The carbon dot group incubated the
washed cells with a final concentration of 600 pg ml~" EDTA-
Zn-RCDs, prepared using PBS solution before, at 37 °C for
15 min then the cells were incubated for 30 min protected from
light. The blue light group incubated the washed cells at 37 °C
for 15 min then the cells were irradiated with blue light for
30 min. The blank control group incubated the washed cells at
37 °C for 15 min then incubated them for 30 min protected from
light. All 4 groups were incubated for 24 h at 37 °C, centrifuged
at 4000 rpm, washed three times with PBS, stained with 4 uM PI
for 30 min at 37 °C in the dark, mixed every 5 min, then
centrifuged, washed three times with PBS and resuspended
with PBS. Bacterial cells producing red fluorescence were then
observed using a fluorescence microscope at 535 nm excitation
wavelength. The observation areas photographed
randomly (3 areas per sample).

were

Bacterial plate assay

The standard plate count method is a method commonly used
to assess the number of viable cells in bacterial suspensions at
low cell concentrations (approximately 10° cells per ml) and is
used to demonstrate the antibacterial effect of EDTA-Zn-RCDs +
blue light radiation. The experiment was divided into 4 groups:
carbon dot + blue light group, carbon dot group, blue light
group and blank control, with LB culture medium appropriately
diluted in the logarithmic growth phase for 10° units per ml. In
the carbon dot + blue light group, the diluted cells were incu-
bated with a final concentration of 600 ug ml~* EDTA-Zn-RCDs,
prepared with PBS solution before, at 37 °C for 15 min and blue
light for 30 min, with a distance of 20 cm between the blue light
and the sample. The carbon dot group incubated the diluted
cells with a final concentration of 600 pg ml~" EDTA-Zn-RCDs,
prepared with PBS solution before, at 37 °C for 15 min then
incubated for 30 min protected from light. The blue light group
incubated the diluted cells at 37 °C for 15 min then the cells
were irradiated with blue light for 30 min. The blank control
group incubated the diluted cells at 37 °C for 15 min then
incubated them for 30 min protected from light. The blue light
group incubated the diluted cells at 37 °C for 15 min then
incubated them for 30 min protected from light. Then, four
groups of bacteria were spread onto LB agar plates using
spreaders, and the plates were incubated at 37 °C for 24 hours.
The number of colony forming units was visually inspected.

Drug resistance assay

The experiment was divided into 2 groups: carbon dot + blue
light group and blank control group. Firstly, an S. aureus colony
was taken from the plate with a sterilized ring and inoculated in
LB culture solution. After 18-24 h incubation, 100 ul of the
bacterial solution was taken at 600 nm wavelength to determine
the optical density value: OD600 = 0.5; the corresponding strain
concentration was 10® CFU ml™*, dilution at 1:100 is to be
used. Took the logarithmic growth period of S. aureus to 100 pl
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per well inoculated into 96-well plate. Carbon dot + blue light
group: added final concentration 600 ug ml~" EDTA-Zn-RCDs
solution, prepared by PBS solution before, set up 6 replicate
wells, shake well, incubated at 37 °C for 15 min, then blue light
irradiation for 30 min, the distance between the blue light lamp
and the sample was 20 cm, incubate at 37 °C and avoid light for
24 h. At the same time, the group with no drug added and no
blue light irradiation was set up as a blank control group, and
the optical density value was measured at a wavelength of
600 nm. The optical density value was used to express the
concentration of each group and to calculate the relative
survival rate of bacteria (%) = (OD value of the experimental
group/OD value of the blank control group) x 100%. The
surviving bacterial cells were re-cultured in a fresh LB medium
for 24 hours. The 7 treatment rounds mentioned above were
then performed and the relative bacterial survival rate was
calculated for each round separately.

In vivo antimicrobial assay

A total of 30 mice were divided into five groups: the healthy group
was called the no-modeling group; the modeling group was
divided into four groups: the PBS group, the blue light irradiation
group alone, the EDTA-Zn-RCDs alone group, and the EDTA-Zn-
RCDs + blue light irradiation group, with six mice in each group.
Firstly, a mouse skin wound model with bacterial infection was
established. In the first step, mice were treated with ether for
anesthesia. Then, a circular impression of 1 cm in diameter was
made on the dorsal debridement area, and the skin was cut along
the edge, followed by the injection of 100 pl of prepared S. aureus
solution at a concentration of 10° CFU ml " at the circumference
of the wound. The next day a fluid discharge with redness and
swelling was visible on the dorsal wound surface of the mice,
indicating a successful model. Subsequently, the infected mice
were randomly divided into 4 groups of 6 mice each. The 4 groups
of mice received different treatment regimens: PBS, EDTA-Zn-
RCDs (600 ug ml™ "), prepared with PBS solution before, blue
light irradiation and EDTA-Zn-RCDs (600 pg ml™") + blue light
irradiation. 100 pul of EDTA-Zn-RCDs (600 pg ml~') and PBS were
added dropwise to the infected wounds, wherein the light irra-
diation group was irradiated with blue light for 30 min, with
a distance of 20 cm between the blue light and the sample.
During the treatment, the mice were under anesthesia. Wound
pictures were collected at different time points (0d,2d,4d, 64,8
d, and 10 d). After 10 d, first, the wound was sampled for bacteria
and the lesioned skin of the posterior back was taken and
homogenized at a ratio of 10 ml of sterile saline per 50 mg of skin.
The homogenate was used as the stock solution and diluted to
10,1072, 102 and 10 * in order, and 100 pl of dilutions were
taken in LB plates, and 3 plates were set up for each dilution.
Tissues from the skin of mouse wounds and internal organs
(heart, liver, spleen, lung, and kidney) were collected for histo-
logical analysis (hematoxylin and eosin staining: H&E).

All animal procedures were performed following the Guide-
lines for Care and Use of Laboratory Animals of Sichuan
University and approved by the Animal Ethics Committee of
Sichuan University (110322210101152132).%°
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Stability experiment

Stability experiment of EDTA-Zn and EDTA-Zn-RCD lyoph-
ilized powders. We conducted an L929 cytotoxicity test on the
same batch of EDTA-Zn and EDTA-Zn-RCD powder every 4 days
within 28 days to investigate the stability of EDTA-Zn and
EDTA-Zn-RCD lyophilized powder. The concentrations of
EDTA-Zn and EDTA-Zn-RCDs were 600 pg ml™".

Photostability experiment of EDTA-Zn-RCD solution. The
effects of salt ion concentration, pH value, UV radiation time
and storage time on the fluorescence intensity of 600 pg ml ™"
EDTA-Zn-RCD solution were determined.

Statistical analysis. Data were expressed as mean + standard
deviation. The statistical significance of differences between
treatments was assessed using the one-way ANOVA test.

Results and discussion
Characterization of RCDs, Zn-RCDs, and EDTA-Zn-RCDs

According to Fig. Si(a) and (b),f RCDs are monodisperse
spherical particles as observed by TEM, and the particle size is
about 16 nm, which is relatively uniform. According to Fig. S1(c)
and (d),t Zn-RCDs are monodisperse spherical particles with
the size of about 25 nm according to TEM images. Particles with
darker color and smaller sizes can be observed on their surface,
which are speculated to be zinc atoms doped on the surface of
carbon dots. The particle size is larger than that of RCDs, which
indicates that RCDs were successfully doped with Zn. According
to Fig. Si(e) and (f)} which is the same as Fig. 1(a) and (b),
EDTA-Zn-RCDs are monodisperse spherical particles with a size
of about 25 nm according to TEM images as well. They are very
similar to the morphology shown in Fig. S1(c) and (d)t of Zn-
RCDs, which shows that EDTA binds to the free zinc ions
rather than the zinc ions doped on the surface of RCDs. Smaller
particles of darker color can be observed on the surface,
presumably as zinc atoms were doped on the surface of the CDs.
Meanwhile, the scanning results of the corresponding TEM
elemental mappings show that Zn element is evenly distributed
in the same particles, as depicted in Fig. 1(c) and (d), which

EDTA Zn-RCDS|
n-RCDs

1200 1000 800 600 400 200
Binding Energy(eV)
—— EDTA-Zn-RCDs|
Zn-RCDs
~———RCDs|

1050 1040 1030 1020 1010
Binding Energy(eV)

o=l L=
40

20
Diameter (nm)

Fig. 1 (a) TEM for EDTA-Zn-RCDs; (b) particle size distributions of
EDTA-Zn-RCDs determined by the DLS method; (c) dark-field TEM
image of EDTA-Zn-RCDs, and (d) corresponding TEM elemental
mappings of the Zn edge signal. (e) The total elemental analysis XPS
spectra of RCDs, Zn-RCDs and EDTA-Zn-RCDs; (f) the divided peak of
Zn2p XPS spectra of RCDs, Zn-RCDs and EDTA-Zn-RCDs.
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proves once again that zinc ions are successfully doped. EDTA-
Zn-RCDs are in a liquid state when they are taken out from the
reactor. To prolong the storage time, we usually freeze-dry the
carbon dots to convert them from a liquid to a powder. When we
conduct TEM experiments, we usually re-dissolve the powder in
PBS and the cluster substances can be observed by TEM.
However, cluster substances cannot be observed by TEM, when
the raw solution is taken out from the reactor without freeze-
drying. It is speculated that cluster substances are produced
in the process of freeze-drying and re-dissolution. Because the
lyophilized sample contains cluster substances, to avoid
causing vascular thrombosis, local administration is selected
for subsequent in vivo experiments. If interested, systemic
administration can be explored based on stock solutions.

XPS characterization in Fig. 1(e) and (f) shows that EDTA-Zn-
RCDs and Zn-RCDs contain Zn element and the partial peaks of
Zn2p Fig. 1(f) show two strong absorptions at 1020 and 1043 eV,
indicating the existence of Zn, and it can be seen from the figure
that Zn element in EDTA-Zn-RCDs and Zn-RCDs accounts for
a higher proportion than N and C elements, which once again
proves the successful doping of zinc ions.

According to Fig. S2(a), RCDs have six peaks at 228 nm,
241 nm, 260 nm, 270 nm, 280 nm, and 450 nm, of which the
absorption peak at 280 nm is attributed to the w-m* transition
of the C=C bond, and the absorption peak at 450 nm may be
due to the n-m* transition. According to Fig. S2(b),T there are 11
peaks of Zn-RCDs at 218 nm, 233 nm, 248 nm, 262 nm, 270 nm,
286 nm, 380 nm, 400 nm, 460 nm, 552 nm, and 600 nm, which
prove that RCDs are successfully doped with Zn, resulting in
great changes in the peak shape of Zn-RCDs. Zn-RCDs have
more absorption peaks in the visible region than RCDs, even at
610 nm. It is proved that the optical performance of CDs doped
with zinc metal is improved and the CDs can make better use of
visible light which is rich in natural resources. According to Fig.
S2(c),t EDTA-Zn-RCDs have seven absorption peaks at 219 nm,
232 nm, 248 nm, 261 nm, 272 nm, 280 nm, and 415 nm, of
which the absorption peak at 280 nm is attributed to the w-m*
transition of the C=C bond, and the absorption at 415 nm may
be due to the n-m* transition. EDTA-Zn-RCDs is obtained by
the complexation reaction between Zn-RCDs and EDTA. The
change of peak shape compared with Zn-RCDs proves the
success of the complexation reaction. And the three CDs had
a wider wavelength absorption at 400-500 nm, while the wave-
length range of blue light was 400-450 nm just within this
range, which provided some theoretical basis for EDTA-Zn-
RCDs using the energy of blue light to generate ROS.

According to Fig. S3(a),f the absorption peak of RCDs is
centered at 3386.27 cm ™~ which is attributed to the O-H and N-
H stretching vibration; the peak of 1060.09 cm ™" may reflect the
stretching vibration of C-N, and the absorption peak at 1457.08
cm ™' corresponds to the bending vibration of C-0. According to
Fig. S3(b),T the absorption peak of Zn-RCDs is centered at
3390.56 cm ™" which is attributed to the O-H and N-H stretch-
ing vibration, and the peak of 1085.84 cm ' may reflect the
stretching vibration of C-N. It proves that RCDs were success-
fully doped with Zn, resulting in great changes in the peak
shape of Zn-RCDs. From Fig. S3(c), the absorption peak of
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EDTA-Zn-RCDs is centered at 3369.78 cm™ " which is attributed
to the telescopic vibrations of O-H and N-H. The peak at
1106.23 cm ™' may reflect the stretching vibration of C-N, and
the absorption peak at 1581.62 cm™' corresponds to the in-
plane bending vibration of N-H. The change of peak shape of
EDTA-Zn-RCDs compared with Zn-RCDs proves the success of
the complexation reaction. The above analysis indicates that
these three constructed CDs mostly contain carbon, oxygen, and
nitrogen elements.

In Fig. S4(a),t RCDs display bicentric excitation and emis-
sion. First, the excitation wavelength increases from 260 nm to
305 nm. The fluorescence intensity of RCDs increases with the
increase of excitation wavelength in the range of 260-295 nm. In
the range of 295-305 nm, the fluorescence intensity decreases
with the increase of excitation wavelength, indicating that the
maximum excitation wavelength of the first center in RCDs is
295 nm. There are two maximum emission wavelengths, at
342 nm and 700 nm, and the fluorescence performance is good.
Then, the excitation wavelength increases from 580 nm to
620 nm, and the fluorescence intensity of RCDs increases with
the increase of excitation wavelength in the range of 580-
600 nm. In the wavelength range of 600-620 nm, the fluores-
cence intensity decreases with the increase of excitation wave-
length, indicating that the maximum excitation wavelength of
the second center in RCDs is 600 nm, while the maximum
emission wavelength is 612 nm. According to Fig. S4(b),} Zn-
RCDs show bicentric excitation and emission. Firstly, the exci-
tation wavelength increases from 240 nm to 310 nm. The fluo-
rescence intensity of Zn-RCDs increases with the increase of
excitation wavelength in the range of 240-300 nm. In the
wavelength range of 300-310 nm, the fluorescence intensity
decreases with the increase of excitation wavelength, indicating
that the maximum excitation wavelength of the first center of
Zn-RCDs is 300 nm. There are two maximum emission wave-
lengths, 344 nm, and 702 nm, respectively. Then the excitation
wavelength increases from 540 nm to 620 nm, and the fluo-
rescence intensity of Zn-RCDs increases with the increase of
excitation wavelength in the range of 540-610 nm. In the
wavelength range of 610-620 nm, the fluorescence intensity
decreases with the increase of excitation wavelength, indicating
that the maximum excitation wavelength of the second center of
Zn-RCDs is 610 nm, while the maximum emission wavelength is
615 nm, and the fluorescence performance is good. The emis-
sion peak of Zn-RCDs is slightly red-shifted compared with
RCDs, and the emission intensity at 615 nm is significantly
improved. It is proved that the optical properties of CDs doped
with zinc metal are improved. From Fig. S4(c), EDTA-Zn-RCDs
exhibit single-center excitation and emission. The excitation
wavelength increased from 240 nm to 300 nm, and the fluo-
rescence intensity of EDTA-Zn-RCDs increased with increasing
excitation wavelength in the wavelength range of 240-260 nm,
and decreased with increasing excitation wavelength in the
wavelength range of 260-300 nm, indicating that the maximum
excitation wavelength of EDTA-Zn-RCDs was 260 nm, while
there were two maximum emission wavelengths, 345 nm and
703 nm respectively, with good fluorescence performance.
Compared with Zn-RCDs, the emission light of EDTA-Zn-RCDs
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disappears at about 610 nm, which can also prove the success of
the EDTA complexation reaction.

Cellular biocompatibility assay and bactericidal effect assay

We further illustrated the nature of EDTA-Zn-RCDs by cellular
experiments, as depicted in Fig. 2(a) and 3(a). The cytotoxicity of
RCDs reached the threshold at a concentration of 200 pug ml™,
and the average survival rate of bacteria was 57.85% and the
average bactericidal rate was 42.15%. We wished to improve the
bactericidal efficiency of the drug by doping the carbon dots
with Zn metal, which can help the carbon dot to improve the
photo-oxidative catalytic efficiency of the surface. These results
are shown in Fig. 2(b) and 3(b), where the cytotoxicity of Zn-
RCDs reached the threshold at a concentration of 25 ug ml ™,
corresponding to an average survival rate of 59.3% and an
average bactericidal rate of 40.7% for bacteria, while the
concentration of Zn-RCDs reached 200 pg ml~", corresponding
to an average survival rate of 11.8% and an average bactericidal
rate of 88.2%. We attempted to reduce the cytotoxicity of Zn-
RCDs while maintaining their good bactericidal effect and
investigated the cytotoxicity and bactericidal performance of
Zn-RCDs for two substances, o-phenylenediamine and free zinc
ions, which may produce toxicity in the preparation process. As
depicted in Fig. 2(c) and 3(c), the cell survival rate was still above
75% at concentrations of 0-600 ug ml " of o-phenylenediamine,
and the average survival rate of bacteria was greater than 98.7%,
indicating that the toxicity of o-phenylenediamine was minimal
and that it had no bactericidal effect as well as photocatalytic
oxidation activity. In contrast, when the properties of free zinc
ions were examined alone, as depicted in Fig. 2(d) and 3(d), 5 pug
ml " of zinc ions produced a significant toxic effect on 1929
cells, while the average bacterial survival rate for 600 pg ml~" of
zinc ions was 43.38% and the average bactericidal rate was
56.62%. The inhibitory effect of free zinc ions on bacteria was
observed to be associated with toxicity, with no inhibition with
increasing light time. We speculate that free Zn ions lead to
high cytotoxicity and it is imperative to select a method that
reduces the toxicity of Zn ions while maintaining the good
bactericidal effect of Zn-RCDs.
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Fig. 2 Results of the cytotoxic test: (a) the influence of RCDs on L929
cells; (b) the influence of Zn-RCDs on L929 cells; (c) the influence of
OPD on L929 cells; (d) the effect of Zn®* on L929 cells; () the influ-
ence of EDTA-Zn-RCDs on L929 cells; (f) the influence of EDTA-Zn
on L929 cells. (h =6.)
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Fig. 3 The viabilty of S. aureus cells incubated with different
concentrations of substances (incubation time 15 min) was deter-
mined at 24 h after irradiation. (a) The influence of RCDs on S. aureus
cells; (b) the influence of Zn-RCDs on S. aureus cells; (c) the influence
of OPD on S. aureus cells; (d) the influence of Zn?* on S. aureus cells;
(e) the influence of EDTA-Zn on S. aureus cells; (f) the influence of
EDTA-Zn-RCDs on S. aureus cells; (g) intracellular ROS generation by
S. aureus treated with EDTA-Zn-RCDs was probed by DCFDA
immediately after irradiation. (n = 6.)

Due to its special structure, EDTA has excellent coordination
ability and is mostly used as a heavy metal complexing agent for
a wide range of applications. We attempted the reaction of
EDTA with free zinc ions in Zn-RCDs to reduce their toxicity,
and then examined the nature of the products, as depicted in
Fig. 2(e) and 3(f), where the concentrations of EDTA-Zn-RCDs
were in the range of 0-600 pg ml~'. The 1929 cell survival
remained above 75%, and the average survival rate of bacteria
showed a decreasing trend as the concentration of EDTA-Zn-
RCDs increased and reached 11.9% and 88.1% average bacte-
ricidal rate when their concentration reached 600 pug ml™".
Meanwhile, we investigated the properties of EDTA-Zn,
a simple complexation product of Zn ion and EDTA without the
participation of RCDs, and the results are shown in Fig. 2(f) and
3(e), where the cell survival rate was above 95% and the average
survival rate of bacteria was greater than 91% for EDTA-Zn
concentrations in the range of 0-600 pg ml™', indicating that
EDTA-Zn has little toxicity and no bactericidal effect as well as
photocatalytic oxidation activity. It is proved once again that
EDTA binds to free zinc ions but not to zinc ions doped on the
surface of RCDs. From the above, we can conclude that EDTA-
Zn-RCDs is a substance with low cytotoxicity and high bacteri-
cidal effect, presumably a mixture of EDTA-Zn and Zn-doped
carbon dots, while the Zn-doped carbon dots without free zinc
ion is what we need for a drug with high catalytic oxidation
performance and excellent biocompatibility. We thus propose
for the first time a novel method for the construction of highly
efficient and low-toxicity photocatalytic carbon nanodots, with
the first step consisting in doping with metal ions, the second
step involving complexation of the free metal with EDTA and
retaining the surface doped metal-carbon dots, which gives rise
to a novel thinking and method for the subsequent construction
of highly efficient and low-toxicity metal-doped carbon dots. As
depicted in Fig. S7,t with the increase in the concentration of
EDTA-Zn-RCDs, the average survival rate of Escherichia coli
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shows a decreasing trend, and when the concentration reaches
600 pg ml~, the average survival rate reaches 25.9% and the
average sterilization rate reaches 74.1%, indicating that this
antibacterial strategy also has a significant bactericidal effect on
Gram-negative bacteria.

Quantitative test of 'O, in vitro

As depicted in Fig. S5,7 the yield of singlet oxygen of RCDs, Zn-
RCDs, EDTA-Zn-RCDs, and PpIX with the same concentration
outside the cell after blue light stimulation was in the order: Zn-
RCDs > EDTA-Zn-RCDs > PpIX > RCDs. Compared with the
common high-efficiency photosensitizer PpIX, Zn-RCDs and
EDTA-Zn-RCDs produce more singlet oxygen, and according to
the one-way ANOVA analysis, there was a significant difference,
respectively (P < 0.0001, P < 0.0001). It can be seen that doping
zinc can significantly improve the photocatalytic efficiency of
carbon dots and greatly improve their optical properties. The
singlet oxygen yield of EDTA-Zn-RCDs decreased slightly
compared with the Zn-RCDs, because it contains EDTA-Zn,
which reduces the content of zinc-doped carbon dots.

Quantitative test of ROS

As depicted in Fig. S6(a),} in cells with the same concentration
of RCDs, Zn-RCDs, EDTA-Zn-RCDs and PpIX, after receiving
blue light stimulation, the production of reactive oxygen species
followed the order: Zn-RCDs > EDTA-Zn-RCDs > PpIX > RCDs.
Compared with the common high-efficiency photosensitizer
PpIX, Zn-RCDs and EDTA-Zn-RCDs produce more reactive
oxygen species, and according to the one-way ANOVA analysis,
there was a significant difference, respectively (P < 0.0001, P <
0.0001). It can be seen that doping zinc can significantly
improve the photocatalytic efficiency of carbon dots and greatly
improve their optical properties. Compared with Zn-RCDs, the
reactive oxygen species production of EDTA-Zn-RCDs decreased
slightly, because it contains EDTA-Zn, resulting in the decrease
of the content of zinc-doped carbon dots. It is consistent with
the results of the quantitative test of singlet oxygen in vitro and
with the results of the bactericidal effect experiment presented
in Fig. S6(b). Compared with the common high-efficiency
photosensitizer PpIX, Zn-RCDs and EDTA-Zn-RCDs have
lower S. aureus viability, and according to one-way ANOVA
analysis, there was a significant difference, respectively (P <
0.0001, P < 0.0001).

Validation experiment of the bactericidal mechanism and the
ROS staining assay

Validation experiment of the bactericidal mechanism. As
depicted in Fig. 3(g), the fluorescence intensity of DCFDA
increased with increasing concentrations of EDTA-Zn-RCDs
and corresponded to the decrease in bacterial survival with
increasing concentrations of EDTA-Zn-RCDs in Fig. 3(f), thus
indicating that with increasing concentrations of EDTA-Zn-
RCDs, the production of reactive oxygen species increased,
leading to a decrease in bacterial survival and an increase in
bactericidal rate. This also demonstrates the intrinsic mecha-
nism of the bactericidal activity of EDTA-Zn-RCDs.

© 2022 The Author(s). Published by the Royal Society of Chemistry
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ROS staining experiment. As depicted in Fig. 4, under fluo-
rescence microscopy, the control, blue light, and EDTA-Zn-RCD
groups could all be observed under a bright field as grape-like S.
aureus with a near-transparent cell edge layer and a grey inte-
rior, a standard S. aureus morphology with a regular shape and
uniform size, while none of these three groups show obvious
green fluorescence under dark field, and it could be inferred
that there was no production of reactive oxygen species, while in
the case of the EDTA-Zn-RCDs + blue light group, observed
under the bright field, the morphology of S. aureus became
irregular and uneven in size, and larger than normal S. aureus
cells. When observed under the dark field, there was obvious
green fluorescence, thus suggesting that EDTA-Zn-RCDs and
blue light irradiation alone did not produce reactive oxygen
species or kill the bacteria. In contrast, the new bactericidal
strategy of EDTA-Zn-RCDs + blue light produced an abundance
of ROS and had a significant bactericidal effect on Staphylo-
coccus aureus.

Live and dead bacteria staining experiments

As depicted in Fig. 5, under the fluorescence microscope, grape-
like S. aureus could be observed in the control, blue light, and
EDTA-Zn-RCD groups under a bright field, with the edge layer
of the cells being nearly transparent and the interior appearing
grey, a standard S. aureus morphology with a more regular
shape and more uniform size, but the S. aureus in the EDTA-Zn-
RCD group was larger than that in the control and blue light
groups and the bacteria were somewhat larger, and also larger
in comparison to Fig. 4, presumably because the ROS staining
was observed by fluorescence microscopy immediately after
drug treatment, whereas PI staining was observed after 24 h,
especially in the groups with added drugs such as the EDTA-Zn-
RCD group and the EDTA-Zn-RCDs + blue light group,
presumably during this 24 h, due to the good biocompatibility
of zinc-doped carbon dots. With time, the more carbon dots
entered the cells, the larger the cells appeared. At the same time,

DCFDA

Optical

. EDTA-Zn-RCDs
Bule Light EDTA-Zn-RCDs +Blue Light

Merged

Control

Fig. 4 The effect of EDTA-Zn-RCDs and blue light upon intracellular
ROS generation in S. aureus was assessed by DCFDA staining imme-
diately after the subsequent treatments. (a), (e) and (i) Control; (b), (f)
and (j) blue light alone; (c), (g) and (k) EDTA-Zn-RCDs alone and (d), (h)
and () EDTA-Zn-RCDs and blue light. (n = 3.)
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Fig. 5 The role of EDTA-Zn-RCDs and blue light in damaging S.
aureus was assessed by Pl staining at 24 h after the subsequent
treatments. (a), (e) and (i) Control; (b), (f) and (j) blue light alone; (c), (9)
and (k) EDTA-Zn-RCDs alone and (d), (h) and () EDTA-Zn-RCDs and
blue light. (h = 3).

no obvious red fluorescence was seen in any of these three
groups under a dark field, which indicates that no dead cells
were produced, and further proves the good biocompatibility of
the Zn-doped carbon dots. In contrast, in the EDTA-Zn-RCDs +
blue light group, the morphology of S. aureus became irregular
and uneven in size and much larger than normal S. aureus cells
when observed under a bright field, and there was obvious red
fluorescence when observed under a dark field, thus suggesting
that EDTA-Zn-RCDs and blue light irradiation alone did not kill
the bacteria, while the new bactericidal strategy of EDTA-Zn-
RCDs + blue light would kill the bacteria and had a signifi-
cant bactericidal effect on Staphylococcus aureus.

Bacterial plate assay

We used the bacterial plate coating method to explore the
antibacterial effect of EDTA-Zn-RCDs + blue light more visually,
as depicted in Fig. 6. For the blue light alone and EDTA-Zn-RCD
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Fig. 6 The role of EDTA-Zn-RCDs and blue light in damaging S.
aureus was revealed by the single S. aureus colony on an LB plate. (a)
Control; (b) blue light alone; (c) EDTA-Zn-RCDs alone and (d) EDTA-
Zn-RCDs and blue light. (n = 3))
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groups alone, compared with the control group, there was no
obvious change in the number of bacteria on the plates, while
for the EDTA-Zn-RCDs + blue light group, only a few colonies
grew on the plates, once again demonstrating the strong anti-
bacterial effect of EDTA-Zn-RCDs + blue light. The synergistic
treatment showed a strong antimicrobial effect, which corrob-
orated with the results measured quantitatively using the
microplate reader, and again demonstrated the good biosafety
of blue light and EDTA-Zn-RCDs alone, and we could visually
localize the lesion or direct the light to the lesion by imaging,
laying the foundation for subsequent in vivo local mouse wound
model studies.

Drug resistance assay

To examine whether our antibacterial regimen can break
through the infection of drug-resistant bacteria, we simulated
the bacterial resistance process and repeated the experiment for
7 rounds. After each round, the surviving S. aureus were isolated
immediately after the survival rate measurement and subjected
to the relevant treatment in the next round, the results are
shown in Fig. 7. The average bacterial survival rate for the 7
times were 10.32%, 10.07%, 10.17%, 9.86%, 9.85%, 9.46% and
10.35%, which indicate that our new antibacterial protocol
EDTA-Zn-RCDs + blue light does not allow bacteria to develop
resistance, has the advantages of low drug resistance, minimal
marginal tissue damage and low toxic side effects, and has great
potential for clinical translation for the treatment of drug-
resistant bacterial infections.

In vivo antimicrobial assay

Fig. S8t depicts the flow chart of the animal model treatment.
The model is carried out on day 0, treatment is carried out on
day 2, and wound pictures are collected at different time points
(0,2, 4,6, 8,and 10 d). On the 10th day, the mice were killed for
bacterial reverse culture, tissue embedding, sectioning, and
staining.
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Fig. 7 The in vitro sustained anti-bacterial effect was assessed by
recording the viability of S. aureus at 24 h after 7 rounds of treatment
with the EDTA-Zn-RCDs and blue light. Following each round,
surviving S. aureus were immediately isolated after viability measure-
ment and subjected to the relevant treatment in the next round (n = 6).

© 2022 The Author(s). Published by the Royal Society of Chemistry
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Fig. 8 Pictures of wounds of four groups of infected mice at different
time points (n = 6).

For the sake of better visual monitoring of the effect of
different treatment regimens on the wounds of mice, we
collected wound pictures at 0 d, 2 d, 4 d, 6 d, 8 d, and 10 d,
respectively, as depicted in Fig. 8, for four groups of animals:
control group, EDTA-Zn-RCD group, blue light group, and
EDTA-Zn-RCDs + blue light group. With time, the wounds of all
four groups tended to gradually become smaller. And in the
EDTA-Zn-RCDs and blue light groups, the wounds did not
become smaller or heal significantly compared with the control
group, whereas in the EDTA-Zn-RCDs + blue light group, the
wounds became smaller compared to the control group, and all
wounds had healed by day 10, and the formation of new skin
tissue was visible in the graph.

We also took the skin of mice at the wound site on day 10 for
bacterial counter-culture to observe the number of bacteria in
their wounds. As depicted in Fig. S9, for five groups of animals:
control, EDTA-Zn-RCDs, blue light, EDTA-Zn-RCDs + blue
light, and healthy group, the number of bacterial colonies in the
animals in the EDTA-Zn-RCDs and blue light groups did not
decrease significantly compared to the control group. This
indicates that EDTA-Zn-RCDs alone and blue light irradiation
alone had no inhibitory effect on bacteria, while the EDTA-Zn-
RCDs + blue light group showed a significant decline in the
amounts of bacterial colonies, compared with the control group
and it was comparable to that of the healthy group, indicating
that the new antibacterial strategy of EDTA-Zn-RCDs + blue
light still has good bactericidal effects on bacterial infections in
the wounds of mice in vivo. According to the one-way ANOVA
analysis, there was a significant difference, respectively (P <
0.0001). A graph of their corresponding bacterial survival
statistics is shown in Fig. $10.1 The bacterial survival rate of the
EDTA-Zn-RCDs + blue light group was remarkably different
from that of the control group and similar to that of the healthy
group, with an average bacterial survival rate of 8.83% and an
average bactericidal efficiency of 91.17%.

Meanwhile, we executed mice on day 10 and removed their
heart, liver, spleen, lung, kidney, and skin for embedding,
sectioning, and HE staining, as depicted in Fig. 9. Histological
analysis of the infected skin of the five groups of animals was
performed: control, EDTA-Zn-RCDs, blue light, EDTA-Zn-RCDs
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Fig. 9 H&E chromatogram of infected skin tissues from different
treatment groups (a) control; (b) blue light alone; (c) EDTA-Zn-RCDs
alone and (d) EDTA-Zn-RCDs and blue light; (e) healthy tissue. (n = 6.)

+ blue light, and healthy group. The number of inflammatory
cells (blue cells) in the animals with the EDTA-Zn-RCD group
alone and blue light alone groups was not significantly low
compared with the control group, and many denser inflam-
matory cells could still be observed, whereas the number of
inflammatory cells remarkably declined in the EDTA-Zn-RCDs
+ blue light group compared to the control group, but some
more sparsely scattered inflammatory cells could still be
observed, similar to the number of inflammatory cells in the
healthy group, which could also indicate that the EDTA-Zn-
RCDs + blue light treatment regimen was effective in relieving
inflammation at the infection site at day 10. We also collected
the organs (heart, liver, spleen, lungs, and kidneys) of each
mouse on day 10 and performed histological analysis of organ
sections from the five groups of animals: control group, EDTA-
Zn-RCDs group, blue light group, EDTA-Zn-RCDs + blue light
group and healthy group to examine the toxic effects of EDTA-
Zn-RCDs in mice, as depicted in Fig. S11,T and found that there
was no significant visceral damage in any of the groups or
inflammatory injury, and there was no remarkable difference
between these groups, indicating that the toxicity of EDTA-Zn-
RCDs in mice was minimal and the biosafety was good.

Conclusions

This project proposes a highly effective photosensitizer that
breaks through drug-resistant bacterial infections with zinc-
doped carbon dots. By passing through the membrane of
drug-resistant bacteria, the photosensitizer produces ROS in
bacteria under the action of blue light power to directly kill
bacteria, so as to realize the antibacterial local treatment of
drug-resistant bacteria and its traumatic infection model.

The study has the following advantages over the current
bactericidal treatment protocols reported in the literature as
depicted in Table S1.7 Firstly, the method involves the use of an
efficient and economical one-step hydrothermal approach for
the preparation of zinc-doped red-light CDs as a photosensi-
tizer, doping zinc metal as a photooxidation catalyst into the
carbon dots. Secondly, the raw materials are economical and
easily available. Thirdly, it has both low cytotoxicity and good
biocompatibility. Fourthly, it also maintains the catalytic

Nanoscale Adv, 2022, 4, 5365-5377 | 5375
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oxidation performance of zinc metal and greatly improves the
sterilization rate and the efficiency of ROS generation, which is
higher than that of PpIX. In addition, it provides a convenient
idea and method for researchers to prepare highly efficient and
low-toxicity metal-doped carbon dots, which can be subse-
quently prepared using other metals and then attenuated using
EDTA to use this method in the treatment of other diseases like
cancer. What's more, it was then verified through bactericidal
effect experiments and in vivo animal experiments that this
antibacterial method has great potential for clinical translation.
The bactericidal efficiency of this antibacterial regimen against
S. aureus was as high as 90%. And further studies in a mouse
model showed that this treatment regimen showed effective
antibacterial activity, requiring only one complete treatment to
show a significant difference with a bactericidal effect of
91.17%. More notably, after seven repeated treatments simu-
lating the bacterial resistance process, the bactericidal effi-
ciency was still 90%, showing that our method has the potential
to break through drug-resistant bacterial infections as an
alternative antibiotic candidate as well as one of the treatment
options.

However, as the lyophilized re-solvated samples showed
large clusters of material under transmission electron micros-
copy but not in the un-lyophilized stock solution, we have only
used this antimicrobial solution in a localized in vivo model to
prevent vascular obstruction and to improve the safety of
animal experiments. Subsequent explorations can be continued
based on the stock solution. It is hoped that this stock solution
can be used in a systemic model, not just in vitro, to provide an
alternative to antibiotics in the treatment of deep-seated tissues
and organs, especially in the treatment of drug-resistant oste-
omyelitis and peritonitis.
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