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Accelerated antibacterial red-carbon dots with photodynamic therapy
against multidrug-resistant Acinetobacter baumannii
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Jiangli Fan"?" and Xiaojun Peng'

ABSTRACT The emergence of antibiotic resistance in bac-
teria is a major public-health issue. Synthesis of efficient
antibiotic-free material is very important for fighting bacterial
infection-related diseases. Herein, red-carbon dots (R-CDs)
with a broad range of spectral absorption (350-700 nm) from
organic bactericides or intermediates were synthesized
through a solvothermal route. The prepared R-CDs not only
had intrinsic antibacterial activities, but also could kill mul-
tidrug-resistant bacteria (multidrug-resistant Acinetobacter
baumannii (MRAB) and multidrug-resistant Staphylococcus
aureus (MRSA)) effectively by generating reactive oxygen
species. Furthermore, R-CDs could eliminate and inhibit the
formation of MRAB biofilms, while conferring few side effects
on normal cells. A unique property of R-CDs was demon-
strated upon in vivo treatment of antibiotic-sensitive MRAB-
induced infected wounds. These data suggested that this novel
R-CDs-based strategy might enable the design of next-
generation agents to fight drug-resistant bacteria.

Keywords: antibiotic-free materials, carbon dots, intrinsic anti-
bacterial activities, MRAB biofilm eradication

INTRODUCTION

A bacterial infection is an acute systemic infection caused by
pathogenic bacteria or conditioned pathogens invading the
blood circulation to produce toxins and other metabolites [1-4].
Several diseases are associated with bacterial infections: tetanus,
scarlet fever, typhoid, brucellosis, bacillary dysentery, pulmonary
tuberculosis, and bacterial pneumonia [5-9]. During recent
decades, antibiotics have been used to treat bacterial infections
[10-12]. However, the long-term and excessive use of antibiotics
can lead to multidrug-resistant bacteria, which is an ever-
growing threat to public health worldwide [13]. The situation is
worsening with the increased difficulty and cost in producing
new robust antibacterial agents [12,14].

Acinetobacter baumannii (AB) is a typical Gram-negative
bacterium and common opportunistic pathogen. It is distributed
widely in hospital environments, especially in intensive care
units. Treatment of AB infection is a significant clinical pro-
blem, and excessive use of antibiotics causes the emergence of
multidrug-resistant AB (MRAB) [15]. Besides, a biofilm adher-
ent on the surface of AB can protect it from the interference of

the external environment, confers strong resistance to host
immune defence, and prevents the permeation of antimicrobial
agents, which induces greater resistance to antibiotics than that
offered by planktonic bacteria [15]. Meanwhile, most of the
bacteria embedded in deep biofilms adopt a dormant lifestyle
and are relatively insensitive to antibiotics [3,16]. Therefore, the
development of novel antimicrobial strategies to combat MRAB
infections and eliminate the formed biofilms is urgent.

The rapid development of nanotechnology offers new
opportunities to deal with bacterial resistance [17]. Some
nanomaterial-based agents (e.g., silver nanoparticles [18],
semiconductor nanoparticles [13], antibacterial polypeptides
[19,20], graphene oxide [21], noble-metal nanoparticles [22])
have been shown to inhibit bacterial infections or eliminate
biofilms through a combination of physical/chemical rupture of
bacterial cellular/membrane components, photodynamic ther-
apy (PDT) or photothermal therapy (PTT). Unfortunately, their
disadvantages (e.g., synthetic complexity, poor penetration of
biofilms, instability, and poor biocompatibility) impede their
practical application.

Carbon dots (CDs) are a class of carbon-based fluorescent
nanomaterials of size <10 nm. They have received considerable
attention for use in biomedical applications due to their superior
optical properties, ease-of-synthesis, excellent biocompatibility,
anti-photobleaching effects, and outstanding water solubility
[23-26]. For examples, some antibiotics (e.g., ciprofloxacin
hydrochloride and metronidazole) have been synthesized as
CDs, showing promising bactericidal activities as well as
decreasing their drug-resistance [27,28]. The positive charge or
functional groups on CDs can highly affect antibacterial prop-
erties [29-32]. And more interestingly, some CDs have been
reported to display exceptional photodynamic activity for
treatment of malignant cancer [23,33-35]. However, most CDs
absorb ultraviolet (UV) light and have maximum peaks centred
in the blue or green region, which causes severe photodamage to
tissues and thus greatly limits their further applications in vivo
[36-39]. The CDs with long-wavelength emission have the
merits of minimal photodamage, negligible interference from
autofluorescence to biological tissues, and deep tissue penetra-
tion [40]. Therefore, it is critically important to synthesize red
emitting CDs (R-CDs) under long-wavelength excitation.

It has been reported that some aromatic structures can gen-
erate efficient conjugated aromatic m systems and hydrogen
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bonds during dehydration and carbonization, and cause a sig-
nificant red shift in the absorption of CDs [40-44]. Also, heavy
atoms (bromine) doping into CDs can enhance the probability
of intersystem crossing to increase photodynamic efficiency.
With this information in mind, we created R-CDs with a
broad range of spectral absorption (350-700nm) and effective
photodynamic activity through a solvothermal synthetic route
for the imaging and killing of MRAB in vivo. In these R-CDs, an
organic bactericide or intermediate (2,4-dihydroxybenzoic acid
and 6-bromo-2-naphthol) were chosen as carbon sources. Also,
the reaction temperature (180°C) was controlled below the
decomposition temperature of the carbon sources to retain their
antibacterial structure (Scheme 1). Hydroxyl, carboxyl, as well as
benzene groups in R-CDs facilitated their interactions with
biomolecules within bacteria, such as proteins and nucleic acid.
The most significant finding of this work is that the as-prepared
long-wavelength R-CDs of ultrasmall size (3.32nm) could
permeate into bacterial biofilms readily, enter bacteria (MRAB)
rapidly and kill deep bacteria effectively based on intrinsic
antimicrobial activity. Meanwhile, the R-CDs could generate
reactive oxygen species (ROS) upon light irradiation (590 nm),
which accelerated MRAB killing and the eradication of MRAB
biofilm. R-CDs had few effects on normal cells. The superior
performance of R-CDs was also demonstrated by in vivo treat-
ment of antibiotic-sensitive MRAB-induced infected wounds in
mice. This novel strategy based on R-CDs might be a promising
approach for the design of next-generation agents to fight drug-

resistant bacteria.

EXPERIMENTAL SECTION

General information and materials

Luria-Bertani (LB) solid medium powder and LB liquid nutrient
medium were obtained from Shanghai Yuanye Bio-Technology
Co., Ltd. 2,4-Dihydroxybenzoic acid and 6-bromo-2-naphthol
were purchased from Energy Chemicals. 3-(4,5-Dimethyl-2-
thiazolyl)-2,5-diphenyl-2-H-tetrazolium bromide (MTT) and
Calcein-AM/propidium iodide (PI) detection kit were supplied
by Beyotime Biotechnology Co. (China). Crystal violet (CV) was
acquired from Sinopharm Chemical Reagent Co., Ltd. All che-
micals were used without any further purification. Human
breast cancer cells (MCF-7) and renal fibroblasts cells of Cer-
copithecus aethiops (COS-7) were bought from the Institute of
Basic Medical Sciences (IBMS) of the Chinese Academy of
Medical Sciences. The ultrapure water used in all the experi-
ments was purified through a Water Purifier Nanopure water
system (18.3 MQm).

Preparation and characterizations of R-CDs

The R-CDs were synthesized by a facile solvothermal method.
Briefly, 2,4-dihydroxybenzoic acid (154.12 mg, 1 mmol) and 6-
bromo-2-naphthol (223.07 mg, 1 mmol) were dissolved in 15 mL
ethanol solution, and added to a 50-mL Teflon-lined stainless
autoclave. The reaction mixture was heated at 180°C for 12h.
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(a) Synthesis of R-CDs by solvothermal processing. (b) Treatment of MRAB and its biofilms by photoexcited R-CDs.
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After reaction, the suspension was cooled to room temperature,
and filtered through an organic filter membrane (0.22 um) for
several times. Finally, the dark red solid powder product was
obtained by vacuum distillation of the filtrate. R-CDs were well
characterized by high resolution transmission electron micro-
scopy (HRTEM, TF30), Fourier transform infrared spectroscopy
(FT-IR, Nicolet iN10, Thermo Fisher), X-ray diffraction (XRD),
and X-ray photoelectron spectroscopy (XPS). Absorption and
emission spectra were performed with an Agilent Cary 60 UV-
visible (UV-vis) spectrophotometer G6860A(PerkinElmer) and
an Agilent Cary Eclipse fluorescence spectrophotometer (Serial
No. FL0812-MO018), respectively. Confocal laser scanning
microscope images were performed on an Olympus FV1000-
IX81 confocal laser scanning microscope (CLSM, Olympus,
Japan).

Bacterial culture and antibacterial assay in vitro
A single colony of MRAB or multidrug-resistant Staphylococcus
aureus (MRSA) were transferred to a liquid LB broth medium
(20mL) and shaken gently (150 rmin™") at a stationary tem-
perature (37°C) for 12h. And then the bacterial suspensions
were centrifuged at 5000rmin™' for 5min and washed twice
with sterile phosphate buffer solution (PBS, pH 7.4, 0.01 mmol),
and then bacteria were directly diluted with PBS to
10° CFU mL™. The R-CDs (0, 10, 20, 30, 40, 50 and 100 ugmL™)
were co-cultured in bacterial suspensions for 15min or the
suspension was further irradiated by 590-nm light (30 mW cm™,
15min), respectively. Finally, the bacteria were placed on the
solid LB agar plates by a spread plate method and cultured for
24h at a constant-temperature incubator (37°C) before counting
the number of the bacteria colonies. Control groups were treated
with PBS/light and cultured with same conditions.

MRSA and MRAB were cultured in the LB medium at 37°C on
a shaker bed at 150rmin™" for 16h, respectively. Then the
obtained bacterial suspensions were directly diluted to 1 x
10° CFU mL™. The suspensions (100 pL) were added into 96-well
plates. Different doses of R-CDs were added into the suspen-
sions, resulting in final concentrations of R-CDs of 0, 4, 8, 16, 32,
64, 128, 256 ugmL™, respectively. The suspensions were then
incubated at 37°C for 18 h. Each concentration was prepared and
measured in triplicate, and all experiments were repeated at least
twice in parallel. The minimum inhibitory concentration (MIC)
of R-CDs was the concentration at which growth cannot be
observed with the naked eyes.

Drug resistant stimulation study

Drug resistance of bacterial cells was induced by treating
repeatedly with R-CDs [20,45]. The bacterial suspension was
incubated with R-CDs (30 pg mL™) at 37°C for 15 min, and then
the bacterial solution (100 pL) was spread over a solid culture
plate. After overnight incubation, the number of colonies was
counted. Then, the surviving colonies were re-cultured in a
liquid LB broth medium (20 mL) for 12 h and incubated with R-
CDs for 15min, and the number of the bacteria colonies was
counted again. The process was repeated for nine times.

Live/dead bacterial staining assay

Live and dead cell staining experiments were performed by the
commercial dye kit Calcein AM/PL. The pre-treated bacterial
suspensions (1 mL, 10 CFUmL™) were stained by Calcein-AM
(2mmol L™}, 1pL) and PI (1.5mmolL™, 2uL) for 30 min in
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dark. Then, the suspensions were centrifuged at 5000 r min™* for
5 min and washed with sterile PBS buffer several times. Finally, a
laser scanning microscope (Olympus FV1000-IX81) was per-
formed to observe the live/dead cells.

Detection of total ROS within the bacteria

The total ROS within the bacteria was detected by using an ROS
assay kit, 2',7'-dichlorofluorescin diacetate (DCFH-DA). The
fresh bacterial suspensions (1 mL, 10* CFUmL™) were divided
into four groups, (I) PBS, (II) light, (III) R-CDs, (IV) R-CDs +
light and cultured for 15min at a constant-temperature incu-
bator (37°C). Then, the bacterial suspensions were centrifuged at
5000 r min™" for 5min and washed twice with sterile PBS buffer.
Then, DCFH-DA (10mmolL™, 1uL) was added to the four
groups and co-cultured for 20 min, respectively. The groups (II,
IV) were irradiated with 590-nm light (30 mW cm™, 15 min).
The suspensions were centrifuged at 5000 r min™* for 5 min and
rinsed twice with sterile PBS buffer to remove the excess DCFH-
DA. Finally, the suspensions were dropped into a cell culture
dish to be imaged with an FV1000-IX81 confocal laser scanning
microscope (Olympus, Aey: 488 nm, Aem: 500-540 nm).

Preparation of bacteria samples for SEM

The morphology of bacteria of the four groups was obtained by
scanning electron microscopy (SEM) [46,47]. The bacterial
suspensions of the four groups were collected and fixed with
2.5% glutaraldehyde for 4h in refrigerator (4°C), followed by
dehydration using sequential treatment with ethanol solution
(20%, 40%, 60%, 80%, and 100%) for 30 min, respectively. Then,
the bacterial suspension was dropped onto super-thin carbon
films, and dried at room temperature for 12h, sprayed with
platinum for SEM.

Characterization of biofilm morphology by CLSM

MRAB suspension (2mL, 103CFUmL™) was placed in a cell
culture dish and cultured in an incubator (37°C, 48 h). After the
bacterial biofilms were formed, they were respectively treated
with PBS (pH 7.4, 0.01 mmol), light (30 mW cm™, 15min), R-
CDs (150 ygmL™), or R-CDs + light (30 mW cm™, 15 min) for
another 12h. Subsequently, the suspended medium was dis-
carded and the biofilms were rinsed gently twice with sterile PBS
buffer without destroying them. Then the biofilms were treated
with Calcein-AM (2 mmol L™}, 1 L) and PI (1.5mmol L™}, 2 uL)
for 30 min in dark and then rinsed gently twice to remove excess
dye. Finally, the three-dimensional (3D) model of bacterial
biofilm was acquired by a laser scanning microscope.

Determination of biofilm biomass by CV assay

The fresh MRAB (200 uL, 108 CFUmL™) was placed in a 96-well
plate and cultured in a constant-temperature incubator (37°C,
48h). R-CDs with different concentrations were placed in the
wells and incublated at 37°C for 4 h. Then the 96-well plate were
treated with or without 590-nm light irradiation (30 mW cm™,
15 min). After 4 h, the supernatant was gently sucked out and the
biofilms were rinsed several times with sterile PBS buffer to
remove suspended bacteria. The bacterial biofilms were fixed
with 2.5% glutaraldehyde for 20 min. Then the CV assay solution
(0.1%, 150 uL) was added to stain the biofilm for 30 min, fol-
lowed by rinsing gently several times with sterile PBS buffer
without destroying the established biofilm. The images of resi-
dual biofilms were catched using mobile phone (Oppo rl15).
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After the addition of 95% ethanol (200 uL) to dissolve the CV,
the optical density at 590 nm (ODsy) was obtained by a
microplate reader. The relative biofilm biomass is calculated by
the following equation (Equation (1)).

Relative biofilm biomass (%)
x 100, @))]

= 1_OD590(samp1e)/ODSQO(Control)

where ODsggcontroly 18 the optical density of the solution at
590 nm for sterile PBS-treated bacterial suspension [15,48,49].

Cell viability assay

COS-7 cells were incubated in 90% Dulbecco’s modified Eagle
medium (Gibico) supplemented with 10% fetal bovine serum
(FBS) (Gibico) and 1% antibiotics (100 UmL™ penicillin and
100 pgmL™ streptomycin, Hyclone) in an atmosphere of 37°C
and 5% CO, [33,50,51]. COS-7 cells were cultured in 96-well
plates with the density of 5 x 10* cells per well and incubated for
24 h. The cells were incubated with R-CDs (0, 10, 20, 30 ,40, 50,
and 100 pgmL™) for 12h in dark. For the light group, the cells
were incubated with various concentrations of R-CDs for 12h,
and then exposed to 590-nm light (30 mW cm2) for 15 min. The
MTT (5mgmL™, 100 uL) were added to each well, and incu-
bated for another 4h. After that, the MTT were replaced by
dimethyl sulfoxide (DMSO, 200 pL each well), and ODs7 nm and
ODg30 nm were recorded by a microplate reader (SpectraMax
M2e). The cell viability was calculated by the following formula
(Equation (2)):

Cells viability (%)

= (0D, ,~ODgy), .../ (OD, = ODgy) 100. )

X
R-CDs control
Wound healing evaluation
All the animal experiments involved in this work were carried
out upon approval by the Animal Experiment Ethics Committee
of Dalian University of Technology. Female BALB/c mice (8
weeks, 16-20g) were purchased from Changsheng Biological
Technology Co., Ltd. (Changchun, China). For establishing the
wound infection model, a round wound (diameter: ca. 8.0 mm)
on the back of the mouse was created, and then 100 uL of MRAB
suspension (10° CFUmL™) was injected to the local wound.
After 24 h, the mice were randomly divided into five groups with
four mice in each group: (I) PBS, (II) light, (III) R-CDs
(150 ygmL™), (IV) R-CDs (150 ug mL™") + light, (V) polymyxin
B (150 ugmL™'). Subsequently, 100puL of PBS or R-CDs
(150 ygmL™) solution was sprayed to the local wound. After
30 min, the wounds in the light irradiation groups were exposed
to 590-nm light (30 mW cm™) for 15 min. The wound diameter
and the body weight were measured every three days. After nine
days of treatments, all the mice were sacrificed, and the major
organs were excised for hematoxylin-eosin (H&E) staining.

RESULTS AND DISCUSSION

Synthesis and characterizations of R-CDs

To endow R-CDs with intrinsic antimicrobial ability, an organic
bactericide or intermediate (2,4-dihydroxybenzoic acid and 6-
bromo-2-naphthol) were chosen as precursors. A solvothermal
method was processed for 12 h at 180°C to synthesize the R-CDs
(Scheme 1a). As indicated by the HRTEM image, the obtained
R-CDs showed a spherical-like structure with an average dia-
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meter of 3.31 nm (Fig. Sla, b). As shown in Fig. S2, the prepared
R-CDs are well dispersed from each other after 17 days, indi-
cating that the material is stable. The obvious crystal-lattice
stripes of R-CDs could be observed from the HRTEM image
(Fig. 1a). XRD pattern showed a broad diffraction peak (26) at
21.24°, which is consistent with the (001) lattice spacing of
graphitic-like carbon-based materials and suggests that the
precursors were partially carbonized into R-CDs (Fig. 1b). FT-IR
(Fig. S1d) and XPS (Fig. 1d-g) demonstrated that bromine was
incorporated in the obtained R-CDs. High-resolution Br 3d
spectrum revealed that bromine was present in the form of
Br 3ds;; (69.96eV) and Br 3d;, (71.0eV), which suggested the
same result as well (Fig. 1g).

The UV-vis spectrum of R-CDs displayed broad absorption
from UV to near-infrared. The dominant absorption (500-
700 nm) revealed the n-7* transition, which was attributed to the
C=C bond (Fig. 1c). Upon excitation at different wavelengths,
the R-CDs emitted fluorescence at ~603 nm and the absolute
fluorescence quantum yield was measured to be 15.3%, indi-
cating that their fluorescence processes were dominated by
uniform emissive states (Fig. Slc). Meanwhile, we used 1,3-
diphenylisobenzofuran (DPBF) as a probe to test the 'O,-
generation capacity of R-CDs [33]. Irradiation of a solution
containing R-CDs and DPBF with 590-nm light led to an
apparent decrease in the absorbance intensity of DPBF (A =
415nm) over a period of 12 min (Fig. 1h), which confirmed that
!0, had been generated. According to the decay curves of DPBF,
the 'O, yield of R-CDs was calculated to be 3.89% using
methylene blue (MB) as the reference (Fig. 1i and Fig. Sle)
[33,52]. Moreover, the ROS (*O,, *OH and O, *) production of
R-CDs was also demonstrated by electron paramagnetic reso-
nance (Fig. S1f), showing that R-CDs could serve as efficient
nano-photosensitizers under light irradiation.

Antibacterial activity of R-CDs in vitro

To better explore the antibacterial ability of R-CDs in vitro, a
typical Gram-positive bacterium (MRSA) and a Gram-negative
bacterium (MRAB) were chosen. We documented >97.5% bac-
terial survival under 590-nm light irradiation (Fig. S3a, b), which
indicated that light had virtually no influence on the viability of
MRAB or MRSA. Under CLSM (Fig. S4), the bacteria showed
bright fluorescence upon incubation with R-CDs (20 uygmL™)
after 15min, which indicated that small R-CDs could readily
enter bacteria. As the concentration of R-CDs increased, the
survival of MRAB or MRSA decreased accordingly. For MRAB,
when the concentration of R-CDs rose up to 50 uygmL™, only
14.2% bacteria colonies were present (Fig. S5a, c), but more R-
CDs (concentration = 100 pugmL™) were needed to kill MRSA
due to its thicker cell wall (Fig. S5b, d). With prolongation of the
incubation time from 0 to 45min, bacterial survival decreased
from 97.7% to 3.3% (MRAB) and 7.5% (MRSA), respectively
(Fig. 2b, d). The MIC of MRAB and MRSA was 32 and
64 ugmL™, respectively (Fig. S6). These interesting results
revealed that the R-CDs have the intrinsically antibacterial
activities. To test the accelerating antibacterial effect of PDT, we
fixed the incubation time at 15min and then irradiated the
bacterial suspensions by light (30mWcm™) for 5, 10, and
15 min, respectively. Virtually no colonies were found on solid
Luria broth agar plates after 15-min irradiation, which showed
that PDT could accelerate the killing of MRAB or MRSA com-
pletely (Fig. 2¢, d). In a drug-resistance simulation study, over
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Figure 1 Characterizations of R-CDs. (a) HRTEM image. (b) XRD pattern. (c) UV absorption spectrum. (d) XPS survey scan spectrum. (e) C 1s, (f) O 1s,
and (g) Br 3d high-resolution XPS spectra. (h) Decreasing absorbance of DPBF with R-CDs with increasing irradiation time (power density: 8§ mW cm™?).
(i) Linear fit of absorbance at 413 nm with DPBF, MB, and R-CDs under light irradiation (power density: 8 mW cm?).

nine cycles, similar antibacterial efficacy was documented
without resistance after treatment with R-CDs (Fig. S7). The
biocompatibility of R-CDs on normal cells (COS-7) was
checked. The imaging results of COS-7 cells confirmed that the
low toxicity of R-CDs was found only in the cytoplasm and did
not reach the nucleus, which provides a basis for its antibacterial
application in vivo (Fig. S8). Therefore, R-CDs could be used to
kill bacteria efficaciously.

We wished to ascertain if R-CDs or ROS could destroy the
integrity of the cell walls and cell membranes of bacteria. A live/
dead bacterial viability kit was used to stain treated bacteria
followed by CLSM [15,53,54]. Live bacterial cells showed a green
fluorescence signal. Dead bacterial cells were red owing to the
intact but damaged membrane [15]. The MRAB in the control
groups (PBS or light) maintained membrane integrity to give a
green fluorescence signal (Fig. 3a). However, >90% of bacteria
emitted a red fluorescence signal in the R-CDs group, and even
more under light irradiation [48]. Meanwhile, we used the
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fluorescent probe 2,7-dichlorodifluorescein diacetate to deter-
mine the total ROS within bacteria (which could emit green
fluorescence in the presence of ROS). Compared with other
groups, stronger green fluorescence due to ROS was observed in
bacteria incubated with R-CDs after light irradiation (Fig. S9).
These results further substantiated the enhanced antibacterial
efficiency of R-CDs under light irradiation.

In order to see if any changes in individual cell morphology
had occurred after various treatments, SEM was used to observe
the MRAB or MRSA cells. The morphology of MRAB or MRSA
in the control groups (PBS or light) showed clear edges and their
normal forms (full and round) were maintained (Fig. 3b). For
MRAB, lipopolysaccharide (LPS) was found covering the outer
membrane of the whole body. In contrast, after treatment with
R-CDs, LPS fell off the MRAB cell wall, indicating that the
bacteria cell was destroyed by R-CDs. Meanwhile, we also found
that the cell walls of bacteria collapsed and ruptured with dis-
appearance of the original shape after light irradiation. More-
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Figure 2 Antibacterial activity of R-CDs (30 ugmL™") in vitro. (a, c) The optimization of incubation (up) and irradiation time (down) by testing the survival
rate of MRAB and MRSA, respectively. (b, d) The bacterial survival of MRAB and MRSA after treatment with different conditions, respectively (590 nm,
30mW cm™). (I) Without light; (II) with light irradiation.
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Figure 3 (a) Live/dead MRAB bacterial viability test by confocal laser scanning microscopy (scale bar: 20 pm). (Calcein-AM: 2 mmol L™, Ao, = 488 nm, PI:
1.5mmol L}, Ay = 561 nm). (b) SEM images of MRAB and MRSA after treatment under different conditions.
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Figure 4 (a) 3D CLSM images of MRAB biofilms labeled by Calcein-AM (green fluorescence)/PI (red florescence) after different treatments (scale bar:
210 um). (b) Optical-microscopy photographs of CV staining of MRAB biofilms after treatment with various concentrations of R-CDs. (c¢) CV staining of
MRAB biofilms and relative biofilm biomass upon treatments. (d) Relative biofilm biomass after treatment with R-CDs or photoexcited R-CDs.

over, many holes appeared on the bacterial surface. These holes
punched by R-CDs would accelerate the permeation of 'O, into
the bacterial cytoplasm and cause further damage to MRAB or
MRSA.

Inhibition of biofilm formation and biofilm ablation in vitro

More than 60% of human infectious diseases are attributed to
bacterial biofilms, which contribute to their tolerance of anti-
biotic treatment [3,54]. Encouraged by the attractive anti-
bacterial activities of R-CDs, we extended antibacterial tests to
eliminate MRAB biofilms in vitro. Live/dead staining was used
to evaluate the antibiofilm ability of R-CDs using 3D CLSM.
MRAB biofilms presented many red fluorescence spots after
incubation with R-CDs or further treatment with light irradia-
tion (590 nm, 30 mW cm 2, 15min) (Fig. 4a), which suggested
effective penetration of R-CDs within MRAB biofilms. The latter
became thinner than those in control groups (PBS or light). In
addition, CV staining was employed to verify the inhibition and
elimination of MRAB biofilms. Under an increased concentra-
tion of R-CDs, the color of stained biofilms was obviously
lightened and biofilms were destroyed accordingly (Fig. 4b and
Fig. S10a), whereas the biofilms in the control group remained
intact and dense [15]. Moreover, under light irradiation, the R-
CDs-treated group exhibited excellent ablation effects on the
biofilms owing to the antibacterial action of PDT (Fig. 4b and
Fig. S10a). Quantitative analyses (Fig. 4c, d and Fig. S10b, c)
revealed that the biomass of biofilms under R-CDs treatment

decreased significantly by ~87% compared with that of the
control group. Therefore, R-CDs had considerable potential for
the use in MRAB treatment in vivo.

Wound healing and antibacterial activity of R-CDs in vivo
Inspired by the antibacterial activity and biofilm-eradication
activity of R-CDs in vitro, we employed antibacterial tests in vivo
using a mouse model with MRAB-infected skin wounds
(Fig. 5a).

After model building, the infected mice were separated ran-
domly into five groups (four mice per group) and treated under
various conditions (Fig. 5a, b). Monitoring of the healing pro-
cesses of wounds revealed that the rate of wound healing of
treatment groups III and IV (began to form a scab at 3rd day)
was much faster than that of control groups I, II, and V (at 7th
day) and nearly recovered in 9 days (Fig. 5b, d). After 9 days of
treatment, all infected skin tissues were harvested, and the
bacterial colonies were counted to quantify the antibacterial
efficacy of R-CDs. There were few colonies in groups III and IV,
whereas many bacterial colonies could be found in control
groups I, II, and V (Fig. 5¢). Besides, the bodyweight of treated
mice was measured, and showed little change while eliminating
MRAB biofilms effectively (Fig. 5e). Furthermore, we investi-
gated the safety of R-CDs in vivo through H&E staining of the
heart, spleen, liver, lung, and kidney from mice 9 days after
treatment. No significant inflammation in any major organ was
observed (Fig. 6), which suggested the excellent biocompatibility
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Figure 5 Antibacterial activity in vivo. (a) Model of wound infection on the back of mouse. (b) Time-dependent photographs of wound area on the mouse
back with different treatments (scale bar: 10 mm). (c) Photographs of bacterial colonies of the wound tissues from different groups 9 days after treatment.
(d) Relative wound area of different groups 9 days after treatment. (e) Changes in bodyweight during 9 days after different treatments ((I) PBS, (II) light, (III)

R-CDs, (IV) R-CDs + light, (V) polymyxin B).

Figure 6 The H&E staining images of major organs (heart, spleen, liver, lung and kidney) (scale bar: 100 pm).
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and safety of R-CDs.

CONCLUSIONS

We fabricated an antibacterial system that combined anti-
bacterial activity and antibacterial photodynamic activity to treat
MRAB-infected skin wounds. Importantly, the obtained red
emissive R-CDs could kill Gram-negative (MRAB) and Gram-
positive (MRSA) bacteria without microbial drug resistance.
When cultured with MRAB-induced biofilms, the ultrasmall-size
R-CDs could permeate the whole biofilm rapidly to decompose
the matrix of extracellular polymeric substances and kill MRAB
deep within the biofilm. Compared with polymyxin B, an in vivo
test demonstrated that R-CDs could promote healing in MRAB-
infected wounds without damaging the normal tissues of mice.
This work provides a promising strategy for the design and
construction of the next generation of agents to counter drug-
resistant bacteria.
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