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The development of nanomedicine for the treatment of infection caused by resistant bacteria, especially Gram-
negative bacteria, is still in the bottleneck. The long-term antibacterial activity and the low induced resistance
risk need improvement. Herein, guanidinium-based carbon dots (G-CDs) were prepared from citric acid, dime-
thyldiallylammonium chloride, and polyhexamethyleneguanidine through melting strategy. The antibacterial
properties of G-CDs against Gram-negative and resistant bacteria were investigated. G-CDs exhibit strong and
long-term antibacterial activity, as well as antibiofilm activity, with less potential for inducing bacterial resis-
tance. The antibacterial mechanism of G-CDs of the adsorption action and killing effect was elucidated, which
was different from the mechanism of antibiotics. Moreover, derived from the interacting mode of nanomaterials
and ssDNA, the enhanced ability of G-CDs against Gram-negative bacteria was studied based on the found
interaction of G-CDs and lipopolysaccharide (LPS) for the understanding of the mode for the absorption of G-CDs
on the cell wall of Gram-negative bacteria. The multimode interactions of van der Waals force, electrostatic
adsorption and hydrogen bonding were clarified. Furthermore, G-CDs had excellent in vivo safety and in vivo
therapeutic effects in E. coli-infected pneumonia through an intravenous approach. This study provides a hopeful
strategy for developing antibacterial drugs from understanding the interacting mode of the drug and the cell wall
of bacteria.

1. Introduction WHO published a list of priority pathogens that are resistant to antibi-

otics, most of which are Gram-negative (G™) bacteria [3]. Due to their

As COVID-19 rages on, the pandemic of antimicrobial resistance
(AMR) continues in the shadows [1]. AMR, which mainly occurs when
bacterial changes caused by the misuse and/or overuse of antibiotics,
results in a dramatic decrease in antibiotic effectiveness. The global
threat posed by AMR is acknowledged by the World Health Organization
(WHO) and the U.S. Centers for Disease Control and Prevention (CDC)
[2]. If left unchecked, the spread of AMR may induce more lethal bac-
terial pathogens in the future. Against this background, in 2018, the
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unique shielded structure by the outer membrane, most notably the
composition of lipopolysaccharide (LPS) [4-6], G~ bacteria are more
susceptible to drug resistance than Gram-positive (G') bacteria and
cause severe morbidity and mortality worldwide [7]. In populations
with weakened or underdeveloped immune systems, G~ bacteria can
result in serious and fatal infections, such as the hospital-acquired
pneumonia (HAP), urinary tract infections, and sepsis [8]. Currently,
infections caused by G~ bacteria have become one of the most
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challenging problems in clinical practice. Relatively, the pathogens of
HAP are prone to develop into drug-resistance G~ bacteria. In recent
years, chemical synthesis, exploitation of new kinds of antibiotic and
peptide synthesis have been developed to be potential antibacterial
drugs [9-12]. The exploration of alternative strategies for Gt bacteria
has achieved a gratifying posture [13-16]. Unfortunately, there is still a
paucity of alternative new therapeutic solutions that are effective
against G~ and drug-resistant bacteria. Most of the recently developed
antimicrobial drugs available exert their antimicrobial action mainly
through mechanisms similar to those of conventional antibiotics, leav-
ing the incidence of bacterial resistance unchecked. The lack of effective
antibiotics in reserve and the existence of irrational use of drugs warn us
that the development of new antibacterial approaches is urgent and
critical, especially for the weapon against G~ bacteria.

In the past decade, the rapid development of nanotechnology has
provided promising options for antimicrobial strategies. Recently,
different kinds of nanomaterials for medicine, including polymeric
nanoparticles, metallic nanoparticles, metal oxides, and carbon nano-
materials, have been designed and applied as bactericidal/bacteriostatic
agents [17-19]. Furthermore, active nanoparticles can also be hoped to
treat biofilm-associated infections through the fabrication of approaches
with enhanced permeability to matrix barriers [20,21]. Carbon dots,
zero-dimensional carbon-based fluorescent nanomaterial, have attrac-
ted increased attention in the biomedical fields because of their excellent
optical properties, biocompatibility, and adjustable bioactivities
[22-26]. Carbon dots can be optimized by the design of synthetic
methods and raw materials as well as the modification of
hetero-elemental doping and functional groups from source molecules
to achieve the modulation of the core structure and surface properties
for biomedical applications with specific target requirements. In recent
studies, several antimicrobial carbon dots, such as folic acid-derived
carbon dots (FA-CDs) [27], copper-doped carbon dots [28],
nitrogen-doped carbon quantum dots (NCQDs) [29], and quaternized
carbon dots [30], have been prepared using bottom-up strategies and
been developed to combat bacteria through a specific absorption
behavior and further killing effect after penetration.

In general, most of the antimicrobial carbon dots exhibit consider-
able activity against G bacteria and good therapeutic effect on G*
bacteria-infected wounds [27,29,31,32]. The antimicrobial properties of
carbon dots on G~ bacteria are barely satisfactory [27,33,34]. The main
reason for the current antibacterial carbon dots with enhanced ability to
G bacteria may be that the currently antimicrobial carbon dots acting
on bacteria is mainly through electrostatic or hydrophobic adsorption on
the bacterial surface with the following entry and the production of
antibacterial components (like reactive oxygen species, ROS) [35].
However, ascribed to the protective effect of the outer membrane of G~
bacteria, the electrostatic interaction or only one action may be weak-
ened on the cell wall of G~ bacteria [36]. A smaller number of active
nanoparticles can penetrate this barrier, and combat G~ bacteria.
Therefore, the hypothesis of the development of effective carbon dots
that enhance the absorption with bacteria, particularly G~ bacteria, with
specific components of the cell wall is expected to improve their activity
against G~ bacteria. In addition, it is known that the long-term stability
of the efficacy of nanomedicine is a significant aspect that affects the
ultimate clinical application prospect. However, the long-term stability
of many reported antimicrobial carbon dots or nanomaterials is still
unclear or has not investigated. Currently, the in vivo models of anti-
microbial carbon dots are mainly applied as external medicine through
administration approaches of coating or dropping [37,38]. Injection
therapy, especially for intravenous approaches, is the most important
and predominant mode of drug delivery in clinical and medical practice.
Yet it remains an open question as to whether injectable therapies are
effective modes of carbon dots in the intervention of bacterial infection
models.

The carbon dots prepared from bottom-up strategies using small
molecules can help the carbon dots retain the original functional groups
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of the introduced raw molecules, which are effective approaches to
produce carbon dots with some activities [39]. Citric acid is one of the
main raw molecules for the formation of carbon nucleus through
bottom-up synthetic strategies [40]. Quaternary ammonium compounds
and guanidine compounds have long chain groups, positive charges and
the nitrogen sources for doping. As raw materials, the quaternary
ammonium, guanidine, and long chain groups are expected to be kept in
the prepared carbon dots, which may promote the interaction between
carbon dots and bacteria due to the retention groups [41,42]. In this
study, we have designed and synthesized the broad-spectrum antibac-
terial guanidinium carbon dots (G-CDs) based on the clinical concerns of
antibacterial drugs of long-term stable activity and none detectable
resistance (Scheme 1). G-CDs are prepared from citric acid, quaternary
ammonium compounds (dimethyldiallylammonium chloride, DDA) and
guanidine compounds (polyhexamethyleneguanidine, PHMG) by
melting method. The antimicrobial performance studies exhibit that
G-CDs have powerful activity against G~ bacteria, clinically resistant
bacteria, and have anti-biofilm activity. At the same time, G-CDs show
stable antibacterial properties even after long-term storage. In addition,
studies on the antibacterial mechanism of G-CDs suggest that G-CDs
enhance adsorption on the surface of G~ bacteria through van der Waals
(vdW) forces, electrostatic attraction, and hydrogen bonding, thus
leading to bacterial death by disrupting bacterial cell membranes, pro-
ducing ROS and binding bacterial DNA. More importantly, unlike the
problem of bacterial resistance due to the long-term migration of con-
ventional antibiotics, since G-CDs can inhibit the activity of the bacterial
efflux pump by suppressing bacterial ATP levels, G-CDs fight
drug-resistant bacteria without causing new resistance. Systematic
studies of the biosafety of G-CDs in vitro and in vivo confirm that G-CDs
are generally safe for antimicrobial use. In further, intravenous admin-
istration of G-CDs also exhibits excellent in vivo therapeutic efficacy
against E. coli-infected pneumonia. Overall, the availability of such
stable G-CDs with excellent antimicrobial properties, the in-depth study
of antimicrobial mechanisms, and the attempt to use injection therapy
for in vivo interventions, establish a vision for the development of carbon
dots to achieve clinical application prospects in the antimicrobial field.

2. Experimental part
2.1. Reagents and apparatus

Anhydrous citric acid (CA), dimethyldiallylammonium chloride
(DDA), and 2',7"-dichlorodihydrofluorescein diacetate (DCFH-DA) were
purchased from Shanghai Aladdin Bio-chem Technology Co., LTD
(China). Polyhexamethyleneguanidine hydrochloride (PHMG), levo-
floxacin, and glacial acetic acid were purchased from Shanghai Macklin
Biochemical CO., LTD (China). Mueller-Hinton (MH) broth and nutrient
agar (NA) were purchased from Qingdao Hi-tech Industrial Park Hope
Bio-technology Co., LTD (China). Fetal bovine serum was purchased
from Gibco Life Technologies (USA). Rabbit serum and 0.1% crystalline
violet staining solution were purchased from Beijing Solarbio Scien-
ce&Technology Co., LTD (China). Trypsin, Proteinase K, and Endopep-
tidase K were purchased from Sangon Biotech (Shanghai) Co., LTD
(China). The BCA kit was purchased from Beijing Zoman Biotechnology
Co., LTD (China). LPS from E. coli 0111:B4 was purchased from Sigma-
Aldrich (USA). The CCK-8 kit was purchased from the Dojindo Labora-
tories (Japan). The Mouse TNF-a ELISA Kit and Mouse IL-6 ELISA Kit
were purchased from Elabscience Biotechnology Co. LTD (Wuhan,
China). FAM-labeled single random sequence DNA with 22 bases (F-
DNA) was synthesized and obtained from Takara Biotechnology Co., Ltd
(Dalian, China). The standard strains used in this work were purchased
from Shanghai Luwei Technology Co. LTD (China). All aqueous solu-
tions used are prepared from ultrapure water. All reagents are used
directly without any purification.

Fluorescence spectra were recorded on a Cary Eclipse fluorescence
spectrophotometer (Agilent Technologies, USA). Ultraviolet-visible
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Scheme 1. Schematic illustration of the synthesis of G-CDs, the antibacterial mechanism and the in vivo treating of infected pneumonia.

(UV-vis) absorption spectra were measured on a UV-2450 UV-visible
spectrophotometer (Shimadzu Corporation, Japan). Fourier Transform
Infrared Spectroscopy (FTIR) was collected using a NICOLET iS50
Infrared Spectroscopy (Thermo Fisher Scientific, USA). Transmission
electron microscopy (TEM) images were performed on a FEI Talos F200S
(Thermo Fisher Scientific, USA). The absorbance was recorded on a
Multiskan GO Microplate Reader (Thermo Fisher Scientific, USA).
Confocal laser scanning images (CLSM) were acquired on Leica SP5
(Leica, Germany).

2.2. Preparation of G-CDs

In a round bottom flask, 0.2 g of CA was heated at 150 °C with
stirring. After the CA was completely melted, 2 ml of DDA (60% aqueous
solution) was added and the reaction was continued for another 150
min. After the addition of 1 ml 0.1 g/ml PHMG, the reaction was
continued for 60 min at 170 °C. After the reaction solution in the flask
was cooled, the product was dialyzed (500-1000 D) in 1000 ml deion-
ised water. Change the deionised water every 2 h for 48 h. Finally, the
liquid in the dialysis bag was freeze-dried to obtain solid G-CDs and
stored at 4 °C for further study.

2.3. Bacterial culture and preparation of bacterial solutions

All the test bacteria were inoculated on agar plates by the plate
scribing method and incubated at 37 °C to obtain single colonies, which
were inoculated in sterilized saline (0.9% NaCl solution) to obtain a
bacterial suspension. The turbidity of the bacterial suspension was
measured and adjusted to 0.5 to obtain a bacterial suspension of 1.5 x
108 CFU/ml using a Mackenzie turbidimeter.

2.4. In vitro antibacterial experiments of G-CDs

Constant broth dilution experiment: Several sterile tubes were
numbered sequentially and MH broth containing different concentra-
tions of G-CDs was obtained by multiplicative dilution. One ml of the
above MH broth and 1 ml of 1.5 x 10° CFU/ml bacterial suspension
were added to each tube. A negative control (2 ml of blank broth) and a
positive control (1 ml of blank broth plus 1 ml of 1.5 x 10° CFU/ml

bacterial suspension) were set up. Finally, after incubation at 37 °C for
24 h, the lowest concentration tube with no bacterial growth was
visually determined as the MIC of G-CDs on the test organisms.

Determination of the inhibition curve: the experiment was carried
out as the constant broth dilution method to the incubation stage, 200 pl
of suspension was taken in 96-well plates at 2 h intervals and ODggg
values were measured immediately with a Microplate Reader, after 24 h,
samples were taken and measured at 12 h intervals until the end of 48 h.
The inhibition curve was plotted using the ODggo value as the vertical
coordinate and time as the horizontal coordinate.

Evaluation of the stability of antibacterial properties: the MIC of the
aqueous G-CDs solution was evaluated after storage at 4 °C for 1, 7, 14,
30, 60, 90, 120, 150, 180, 240 and 360 days according to a constant
broth dilution assay. In addition, the aqueous solutions of G-CDs were
subjected to continuous irradiation with a UV lamp (365 nm) for 2 h,
water bath at 80 °C for 10 h, or incubation with the proteases of Trypsin,
Proteinase K, and Endopeptidase K (final concentration of 10 mg/ml) at
37 °C for 8 h, respectively. And the MIC values of the above-treatment G-
CDs were tested. The stability of G-CDs in serum was evaluated by
measuring the antibacterial activity of G-CDs in MH broth containing
50% fetal bovine serum and 50% rabbit serum.

2.5. The anti-biofilm assay of G-CDs

Evaluation of the inhibition ability of G-CDs to the production of
biofilm: 50 pl of 1.5 x 10® CFU/ml bacterial suspension and 50 pl of
different concentrations of G-CDs solution were added to a 96-well plate.
After incubation at 37 °C for 48 h, the plate with the discarded sus-
pensions was washed three times with PBS. Then, each of the wells in the
plate were fixed in methanol for 15 min, stained with 0.1% crystal violet
for 15 min, and washed with PBS three times. Lastly, the stained layer
was dissolved in 33% glacial acetic acid solution for the measurement of
the ODsgy.

Evaluation of the elimination effect of G-CDs on the mature biofilms:
After the incubation of 100 pl of 1.5 x 108 CFU/ml bacterial suspension
in a 96-well plate for 48 h, the suspensions were discarded and washed
three times with PBS. Then, different concentrations of G-CDs were
added for further incubation at 37 °C for 24 h. The residual biofilms
were quantified by crystalline violet staining. Furthermore, the dyes of
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SYTO 9/PI were applied to evaluate the elimination effect of G-CDs on
the mature biofilms using CLSM. The experiment was repeated in a
confocal dish for the later staining. The three types of bacteria were
cultured in tryptic soy broth (TSB) medium at 37 °C for 72 h. The sus-
pensions were discarded and washed three times with saline. Then, 320
pg/ml G-CDs were added for further incubation at 37 °C for 24 h. After
washing with saline, the bacterial biofilms were stained with SYTO 9
and PI, and washed again with saline, then 3D and 2D images of bac-
terial biofilms before and after the action of G-CDs were observed by
applying CLSM.

2.6. Live/dead bacteria staining test

One ml of 1.5 x 10® CFU/ml suspension was added to 1 ml of MH
broth and incubated overnight at 37 °C, then 1 ml of G-CDs solution or
saline was added and incubated for 4 h at 37 °C. The incubation solution
was centrifuged at 3000 rpm for 15 min and washed three times with
saline. After adding PI (final concentration of 10 pg/ml) for 15 min and
DAPI (final concentration of 5 pg/ml) for 5 min, the bacteria were
washed three times with saline and dispersed in saline. Then, the
staining of bacteria with/without G-CDs was observed by CLSM.

2.7. Membrane depolarization assay

Bacterial cells were washed and resuspended to obtain an ODggg of
0.5 with saline. The 3,3-dipropylthiadicarbocyanine iodide (DiSC3(5))
of the final concentration of 0.5 x 10~% M was added. After incubation at
room temperature, the fluorescence intensity was measured with exci-
tation wavelength at 622 nm and emission wavelength at 670 nm with
an interval of 10 min for 30 min. After 30 min, G-CDs or saline was
injected. The fluorescence intensity of bacterial suspensions in the
presence G-CDs or saline was measured with an interval of 10 min for 30
min. Enhanced fluorescence intensity of bacterial suspensions is posi-
tively correlated with the dissipated membrane potential.

2.8. Extracellular protein concentration assay

The colonies were dispersed in MH broth and incubated overnight at
37 °C. After centrifugation at 3000 rpm for 15 min, the precipitate was
washed three times with saline. Then the bacterial suspension was
dispersed in saline to be with the control of ODggg = 0.5. One hundred pl
of different concentrations of G-CDs were added to 900 pl of bacterial
suspension and incubated at 37 °C for 4 h. After centrifugation at 8000
rpm for 5 min, the 100 pl of supernatant was collected and the extra-
cellular protein concentration was quantified according to the procedure
of the BCA Kkit.

2.9. Measurement of ROS in bacteria

One ml of G-CDs solution or saline was added to 1 ml of 1.5 x 10%
CFU/ml bacterial suspension and incubated for 2 h at 37 °C. Then, the
solution was centrifuged at 3000 rpm for 15 min and washed three times
with saline for the further incubation of 2/,7'-dichlorodifluorofluorescein
diacetate (DCFH-DA, final concentration of 10 pM) for 20 min at 37 °C.
The ROS production of bacteria with/without G-CDs was monitored
using a fluorescence spectrophotometer and CLSM.

2.10. Evaluation of the interaction of G-CDs with DNA

One hundred pl of different concentrations of G-CDs were added to
100 pl of PBS buffer containing F-DNA (final concentration of 50 nM),
respectively. After incubation for 10 min at room temperature in dark,
the fluorescence spectra of FAM were monitored for the evaluation of
fluorescence quenching efficiency (Fo—F/Fo). F and Fy are the fluores-
cence intensities of DNA at 520 nm in the presence or absence of G-CDs,
respectively.
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2.11. The influence of LPS and metal cations on the MIC of G-CDs

One ml of different concentrations of LPS or KCl, MgCl,, ZnCl,, and
CaCly solutions (final concentration of 50 pg/ml) were added to each
grouped tube containing different concentrations of G-CDs, respectively.
The MIC of incubated G-CDs against E. coli was tested according to the
constant broth dilution method.

2.12. The absorption of LPS on G-CDs

One hundred pl of G-CDs solution (final concentration of 10 pg/ml)
was added to 100 pl of PBS containing F-DNA (final concentration of
100 nM). After incubation at room temperature in dark for 10 min, the
system of G-CDs and F-DNA was divided into two tubes. One hundred pl
of this system was added to 100 pl of different concentrations of LPS, and
another divided system was diluted using 100 pl PBS. The reaction was
carried out for 10 min at room temperature in dark. The fluorescence
emission spectra were measured exciting at 488 nm using a fluorescence
spectrophotometer and the desorption rates were calculated.

2.13. Examination of the interaction of G-CDs with DNA

The quenching system solution was obtained according to the
experimental method in 2.12. After the addition of 100 pl of PBS buffer
into the 100 pl of the quenching system, the fluorescence of this reaction
system was monitored continuously for 5 min. Correspondingly, another
100 pl of the quenching system was added with 100 pl denaturants of 3
M NaCl or 10 mM sodium pyrophosphate or 1 mM adenosine or 5 M urea
or 0.01% SDS or 0.01% CTAB or 0.01% Triton X-100 or 0.01% Tween-80
or 50% DMSO for the immediate monitor of the fluorescence in the
continuous 55 min. And the desorption rate (F/F;) was calculated. F and
Fy are the fluorescence intensities of DNA at 520 nm in the presence or
absence of denaturants, respectively.

2.14. Evaluation of resistance of bacteria to G-CDs

On the basis of the constant broth dilution experiment, the drug
resistance assessment was performed according to previous work [43].
First, the initial MIC of G-CDs against E. coli, S. aureus and MRSA were
obtained by the constant broth dilution experiment. Then, the suspen-
sion of the sub-MIC tubes was spread on an agar medium and incubated
at 37 °C. The bacteria obtained from the incubation were prepared in
saline in a new bacterial dilution (about 1.5 x 10® CFU/ml) and used in
the next MIC detection. Repeated the steps and record the MIC until the
MIC at day 30 was obtained and compared with the initial MIC to
determine the development of drug resistance.

2.15. Effect of G-CDs on bacterial ATP levels

Bacterial cells were washed and resuspended to obtain an ODggg of
0.5 with saline. After treating by various concentrations of G-CDs for 4 h,
bacterial cultures were centrifuged at 3000 rpm for 15 min, and the
supernatant was applied for ATP levels testing using ATP assay Kkit.

2.16. Effect of G-CDs on bacterial efflux pumps

Bacterial cells were washed and resuspended to obtain an ODggg of
0.5 with MH broth. Ethidium bromide (EtBr) with the final concentra-
tion of 5 pM was added to the suspension, followed by Carbonyl cyanide
3-chlorophenylhydrazone (CCCP, 100 pM), G-CDs and MH broth,
respectively. After incubation at 37 °C, the fluorescence intensity was
measured with excitation wavelength at 300 nm and emission wave-
length at 600 nm with an interval of 10 min for 60 min. And the fluo-
rescence intensity change values (/\A\F—=F-F,) were calculated. F and Fy
are the fluorescence intensity of the suspension at the present and initial
moments, respectively.
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2.17. Hemolysis test of G-CDs

With the consent of the healthy volunteers, human blood samples
were obtained from the 900th Hospital of Joint Logistics Support Forces
of the Chinese PLA.

The blood was centrifuged at 1500 rpm for 15 min, the red blood
cells were collected and dispersed in 1 ml of saline. After washing, 4%
red blood cell dispersion in saline was prepared. Then, 750 pl of red
blood cell dispersion was mixed with 750 pl of saline containing
different concentrations of G-CDs. After incubation at 37 °C for 3 h, the
supernatant from the centrifugation at 12000 rpm for 15 min was
applied to determine the ODs4p for the calculation of the hemolysis rate.
The pure saline and water were applied as negative control group and
positive control group according to the parallel operation, respectively.

2.18. In vitro cytotoxicity assay of G-CDs

Both BEAS-2b cells and Hacat cells were cultured in RPMI Medium
1640 medium containing 10% (v/v) fetal bovine serum and 1% (v/v)
penicillin at 37 °C and 5% CO,. After 24 h of incubation in 96-well
plates, cells were added to culture medium containing different con-
centrations of G-CDs for the advanced incubation for 6, 12 or 24 h. The
liquid in the plates was replaced with medium containing 10% CCK-8
and incubated for 2 h, and the ODys5¢ values were measured for the
calculation of the cell viability.

2.19. Invivo safety evaluation of G-CDs

The in vivo experiments were approved by the Experimental Animal
Ethics Committee of Fujian Medical University and operated in accor-
dance with the Guide to Animal Experiments (Ethical number: IACUC
FJMU 2022-0009). All clean-grade ICR mice (“mice”) were purchased
from the Laboratory Animal Center of Fujian Medical University (Pro-
duction License No.: SCXK (Fujian) 2016-0002).

Healthy mice were intravenously administrated with saline and G-
CDs of different concentrations (50, 500, and 2000 pg/ml) once daily at
a dose of 0.1 ml/10 g according to their body weight. After the
continuous administration of 14 d, the rats from the different groups
were applied to blood biochemical analysis (AST, ALT, CREA, BUN, and
UA) and pathological analysis. Moreover, the other rats were also
applied to the same blood and pathological evaluation after the 7-day
rest after the 14-day continuous administration.

2.20. Evaluation of the in vivo antibacterial activity of G-CDs in a mouse
pneumonia model of E. coli infection

To simulate HAP caused by G~ bacteria, a mouse pneumonia model
of E. coli infection was developed. Twenty-four 20 + 3 g mice were
randomly divided into 4 groups. The healthy group was fed normally.
One hundred-twenty pl of E. coli suspension (6 x 10%® CFU/ml) was
dropped into the nasal cavity of other rats in 6 doses. One day later, the
experimental group (G-CDs) and positive control group (levofloxacin)
were treated with G-CDs solution (500 pg/ml) and levofloxacin solution
(50 pg/ml) by intravenous injections (IV) at a dose of 0.1 ml/10 g,
respectively. The negative control group was given the same dose of
saline. After one day of the intervention, the blood was obtained for
blood routine analysis (WBC and NEUT). One hundred pl homogenate of
the lung was spread on a plate and incubated at 37 °C for 24 h to
calculate the residual bacteria in the lung. And the TNF-a and IL-6 levels
of the homogenate were detected through ELISA. Additionally, the
pathological evaluation of rat’s lung from different groups was carried
out using hematoxylin and eosin (H&E) staining and immunohisto-
chemical analysis.
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2.21. Statistical analysis

All experiments in this work were repeated three times, and the data
were expressed as mean =+ standard deviation (SD). Statistical compar-
isons were analyzed by One-way ANOVA Tukey’s multiple comparisons
tests using Graph Pad Prism 8 [(ns) not significant, P > 0.05, *P < 0.05,
**P < 0.01, ***P < 0.001, and****P < 0.0001].

3. Results
3.1. Characterization of G-CDs

A simple two-step thermal decomposition method was developed to
prepare G-CDs (Fig. 1A). The water contact angle of G-CDs was
measured to be 28.94 + 0.5° (Fig. 1B), indicating the hydrophilicity of
G-CDs. The morphology of G-CDs studied in TEM (Fig. 1C) shows that
the G-CDs are quasi-spherical particles with good dispersion and ho-
mogeneity. The average size of G-CDs is 2.38 nm. High-resolution TEM
suggests that the lattice spacing of G-CDs is 0.24 nm, which is consistent
with the interlayer spacing of graphitic carbon [44]. The optical prop-
erties of G-CDs were investigated. As shown in Fig. 1D, the UV-vis ab-
sorption spectrum of G-CDs illustrates an absorption peak and a shoulder
peak at 230 nm and 310 nm, respectively, which are attributed to the
n—n* and n—x* transitions of G-CDs [45]. The G-CDs dispersion appears
as a yellow transparent liquid in the visible light and blue illustration
excited by UV. The G-CDs exhibit a fluorescence emission spectrum with
a maximum emission of 393 nm at an optimal excitation of 310 nm.
Fig. 1E shows that G-CDs have an excitation-dependent property in the
excitation range from 280 to 370 nm. And the emission peaks gradually
red-shift with gradually increased excitation wavelengths.

The functional groups of G-CDs were analyzed. As shown in the FTIR
spectra (Fig. 1F), the absorption peaks of DDA at 3023 cm™! and 2977
ecm™! are attributed to the asymmetric stretching vibration (V®) and
symmetric stretching vibration (V®) of the C-H, respectively [46]. Using
DDA as the feedstock, the asymmetric stretching vibrations (V*) and
symmetric stretching vibrations (V®) of the C-H at 3019 cm ! and 2972
cm ! are found in the FTIR of G-CDs, indicating the presence of alkane
chains. The absorption peaks of DDA and G-CDs at 1476 cm ™! are
attributed to the bending vibration (8) in the shear plane of the C-H
attached to -N1(CHs3) 5 [47], indicating the presence of quaternary
ammonium. The absorption peaks of PHMG at 1620 cm ™! and G-CDs at
1632 cm ™! are both attributed to the bending vibration (8) of the N-H of
the guanidinium group [48]. Moreover, the absorption peaks of PHMG
at 1356 cm ! and G-CDs at 1365 cm ! are attributed to C-N single bond
stretching vibrations (V) in the guanidine group [49]. The kept peaks of
the guanidinium group in G-CDs confirm the successful guanidinylation
of G-CDs. In addition, the absorption peaks of G-CDs at 959 em ! and
881 cm ! may be generated by the stretching vibrations (V) of the bonds
of C-C and C-O, respectively.

Meanwhile, XPS was applied to evaluate the elemental composition
and functional groups of G-CDs. Full-wavelength XPS mapping of G-CDs
(Fig. 1G) shows the three main typical peaks attributed to Cls (284.91
eV), N1s (401.86 eV), and Ols (531.57 eV) with the atomic contents of
80.32%, 9.88%, and 9.8%, respectively. The four fitting bands of the
high-resolution Cl1s spectra (Fig. 1H) are attributed to C-C (284.6 eV),
C-N (285.7 eV), C-O (286.3 eV), and C=N (287.8 eV), respectively
[50]. Three binding energies of the high-resolution N1s spectra (Fig. 1I)
can be found at 399.4 eV, 401.7 eV, and 402.2 eV, which are assigned to
C=NH3, (C-NHJ) and positively charged quaternary ammonium
(-N*(CH3)3) [51,52]. In addition, the high-resolution peak of O-C
(Fig. 1J) at 531.57 eV is obtained at the fitted spectrum of O1s [53]. The
chemical structure of G-CDs was further characterized using NMR. The
peak signals between 20 and 100 ppm in the *C NMR spectrum (Fig. 1K)
are ascribed to C-C, C-N, and C-O sp3 hybridized aliphatic C atoms.
While the peaks between 100 and 140 ppm are assigned to C=N sp>
hybridized C atoms [54]. 1 NMR spectrum (Fig. 1L) shows that G-CDs
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exhibit peaks corresponding to aliphatic hydrogens at 1-2 ppm, and
those at 2-4 ppm could be attributed to specific functional groups of
CH-N and N-H. The large resonance at 4.69 ppm is corresponding to the
O-H group, which may be from D,0. The NMR spectra prove that G-CDs
have a hybrid structure including sp? and sp® carbon atoms. Overall, the
results of FTIR, XPS, and NMR infer that the N doping effect, the bonds
of C-C, C-0, and C=0, quaternary ammonium group, and guanidine are
mainly present in G-CDs.

3.2. In vitro antibacterial properties of G-CDs

The effects of G-CDs on E. coli (ATCC25922), S. marcescens (CMCC(B)
41002), Salmonella paratyphi B (CMCC(B)50094), S. aureus (ATCC6538),
MRSA (ATCC43300), E. faecalis (ATCC29212), S. epidermidis
(ATCC12228) and L. monocytogenes (ATCC19115) were evaluated
through the constant broth dilution test. As shown in Table S1, the MIC
values of G-CDs to the eight common bacteria suggest the strong and
broad-spectrum antibacterial activity of G-CDs. The MIC of G-CDs for
S. epidermidis and L. monocytogenes are 2.5 pg/ml, and for S. aureus and
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MRSA are both 5 pg/ml. And G-CDs have a MIC of 10 pg/ml against
E. coli and S. marcescent. G-CDs demonstrate slightly stronger inhibition
against G* bacteria than G~ bacteria, and also retain the same strong
antibacterial activity against drug-resistant strains. The MIC values of G-
CDs on nine resistant strains of bacteria isolated from the clinic were also
measured by the constant broth dilution test. As shown in Table S2,
using the inhibition ability of G-CDs against the standard strains as a
comparison, the MIC values of G-CDs against the above nine clinically
resistant bacteria are the same as those of the corresponding positive and
negative bacteria, indicating that G-CDs still have superior antimicrobial
activity against clinically resistant bacteria, and predicting the feasi-
bility of the application of G-CDs in clinical infections caused by drug-
resistant bacteria.

Using E. coli, S. aureus, and MRSA as model bacteria, the ODggg
values of broth after the action of different concentrations of G-CDs on
bacteria at different periods were measured. As shown in Fig. S2, the
ODgg values of the three bacterial broths in the blank group (Control)
were small at the initial 4 h, indicating the weak growth of the three
bacteria at the inception phase. Then, the exponentially increased ODggg
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values implied that the bacteria were proliferating rapidly after more
than 4 h. According to the MIC values of G-CDs, different concentrations
of G-CDs were set to investigate the inhibitory effects of G-CDs on
different bacteria. When the concentration of G-CDs is lower than MIC,
the time points at which the ODggq values of the three bacteria appeared
to increase within 24 h are delayed with the increase of G-CDs (Fig. S2).
Although it shows a similar regular with the blank group after 24 h, the
ODgpo values decrease with the increase of G-CDs, indicating that G-CDs
with sub-MIC concentrations could play a certain degree of inhibition
against the selected bacteria. In contrast, G-CDs at the MIC show strong
inhibition on the three bacteria within 48 h, indicating that G-CDs have
good broad-spectrum antibacterial activity and show concentration-
dependent behavior.

Besides the evaluation of MIC, the long-term antimicrobial stability
of G-CDs is a significant and prerequisite performance index for possible
clinical applications based on the real preservation requirement.
Although the long-term antimicrobial performance of antimicrobial
nanomaterials was evaluated in some studies (e.g. Table S3), the long-
term stability of the antimicrobial properties of many reported antimi-
crobial carbon dots or nanomaterials are unclear. The maintenance of
the antimicrobial activity of G-CDs after prolonged storage was inves-
tigated against E. coli, S. aureus, and MRSA, as shown in Fig. 2. In the 360
days of storage, the MIC values of G-CDs remain unchanged since the
initial period, indicating the excellent long-term stability of antibacterial
performance. In addition, considering the complexity of the external
environment as well as the in vivo condition, the stability of the anti-
microbial properties of G-CDs in different ambient conditions was
assessed. As shown in Fig. S3, G-CDs exhibit stable antibacterial activity
under continuous UV irradiation (365 nm) and high temperature.
Moreover, the antimicrobial activity of G-CDs is almost kept under the
interference of 50% fetal bovine serum (FBS) or 50% rabbit serum, and
even after co-incubation with trypsin, protease K and recombinant
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protease K, respectively. The stable antimicrobial property of G-CDs in
long-term storage and possible interfering conditions illustrates the ex-
pected and acceptable antimicrobial agent for real applications.

3.3. In vitro anti-biofilm property of G-CDs

It has been reported that 80% of bacteria can develop to produce
biofilms by adhering to certain carrier surfaces to form microflora
containing colonized bacteria [55]. The production of biofilms is one of
the terrible triggers for the development of bacterial resistance, and
bacteria that form biofilms are 10-1000 times more resistant to anti-
bacterial drugs than planktonic bacteria [56,57]. The inhibition ability
of G-CDs on the biofilm formation and the eradication property of G-CDs
on the formed biofilm were systematically evaluated. After
co-incubation of different concentrations of G-CDs with E. coli, S. aureus,
and MRSA for 48 h, the production rates of bacterial biofilm were
compared with the group without G-CDs, as shown in Fig. 3A-C.
Increased contents of G-CDs induce decreased biofilm production. When
incubated with 20 pg/ml G-CDs, the rate of E. coli biofilm decreases to
about 43%, and the rate of S. aureus and MRSA biofilm are almost zero.
When the concentration of G-CDs reaches 40 pg/ml, the production of
E. coli biofilm is almost completely inhibited, indicating the excellent
inhibition ability of G-CDs to the production of biofilm (Fig. 3A-C). The
performance of G-CDs in eliminating bacterial mature biofilms was
evaluated. As shown in Fig. 3D-F, all of the formed biofilms are grad-
ually disrupted with increasing concentrations of G-CDs. When the
concentration of G-CDs is 40 pg/ml, up to 93% of E. coli mature biofilms
are eradicated. And the 40 pg/ml G-CDs can destruct about 60% of both
S. aureus and MRSA biofilms. Moreover, less than 23% of both S. aureus
and MRSA biofilms are residual with the introduction of 320 pg/ml
G-CDs. In addition, the disrupting ability of G-CDs to mature biofilms
was investigated using SYTO 9 and PI. SYTO 9 can permeate the cell
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membranes and label all bacteria with green fluorescence, while PI can
specifically stain dead bacterial cells with red emitting. As shown in
Fig. S4, untreated bacterial biofilms exhibit bright green fluorescence
signals but little red emission. The integrity of bacterial biofilms with
G-CDs were destroyed with the distinctive red fluorescent signals
(Fig. S4). The thickness of the biofilms was significantly reduced, indi-
cating the death of a large number of bacteria and the destruction of
mature biofilms. G-CDs possess small nano size, positive charges
conferred by quaternary ammonium and guanidine groups, and hydro-
philicity, enabling them to interact and fuse with biofilms. These
properties facilitate the entry of G-CDs into the basal layer of biofilms
and contribute to the disruption of bacterial biofilms [58-61]. The
phenomenon observed by CLSM is consistent with the results of crys-
talline violet staining, which further demonstrate that G-CDs have
antibacterial efficacy against planktonic bacteria and colonized
bacteria.

3.4. Antibacterial mechanism of G-CDs

E. coli, S. aureus, and MRSA were used as representatives of G, G,
and drug-resistant bacteria to study the antibacterial mechanisms of G-
CDs, respectively. First, the state of the live/dead bacteria before and
after the action of G-CDs was evaluated by the staining of DAPI/PI, as
shown in Fig. 4A. Little red fluorescence but full of blue staining is
observed in the untreated bacteria. However, after the action of G-CDs,
the bacteria show intense red fluorescence but a weakened blue illus-
tration, indicating G-CDs alter bacterial cell membrane permeability and
lead to massive bacterial death, which implies the effective killing effect
of G-CDs on bacteria. Furthermore, the action of G-CDs on the bacterial
structure was initially investigated by SEM, as shown in Fig. 4A. The
untreated bacteria show an intact and smooth cell membrane. The cell
wall and cell membrane of the bacteria were significantly wrinkled or
even ruptured after the interaction with G-CDs, and even the cell con-
tents were disintegrated and leaked. The effect of G-CDs on bacterial
membrane potential was further assessed using DiSC3(5) as a membrane
potential sensitive probe that aggregates within the phospholipid
bilayer. When the membrane is depolarized, the membrane potential is
lost with the increased fluorescence in solution from the released DiSC3
(5). As shown in Fig. 4B-D, DiSC3(5) interacts with bacteria and accu-
mulates in the bacterial cell membrane with a weak fluorescence in
solution. At the 30th min, the addition of G-CDs/saline (Control) showed
no significant change in the fluorescence of the control group. However,
the addition of G-CDs causes an obvious increase in the fluorescence
intensity of all three bacterial fluids and further increased with the
duration of action, indicating the loss of bacterial membrane potential,
suggesting that bacteria undergo depolarization after G-CDs treatment.
The extracellular protein concentrations of the three bacteria after
interaction with different concentrations of G-CDs were determined
using a protein quantification method (Fig. 4E-G). The extracellular
protein concentrations of all three bacteria gradually increase with the
increase of G-CDs, showing a certain concentration dependence, which
is in accord with the inhibition exhibition of G-CDs (Fig. S2). These re-
sults indicate that G-CDs can cause damaging effects containing depo-
larization of bacterial cell membranes to bacteria, and then lead to the
leakage of cytoplasmic components and the disruption of bacterial cell
walls and cell membrane integrity.

The action of the antimicrobial agent with the bacterium is the key to
its antimicrobial activity [62]. Correspondingly, the possible production
of intracellular ROS was initially evaluated using DCFH-DA as a probe.
As shown in Fig. S5, DCFH-DA shows weak fluorescence centered at 525
nm after interacting with G-CDs, E. coli, S. aureus, and MRSA alone.
When G-CDs interacted with bacteria, the incubated DCFH-DA produces
obvious fluorescence at 525 nm, indicating that the absorption of G-CDs
in bacteria could produce ROS. The fluorescence intensities detected in
S. aureus and MRSA after interaction with the same concentration of
G-CDs are higher than that in E. coli, indicating that the same content of
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G-CDs causes more ROS in S. aureus and MRSA than that in E. coli. The
different degrees of inspired ROS may be one of the key reasons for the
different antibacterial activities of G-CDs against various types of bac-
teria. Meanwhile, CLSM images (Fig. S6) visualize the production of
green fluorescence of 2/,7-Dichlorofluorescein (DCF) caused by the
formation of intracellular ROS before and after the action of G-CDs using
DCFH-DA as a probe [43]. It shows that G-CDs can penetrate and pro-
mote ROS production in the bacterial cells to play a killing effect on the
bacterium. Furthermore, considering the potential destructiveness of
generated ROS to common cells, the possible amount of ROS generated
by G-CDs and cells was investigated. Using Hacat cells as a representa-
tive, the same dose of G-CDs induces almost little green fluorescence in
the cells (Fig. S7), indicating that G-CDs do not cause excessive ROS in
the cells. This result implies that G-CDs may interact differently with
bacteria and cells, which is a significant factor for the development of an
antimicrobial agent with strong antimicrobial activity and acceptable
biocompatibility.

Besides the production of ROS after the entering of G-CDs, the po-
tential interaction between G-CDs and DNA was also evaluated. Using F-
DNA as the model gene, the interaction between G-CDs and the intra-
cellular gene was carried out. As shown in Fig. S8A, F-DNA possesses a
high fluorescence intensity at 520 nm, however, the fluorescence of F-
DNA is gradually quenched with the addition of increased G-CDs.
Fig. S8B shows that the quenching degree of F-DNA can reach about 90%
after the addition of G-CDs at a concentration of 2 times the MIC, indi-
cating that G-CDs can effectively adsorb and interact with DNA. The
absorption and interaction of G-CDs to DNA will drastically induce the
conformation and even function of DNA [43,63]. In summary, the
antibacterial mechanism of G-CDs is mainly through the interaction and
penetration of G-CDs on bacterial cell walls and cell membranes, and the
further entry of G-CDs produces excessive ROS in bacteria and the
interfering of the gene. Such multiple interactions inhibit and even
combat the growth and reproduction of bacteria to the ultimate death of
bacteria.

G-CDs can effectively interact and combat G~ bacteria, which is
significantly enhanced compared with the reported antibacterial carbon
dots [33,34,64,65]. While the cell wall structure of G~ bacteria is very
different from that of G' bacteria, the antibacterial mechanism, espe-
cially for the absorption and interaction of G-CDs against G~ bacteria
may be different from that of G* bacteria. It has been validated that
enhancing the interaction between agents and bacteria and then being
swallowed by bacteria is an important way to improve the antibacterial
properties of agents [66]. The elucidation of the enhanced antibacterial
property of G-CDs against G~ bacteria was further carried out based on
the reinforced interaction of G-CDs and the membrane structure of G~
bacteria. Compared with the reported mainly electrostatic and hydro-
phobic actions of antibacterial carbon dots on G* bacteria, the inter-
acting modes of absorption between G-CDs and the cell wall of G~
bacteria were investigated.

First, the changed surface charge of the interaction of G-CDs and
bacteria was monitored. As shown in Fig. 5A, the Zeta potential of G-CDs
was tested to be +5.6 mV, indicating the positively charged surface. The
Zeta potentials of E. coli, S. aureus, and MRSA confirm the negative
charge of the bacterial cell membrane. While the Zeta potentials of all
three bacteria were positively shifted after interacting with G-CDs,
indicating that G-CDs can interact with the bacterial surface through
electrostatic interaction. However, the degree of the positive shift of the
Zeta potential of the interacting system of E. coli and G-CDs is signifi-
cantly lower than that of S. aureus and MRSA, suggesting that the
strength of the electrostatic interaction between G-CDs and E. coli is
weaker than that of S. aureus and MRSA. This is consistent with several
reported antibacterial nanomaterials about the acting mode mainly
through electrostatic interaction for the fact that the antibacterial ac-
tivity is better on G" bacteria than that on G~ bacteria [67,68].

Based on the fluorescent performance of G-CDs, the CLSM was
further applied to compare the adsorption performance of G-CDs on
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Fig. 4. Interaction of G-CDs with cell membranes of E. coli, S. aureus and MRSA. (A) CLSM images of Live/Dead-stained bacteria and SEM images. (B-D) The
monitoring of the Bacterial cell membrane potential levels using DiSC3(5) as probe. (E-G) Bacterial extracellular protein levels. [n = 3, (ns) not significant, P > 0.05,
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different bacterial surfaces. As shown in Fig. 5C, E. coli, S. aureus, and
MRSA show bright blue fluorescent illustrations with the introduction of
G-CDs, suggesting the absorption and staining of G-CDs on bacteria.
Meanwhile, the average fluorescence intensities of G-CDs adsorbed on
the three bacteria at the same concentration are very similar according
to the fluorescence quantification results (Fig. 5B), indicating that the

11

adsorption capacity of G-CDs on the three bacteria is close. The close
absorption activity of G-CDs against G~ bacteria and G* bacteria will
promote G-CDs to effectively engage with G~ bacteria like that of G*
bacteria. Compared with the stronger electrostatic interaction of G-CDs
and G' bacteria, there should be some other interaction forces in
addition to electrostatic interaction between G-CDs and G~ bacteria.
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The key difference in the outer membrane between G~ bacteria and
G' bacteria is that the G~ bacteria have a protective membrane layer
mainly composed of LPS. E. coli-derived LPS was applied as a model to
assess the role of G-CDs against the outer membrane of G~ bacteria. As
shown in Fig. 6A, the antibacterial activity of G-CDs against E. coli shows
a concentration-dependent inhibition by the added LPS, indicating that
the exogenously added LPS could compete with bacteria to bind G-CDs
[69]. The competition of LPS suggests that LPS reduces the binding of
G-CDs to the bacterial surface and thus weakens antibacterial activity,
which confirms the binding effect of G-CDs on G~ bacteria through the
LPS. Since the main component of lipid A in LPS can be neutralized by
divalent cation bridges through electrostatic interactions [70], the effect
of metal cations on the antibacterial activity of G-CDs was further
exploited to examine whether G-CDs can bind to the section of lipid A in
LPS. As shown in Fig. 6B, the presence of Ca>" causes significant inhi-
bition of the antibacterial activity. This result reveals that G-CDs might
compete with Ca®* for binding to lipid A, suggesting that G-CDs can
effectively bind to lipid A in the outer membrane LPS of G~ bacteria
besides electrostatic interaction, thereby enhancing surface interactions
with G bacteria. In addition, based on the ability of G-CDs to both bind
LPS and F-DNA, the quenching system of the absorbed F-DNA on G-CDs
was introduced to test whether the addition of LPS completes and de-
sorbs F-DNA from G-CDs [71,72]. As shown in Fig. 6C and D, the fluo-
rescence of F-DNA gradually recovers with increased LPS, indicating

A 20

Carbon 213 (2023) 118229

that the interaction of LPS on G-CDs is stronger to replace the absorbed
DNA [71,72]. The results have led to a deeper reflection and provided a
new way of thinking to further explore the interaction forces between
G-CDs and LPS. The interaction modes of G-CDs and LPS will infer the
possible interaction forces between G-CDs and the surface of G~ bacte-
ria. As the confirmed model of nanomaterials and ssDNA for the acting
forces of nanomaterials to biomolecular, the absorption system of G-CDs
and ssDNA was introduced for the studying of the interaction forces
between G-CDs and LPS [73-77]. The denaturants were introduced into
the absorption and quenching system of the complex of G-CDs and
F-DNA to displace DNA from G-CDs by monitoring the restored fluo-
rescence for the characterization of the interaction mode [73,76,78].
Each denaturant indicates correspondingly different types of intermo-
lecular force [73,76,78]. NaCl, sodium pyrophosphate, adenosine, urea,
and DMSO indicate the electrostatic attraction, phosphate backbone
adsorption, nuclei base adsorption, hydrogen bonding, and hydrophobic
interactions, respectively [79-81]. Meanwhile, SDS, CTAB, Triton
X-100, and Tween-80 as surfactants of different molecular weights are
indicated as the presence or absence of vdW forces. As shown in Fig. S9,
the introduction of 3 M NaCl causes over 80% of the DNA to detach from
the G-CDs, indicating an electrostatic attraction between the G-CDs and
the negatively charged DNA. However, A total of 0.01% SDS causes
almost 100% fluorescence recovery of F-DNA from G-CDs. There are two
possible reasons for the stronger desorption of DNA by G-CDs due to the
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addition of SDS. As a kind of anionic surfactant, SDS has a hydrophobic
tail that can desorb DNA through vdW force actions with G-CDs.
Moreover, the presence of ionic SDS increases the salt concentration to
weaken the electrostatic attraction between DNA and G-CDs for DNA
desorption. In addition, 5 M urea, 0.01% CTAB, and 10 mM sodium
pyrophosphate have evident but weak desorption effects on G-CDs.
Summarizing the results in the graph it can be seen that the strength of
the interaction between G-CDs and DNA specifically includes: vdW
force > electrostatic adsorption > hydrogen bonding > phosphate
backbone adsorption > hydrophobic interaction ~ nucleobase adsorp-
tion, indicating that G-CDs mainly adsorb DNA by vdW force, electro-
static adsorption, and hydrogen bonding. Analogically, we conjecture
that G-CDs may also act on the surface of G~ bacteria by vdW force,
electrostatic adsorption, and hydrogen bonding on the LPS. Such
multimode interactions of G-CDs and LPS, the main outer membrane
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component of G~ bacteria, may promote the absorption of G-CDs on G~
bacteria to enhance the antibacterial activity.

3.5. Evaluation of inducing bacterial resistance to G-CDs

Acquired bacterial resistance is a significant concern for the design of
drugs for real application. The resistance profile of bacteria chronically
exposed to G-CDs was assessed. E. coli, S. aureus and MRSA were incu-
bated with G-CDs for 30 consecutive days at sub-MIC concentrations. As
shown in Fig. 7A-C, the MIC values of G-CDs against the above three
bacteria remain unchanged during 30 days of continuous incubation,
indicating that G-CDs possess antimicrobial activity without detectable
resistance. Meanwhile, the strain identification (Fig. S10) shows that no
mutation of bacteria was found after 30 days of continuous incubation,
suggesting that G-CDs may be an effective antimicrobial material with
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the avoidance of the worry about drug induced resistance.

To elucidate the mechanism by which G-CDs do not induce drug
resistance in bacteria, we evaluated the effect of G-CDs on bacterial ATP
levels and bacterial efflux pump activity. As shown in Fig. 7D-F, under
the action of different concentrations of G-CDs, the extracellular ATP
levels of the three bacteria increase in a concentration-dependent
manner, indicating that the presence of G-CDs significantly increase
the efflux of ATP within the bacteria. The survival, growth and repro-
duction of bacteria need to convert nutrients into energy through
metabolism and eliminating metabolic waste. Compared with eukary-
otic cell, bacteria mainly rely on ATP for energy metabolism related
reactions due to the lack of mitochondria. This increased release of ATP
with introduced G-CDs indicates that G-CDs can inhibit the growth and
reproduction of bacteria by reducing their ATP levels, ultimately
exhibiting antibacterial and bactericidal effects. ATP is essential for the
bacterial efflux pump to function [82]. The bacterial efflux system is the
main resistance mechanism of the bacteria [83]. When bacteria are
exposed to antibiotics for a long time, it may cause overexpression of
bacterial efflux pumps, thereby promoting the excretion of antibiotics,
reducing drug concentration in the bacterial body, and leading to anti-
biotic resistance. EtBr, as a toxic dye, enters the bacterial body and in-
duces active efflux. Therefore, by comparing the accumulation of EtBr in
the bacterial body, the activity of the bacterial efflux pump can be
determined. EtBr was applied as the fluorescent probe to evaluate the
activity of bacterial efflux pumps before and after exposure to G-CDs, as
shown in Fig. 7G-1. In the normal bacterial group (Control), due to the
normal expression of bacterial efflux pumps, EtBr accelerates efflux, and
the accumulation of EtBr in the bacterial body is relatively small.
Therefore, there is little change in fluorescence intensity. Correspond-
ingly, the addition of efflux pump inhibitor (CCCP) significantly inhibits
the expression of bacterial efflux pumps, and EtBr accumulates exten-
sively in the bacterial body, resulting in a significant increase in fluo-
rescence intensity. However, after adding G-CDs of MIC value
(Fig. 7G-1), the fluorescence intensities are significantly higher than that
of the normal bacterial group and show a similar trend as the CCCP
group. This indicates that the presence of G-CDs significantly increases
the accumulation of EtBr in the bacterial body, suggesting that G-CDs
have a certain degree of inhibitory effect on bacterial efflux pump ac-
tivity. The inhibitory effect on bacterial efflux pump activity may be a
key factor that G-CDs do not induce bacterial resistance.

3.6. Safety evaluation of G-CDs

In vitro hemolysis assay was carried out to evaluate the effect of G-
CDs on erythrocytes. As shown in Fig. S11A, when red blood cells were
added to sterilized water, they rupture due to the difference of osmotic
pressure inside and outside the cells, and the solution is red after
centrifugation. In contrast, when incubated with different concentra-
tions of G-CDs in saline, erythrocytes were deposited at the bottom after
centrifugation with the colorless and transparent supernatant. When the
concentration of G-CDs reached 12 times of the MIC, the hemolysis rate
was still less than 5% compared with the negative control (Fig. S11B),
indicating that G-CDs do not cause erythrocyte rupture and have good
hemocompatibility under physiological conditions.

The in vitro cytotoxicity of G-CDs and raw material of PHMG on
BEAS-2b cells and Hacat cells at different times were investigated using
a CCK-8 kit. As shown in Figs. S11C-F, G-CDs do not have a significant
effect on the survival of either cell types under the same conditions of 4-
fold MIC value and 24 h of action, with a survival rate of about 80%.
However, only low contents of PHMG caused both cells to almost
completely die. Furthermore, G-CDs at a concentration of 6-fold MIC
value maintained more than 80% survival of both BEAS-2b cells and
Hacat cells within 6-12 h, while the survival rates of the incubation with
PHMG are poor. The results indicate that PHMG is more cytotoxic to
BEAS-2b and Hacat cells than the G-CDs synthesized from PHMG.
However, G-CDs at a concentration of 8-fold MIC value show reduced
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survival of both cells after 24 h of incubation, which may be due to the
poor selectivity of G-CDs with broad-spectrum antimicrobial activity
[30]. It is necessary to point out that higher concentrations (about 8-fold
MIC) of G-CDs can exert some cytotoxic effects on eukaryotic cells as the
increased acting period. In the clinic, the blood concentration of anti-
biotics from MIC to Cpax (maximum blood concentration) are sufficient
to achieve the effective bactericidal or bacteriostatic level [84]. Thus,
combined with the strong combating effect of G-CDs against clinically
resistant strains at MIC value and the in vitro cell safety of G-CDs at 4-fold
MIGC, it is implied that the G-CDs will meet the practical requirements. In
addition, it has been reported that the biotoxicity of some antibiotics (e.
g. aminoglycoside antibiotics) does not directly correlate with the blood
drug concentration [84]. It is also unknown whether the biotoxicity of
carbon dots correlates directly with blood concentration. Further studies
are needed to assess the biotoxicity of carbon dots.

Further investigation of the in vivo biosafety of G-CDs is critical to the
clinical applications of G-CDs. For the in vivo evaluation of the biosafety
of G-CDs, the entire in vivo experiment was carried out based on the
maximum of the simulation of clinical drug administration, treatment,
and evaluation [85-87]. Tail vein administration was introduced to
examine the effects of three dose levels of G-CDs at low, medium, and
high (equivalent to a blood concentration in circulating blood volume of
MIC, 10-fold MIC, 40-fold MIC) on body weight, blood biochemistry,
and five major organs of the heart, liver, spleen, lung and kidney. During
the 14-day treatment period, all mice showed normal activity, diet and
mental status, and no abnormal signs such as reduced diet and depres-
sion were observed. As shown in Fig. 8A, the body weight of the mice in
each group shows a similar pattern of change. Fig. 8B-F show that the
levels of various blood biochemical indexes were very similar between
the mice in different doses of G-CDs and saline groups without signifi-
cant difference, suggesting that the liver and kidney functions of mice in
different groups were well. The pathological sections stained by H&E
(Fig. 8G) show that the tissue structure of the organs in the different
groups with variable doses of G-CDs were not significantly different
from that in the saline group, implying that G-CDs do not produce
pathological damage to the five major organs of mice. Meanwhile, in
order to investigate the cumulative chronic toxicity of G-CDs, a batch of
mice was administered in the same manner for 14 days and then kept for
following 7 days without administration. And then, the levels of five
blood biochemical parameters and the pathological analysis of the five
major organs were assessed and compared. As shown in Fig. S12, the
different groups of mice still maintained almost the same results as the
saline group, showing no in vivo toxicity or pathological damage of
G-CDs. The results show that even high doses (40-fold MIC) of G-CDs
exhibit almost no in vivo biotoxic effects, implying the feasibility of
clinical applications.

3.7. Application of G-CDs in a mouse pneumonia model of E. coli
infection

HAP is a threatening disease to people, and more than 60% of HAP
are caused by G~ bacteria [88,89]. A mouse pneumonia model infected
by E. coli was applied to evaluate the in vivo activity of G-CDs. Each
group of mice had intervened through tail vein injection based on the
clinical concerns about the route of administration. As shown in
Fig. 9A-C, the lungs of mice in the saline group (negative control group)
are infected with a large number of E. coli, and the levels of WBC, NEUT,
TNF-a, and IL-6 are significantly elevated compared to the healthy
group, indicating the successful model of HAP. After the intervention,
the number of bacteria in the lungs of mice in the levofloxacin group
(positive control group) and the G-CDs group (experimental group) are
significantly reduced with a similar amount of bacteria colonies.
Meanwhile, the levels of WBC, NEUT, TNF-a, and IL-6 in both treated
groups are significantly reduced compared to the negative control
group, and the values are almost the same as those in the healthy group
without statistical difference. In addition, H&E-stained sections of lung
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tissue (Fig. 9D) show a significant increase in the distribution of neu-
trophils in the negative control group, along with pathological changes
associated with the inflammatory responses of alveolar fusion, septal
expansion, and congestion. In contrast, the levofloxacin and G-CDs
groups show a significantly lower number of neutrophils, a normal
alveolar structure, approaching the overall morphological structure of
the healthy group, and a significant improvement in pathological
changes such as congestion. Immunohistochemical evaluations were
operated to visualize the changes in the expression of inflammatory
factors in the lung tissue of mice before and after the intervention
(Fig. S13). The two anti-inflammatory factors (IL-4, IL-10) and the two
pro-inflammatory factors (IL-6, TNF-a) were introduced for further
quantification using Image J based on the stained sections. As shown in
Fig. 9E, the expression levels of the two anti-inflammatory factors (IL-4
and IL-10) are lower in the saline and healthy groups but significantly
increased in the levofloxacin and G-CDs groups. The increased IL-4 and
IL-10 levels suggest the recovery effects of the treated groups. In
contrast, the positive expression levels of the two pro-inflammatory
factors (IL-6 and TNF-a) are significantly lower in the levofloxacin,
G-CDs, and healthy groups compared to the saline group. The above
results indicate that G-CDs possess strong in vivo antibacterial properties
and therapeutic effects on E. coli-infected HAP like that of the dose of
levofloxacin. Furthermore, the dose of G-CDs through the injection can
promote the regression and improvement of inflammation in mice with
pneumonia. The in vivo effect of G-CDs reflects the appreciably practical
applications in future clinical treatments.

4. Discussion

In recent years, the emergence and spread of antibiotic resistance,
specifically drug-resistant bacteria, have become a global public health
problem [2]. G™ bacteria, in particular, have become a very problematic
issue in clinical infections due to their tendency to develop
drug-resistant bacteria and even biofilms [8]. Although new drugs for
G bacteria have made great progress and are gradually being developed
for clinical trials, developing new drugs for G~ bacteria remains a
challenge due to the unique structure of G~ bacteria. Small molecule
drugs or antibiotics struggle to penetrate through the G~ bacteria and
are susceptible to drug resistance [7]. Nanomedicine, specifically carbon
nanomaterials, have excellent performance in antibacterial applications,
and their therapeutic efficacy against bacterial infections has increas-
ingly received considerable attention [17-19]. It has been reported that
a variety of antimicrobial carbon dots with different properties have
been developed for antimicrobial therapy, revealing the great prospect
of carbon dots for antimicrobial applications [27-30]. However, so far,
carbon dots remain less effective against G~ bacteria and little attention
has been paid to their ability to resist bacterial biofilms [33,34].
Simultaneously, current researches have neglected the evaluation of the
long-term stability of antibacterial activity of carbon dots and the sys-
tematic study of how to enhance the interaction with G~ bacteria.

In this study, we successfully synthesize broad-spectrum and potent
G-CDs based on PHMG and other materials, with MIC as low as 10 pg/ml
for several common G~ bacteria (Tables S1 and S2). Besides the good
long-term stability (Fig. 2), G-CDs are effective against bacterial biofilms
(Fig. 3, S4). Additionally, the enhancement of the performance of G-CDs
to G~ bacteria was evaluated through the acting modes of G-CDs to G~
bacteria using the confirmed interacting mode of carrier materials and
ssDNA [71-73]. Besides the electrostatic adsorption, G-CDs also play
binding effect on LPS through the modes of vdW force and hydrogen
bonding (Fig. S9). The multimode of interaction of G-CDs and G~ bac-
teria will promote the adsorption and entering of G-CDs to bacteria for
the further inspiration of ROS and intracellular gene interference
(Figs. S5-S8). Such approach is promised to develop new ways of
fighting G~ and drug-resistant bacteria and to address the lack of rele-
vant systematic studies. Moreover, G-CDs can also inhibit the develop-
ment of drug resistance in bacteria by suppressing the overexpression of
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bacterial efflux pumps (Fig. 7). The in vivo safety of the antimicrobial
carbon dots, like G-CDs in this work, was evaluated based on the clinical
concerns. G-CDs have few in vivo adverse effects in organisms using
multi-method and multi-indicator approaches (Fig. 8 and S12). G-CDs
show good therapeutic effects on E. coli-infected pneumonia in vivo,
through the elimination of bacteria in the lungs and the successfully
down-regulating inflammatory factor levels (Fig. 9 and S13). The anti-
bacterial effect of G-CDs on in vivo pneumonia with the following
immunoregulation is significant in promoting rapid recovery from the
infectious condition. However, more researches are still needed to
further elucidate the specific processes by which carbon dots enter the
bacteria, the detailed ways in which carbon dots cause multiple changes
in the bacterium, and the reasons for not inducing the development of
drug resistance.

5. Conclusion

In summary, a convenient and efficient method was developed for
the preparation of G-CDs with excellent antibacterial ability. G-CDs
exhibit enhanced activity to G~ bacteria and long-term stability for
antibacterial applications. The mechanism of the enhanced absorption
action of G-CDs to G~ bacteria is clarified. The in vivo investigations
suggest the satisfactory biosafety of rats and the excellent treating effect
of E. coli-infected pneumonia. The combination of stable and potent
antibacterial activity with biocompatibility, inhibition of resistance
development, and excellent in vitro and in vivo antibacterial performance
suggests that G-CDs are promising new antibacterial agents for the
treatment of clinically relevant pathogenic bacteria. At the same time,
research related to the antibacterial mechanism also provides a prom-
ising basis for breaking the bottleneck in the development of anti-Gram-
negative drugs.
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