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Quaternized carbon dots with enhanced
antimicrobial ability towards Gram-negative
bacteria for the treatment of acute peritonitis
caused by E. coli†
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Infections caused by Gram-negative bacteria still pose a clinical challenge. Although nanomaterials have

been developed for antibacterial treatments, a systematic evaluation of the mechanisms and intervention

models of antibacterial materials toward Gram-negative bacteria is still lacking. Herein, antibacterial

quaternized carbon dots (QCDs) were synthesized via a one-step melting method using anhydrous citric

acid and diallyl dimethyl ammonium chloride (DDA). The QCDs exhibited effective broad-spectrum

antibacterial activity and enhanced inhibitory ability towards Gram-negative bacteria. The antibacterial

mechanism of the QCDs with respect to Gram-negative bacteria was investigated through the

characterization of bacterial morphology changes, the absorption modes of the QCDs on bacteria, and

the potential generation of reactive oxygen species by the QCDs. The QCDs showed low toxicity in

different cells, and did not cause hemolysis. The QCDs were administered via intraperitoneal injection to

treat acute peritonitis in mice infected with E. coli. Routine blood examination, magnetic resonance

imaging, and pathological analysis were undertaken and it was found that, similar to the positive control

group treated with gentamicin sulfate, the QCDs exhibited a therapeutic effect that eliminated infection

and inflammation. This study explores a controllable synthetic strategy for the synthesis of active carbon

dots with antibacterial activity, a material that is a promising candidate for new treatments of Gram-

negative bacterial infections.

1. Introduction

Since the discovery of antibiotics, bacterial infections have been
effectively treated. However, in recent years, the overuse and
abuse of antibiotics, environmental pollution, and the trans-
mission of drug-resistant plasmids have led to the emergence
and rapid spread of drug-resistant bacteria, which has become a
global public health problem.1,2 Due to their unique structures,
infections caused by Gram-negative bacteria and drug-resistant

bacteria have gradually become the most intractable problems in
clinical settings.3,4 Although new drugs targeting Gram-positive
bacteria have made significant progress in clinical trials, the
special structure of Gram-negative bacteria and their character-
istically easy means of transmitting drug resistance have pre-
vented the development of new drugs targeting these bacteria in
the past 20 years.3 Therefore, in the exploration of new anti-
bacterial drugs, more attention should be paid to those targeting
Gram-negative bacteria. In addition to research and develop-
ment of molecular drugs and antibiotics,3,5 sustainable efforts
have been devoted to the design and fabrication of antibacterial
nanomaterials. Recently, several antibacterial nanomaterials,
such as metal nanomaterials,6,7 matrix composites,8 transition
metal dichalcogenides,9,10 and carbon nanomaterials,11 have
been fabricated as effective antimicrobial tools. However, current
new antibacterial strategies have not been able to achieve a
breakthrough, likely due to the need to combine excellent
antibacterial ability with an understanding of the resistance
mechanisms in a cost-effective manner.12,13 Further in-depth
research on antibacterial nanomaterials, particularly for Gram-
negative bacteria, is still necessary.
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Carbon dots (CDs) have attracted increasing attention due to
their controllable preparation, modulated properties, low toxi-
city, and potential for wide applications in the biomedical
field.14–16 The optimization of synthetic methods and precur-
sors is considered the main synthetic approach to obtain CDs
suitable for use in various applications.14,17 Therefore, in the
face of antibacterial resistance, antibacterial materials based
on CDs have received ever-increasing attention due to their
advantageous structure–property relationships. By using a bio-
mass source,18 quaternary ammonium compounds,19 and
antibiotics,20,21 specific CDs with considerable antibacterial
activity have been prepared through controllable strategies
and applied to specific infection models. These works showed
that CDs have great potential as a promising tool for killing
microorganisms. Although there exist reports that have demon-
strated materials with acceptable antibacterial activity and have
explored antibacterial mechanisms towards Gram-positive
bacteria,22–28 there is still a lack of evidence or specific research
that proves the feasibility of creating CDs with enhanced
antibacterial against Gram-negative bacterial infections activity
that acts via a systemic drug delivery model.

Currently, there is a lack of reports that evaluate the effect of
antibacterial CDs administered via injection on infectious
conditions. Due to the advantages of controllable dosage, rapid
absorption, and quick increase in blood drug concentration,
injection is the most important way to treat bacterial infections in
clinical settings. Evaluating the in vivo efficacy of drugs adminis-
tered via injection on disease progression (e.g., intravenous
administration and intraperitoneal injection) is significant for
systematically estimating the practical value and clinical applica-
tion prospects of a treatment. In clinical settings, Gram-negative
bacteria are common pathogens in abdominal infections, urinary
tract infections, and acquired pneumonia.1,29 Acute peritonitis is a
common inflammation of the abdomen with exudation of fibrin,
serum, inflammatory cells, and pus, which may be caused by
bacterial infections and/or physical damage.30,31 The treatment
for peritonitis caused by E. coli still needs improvement to further

reduce mortality rates and side effects.32 Additionally, Gram-
negative bacteria are prone to developing antimicrobial resistance
(AMR), which can lead to severe conditions that threaten human
life and health. Although some antibacterial nanomaterials,
including carbon dots, have been developed to treat bacterial
infections, further assessment of antibacterial nanomaterials
against Gram-negative bacteria-induced infections, such as acute
peritonitis, is required.

In this work (Scheme 1), quaternized carbon dots (QCDs)
were prepared via a one-step melting method using anhydrous
citric acid and dimethyldiallyl ammonium chloride as precursors.
QCDs with a size distribution of about 2 nm exhibited a fluores-
cence emission at 475 nm under excitation at 345 nm and showed
broad-spectrum bactericidal ability due to the presence of a
quaternary ammonium moiety and an alkane chain. Moreover,
the antibacterial efficacy of QCDs against Gram-negative bacteria,
including E. coli and clinically resistant strains, was found to be
significantly better than that of several other reported carbon
nanomaterials.22–25 The antibacterial mechanism of the QCDs
against E. coli, used as a model organism for Gram-negative
bacteria, was also investigated in detail. In vivo evaluation of
QCDs administered via intraperitoneal injection against acute
bacterial peritonitis caused by E. coli demonstrated their potential
for antibacterial treatment and inflammation reduction in bacter-
ial infections.

2. Experimental section
2.1 Reagents and apparatus

Anhydrous citric acid (CA) and dimethyl diallyl ammonium chlor-
ide (DDA) were purchased from Aladdin Industrial Corporation
(Shanghai, China). Mueller–Hinton (MH) broth was provided
by Qingdao Hope Bio-technology Co., Ltd (Qingdao, China),
while Columbia blood agar medium (blood agar plate) was
obtained from Jiangmen Caring Trading Co., Ltd (Jiangmen,
China). Gentamicin sulfate was provided by Solarbio Reagent

Scheme 1 Schematic representation of the synthesis of the QCDs, the antimicrobial mechanism, and the in vivo treatment of acute peritonitis using the
QCDs.

Paper Journal of Materials Chemistry B



7698 |  J. Mater. Chem. B, 2023, 11, 7696–7706 This journal is © The Royal Society of Chemistry 2023

Co., Ltd (Beijing, China), and cellulose dialysis bags (100–500)
were provided by Shanghai Yuanye Bio-Technology Co., Ltd
(Shanghai, China). The standard strains of Staphylococcus aureus
(ATCC6538), methicillin-resistant Staphylococcus aureus (MRSA)
(ATCC43300), Escherichia coli (ATCC25922), Staphylococcus epi-
dermidis (ATCC12228), and Serratia marcescens (CMCC(B)41002)
were purchased from Shanghai Luwei Microbial Sci. & Tech. Co.,
Ltd (Shanghai, China). Sample Pretreatment Reagents for Mass
Spectrometry were provided by Autobio Diagnostics Co., Ltd
(Zhengzhou, China), while HeLa and HaCat cells were obtained
from Cobioer Biosciences Co., Ltd (Nanjing, China). All reagents
were used without any further purification, and all aqueous
solutions used in this work were prepared from ultrapure water.

Fluorescence spectra were measured using a Cary Eclipse
fluorescence spectrophotometer (Agilent Technologies, Inc.).
Absorption spectra were obtained using a UV-Vis spectrophoto-
meter (UV-2450, Shimadzu Corporation, Japan). The zeta poten-
tials were monitored using a Litesizer 500 nm laser particle size
analyzer (Anton Paar GmbH, Austria). Transmission electron
microscopy (TEM) and scanning electron microscopy (SEM)
images were obtained using HT7800 (Hitachi) and SU8100
(Hitachi) microscopes, respectively. An automatic microbial
mass spectrometry detection system (AUTOF MS1000, Zhengz-
hou Autobio Diagnostics Co., Ltd, China) was used for bacterial
identification.

2.2 Preparation of QCDs

In a 50 mL round-bottom flask, 0.2 g of anhydrous citric acid
was heated at 155 1C until completely melted. Then, 2 mL of
60% aqueous solution of DDA was added, and the reaction was
continued for 210 min. After cooling, 10 mL of ultrapure water
was added to dissolve the product. Next, the above solution was
transferred into a cellulose dialysis bag (100–500 D) for dialysis
treatment. The deionized water was replaced every 2 hours for a
total of 6 times. Finally, the liquid in the dialysis bag was freeze-
dried to obtain solid QCDs. The solid QCDs were stored at
2–8 1C for later use.

2.3 Culture and preparation of bacterial solutions

All types of bacteria were cultured on a blood agar plate using the
flat line method in a biochemical incubator at 37 1C until a single
colony was obtained. The single colony was then picked and
inoculated into sterilized saline to form a bacterial suspension.
The suspension with an OD600 value of 0.1 was defined as the 1.5�
108 CFU mL�1 bacterial suspension for subsequent experiments.

2.4 Testing the antimicrobial activity of QCDs

The minimum inhibitory concentrations (MIC) of the QCDs
against different tested bacteria were confirmed by a constant
broth dilution test in 11 selected sterile test tubes.23 One mL of
MH broth was added to each test tube, except for the first tube.
The first and second test tubes received 1 mL of the highest
concentration of QCDs, and 1 mL of solution from the second
test tube was added to the third test tube. This process
was repeated until the 11th test tube was filled (which was
then discarded). Blank broth and test bacterial pairs were

set up. The blank bacterial suspension was adjusted to 1.5 �
108 CFU mL�1. The tested bacterial solution was diluted
100 times with MH broth, and then 1 mL was taken and added
into the test tube of QCDs with various concentrations. The
tubes were incubated at 37 1C for 16–20 h, and the lowest
concentration tube without bacterial growth was identified as
the MIC of QCDs for the tested bacteria.

2.5 Antibacterial stability of the QCDs against E. coli in
protein and serum

The antibacterial stability of QCDs in proteolytic proteins was
assessed by measuring the MIC of QCDs against E. coli after
treatment with trypsin, proteinase K, and papain (20 mg mL�1,
Sangon Biotech) at 37 1C. The antibacterial stability of QCDs in
serum was assessed by determining the MIC of QCDs against
E. coli in MH broth containing 50% FBS or 50% rabbit serum.
The testing of the MIC was the same as the procedure illu-
strated in Section 2.4.

2.6 SEM characterization of the bacteria interacted by QCDs

E. coli and S. aureus samples with concentrations of 107–
108 CFU mL�1 were incubated separately with 2 mg mL�1 of
QCDs overnight. The samples were then centrifuged at 3000 rpm
for 15 minutes at 4 1C. After washing, the sediment was fixed
with electron microscopy fixative for 2 hours and then trans-
ferred at 4 1C for preservation and transportation. The fixed
samples were washed with 0.1 M PBS (pH 7.4) three times for
15 minutes each. The samples were then fixed with 1% osmium
in 0.1 M PBS at room temperature for 2 hours in the dark.
Subsequently, the fixed samples were rinsed 3 times with
0.1M PBS and dehydrated using a series of alcohol concentra-
tions (30%–50%–70%–80%–90%–95%–100%–100%) and iso-
amyl acetate for 15 minutes per step. Finally, the samples were
dried in a critical point dryer. The dried samples were attached
to a conductive carbon film double-sided adhesive and placed on
the Au ion sputtering instrument for 30 seconds. The samples
were evaluated using SEM.

2.7 CLSM characterization of the bacteria interacted by QCDs

E. coli and S. aureus samples with concentrations of 1.5 �
108 CFU mL�1 were incubated separately with 500 mg mL�1 of
QCDs for 2 hours. The samples were centrifuged at 3000 rpm
for 15 min at 4 1C and washed once with saline, then the
bacteria were resuspended in saline and observed using con-
focal laser scanning microscopy (CLSM).

2.8 Changes in the zeta potential of bacteria interacting with
QCDs

E. coli and S. aureus samples with concentrations of 1.5 �
108 CFU mL�1 were incubated with 1.5 mgmL�1 of QCDs at
37 1C for 4 h, respectively. The samples were centrifuged at
3000 rpm for 15 min at 4 1C, the supernatant was discarded,
and the precipitate was washed three times with saline. The
precipitate was resuspended in saline and the zeta potential
was measured using a laser particle size analyzer.
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2.9 Effects of LPS and cations on antibacterial stability of
QCDs to E. coli

The effect of lipopolysaccharide (LPS) on the antibacterial
activity of QCDs was evaluated using a constant broth dilution
method. In brief, LPS from E. coli O111: B4 (Sigma, catalog
number L2630) (8 mg mL�1, 16 mg mL�1, and 32 mg mL�1) and
QCDs at different concentrations were added to MH medium.
Subsequently, 1 mL of E. coli broth dilution (1.5� 106 CFU mL�1)
was added to the mixture. After incubation at 37 1C for 18 h, the
MIC of QCDs at different concentrations of LPS were recorded. In
addition, the effect of adding various cations, including NaCl,
KCl, CaCl2, ZnCl2, and MgCl2 (50 mg mL�1), on the antibacterial
activity of QCDs against E. coli was determined.

2.10 Treatment of mice with peritonitis using the QCDs

Animal experiments were conducted in accordance with the guide-
lines for animal experiments and were approved by the Ethical
Committee of Experimental Animals of Fujian Medical University
(Ethical number: IACUC FJMU 2022-0009). All clean-grade ICR mice
(‘‘mice’’) used in the experiment were purchased from the Experi-
mental Animal Center of Fujian Medical University (Production
License No.: SCXK (Fujian) 2016-0002) and were reared in a
laboratory environment for three days, with access to water.

Thirty-six mice weighing 20 � 4.5 g were randomly divided
into three groups: a negative control group (n = 12), experi-
mental group (n = 12), and positive control group (n = 12).
Peritonitis was induced in the mice by administering 3.0 �
108 CFU mL�1 of E. coli suspension at 0.2 mL/10 g. The mice
with peritonitis were treated with intraperitoneal injection.
The experimental group and the positive control group were
given QCDs solution (250 mg mL�1) and gentamicin solution
(100 mg mL�1) at a dose of 0.1 mL/10 g, respectively. The
negative control group was given the same dose of sterilized
normal saline, once every 12 h. The mice were treated con-
tinuously for 72 h (3 d), during which the physiological condi-
tions and mortality of the mice were observed. After 72 h of
treatment, blood and organs were collected from each group of
mice to evaluate the therapeutic effect of the QCDs.

2.11 In vitro cytotoxicity test for QCDs

The cytotoxicity of the QCDs was determined using the standard
MTT assay. HaCat, MC3T3-E1, and HeLa cells were seeded in 96-
well plates at a density of 4� 103 cells per well, respectively. After
24 h of culture, 100 mL of different concentrations of QCDs
(0, 31.25, 62.5, 125, 250, 500 mg mL�1) were mixed with the cell
culture medium and added to the cells. After culturing for 24 h,
respectively, the cells were further cultured in medium contain-
ing 0.5 mg mL�1 MTT for 4 h. Finally, the medium was replaced
with 150 mL of dimethyl sulfoxide (DMSO). The 96-well plate was
shaken for 15 min at room temperature, and the optical density
(OD) was measured at 490 nm using a microplate reader.

2.12 Statistical analysis

All experiments in this work were repeated three times, and the
data were expressed as the mean � standard deviation (SD).

Statistical comparisons were analyzed by one-way ANOVA
followed by Tukey’s multiple comparisons tests using the
GraphPad Prism 8 software. The level of significance was set
at P o 0.05. The results were expressed as not significant (ns)
for P 4 0.05, and the level of significance was indicated by
asterisks, where ****P o 0.0001.

3. Results and discussion
3.1 Characterization of QCDs

The morphology of the QCDs was investigated, and the results
are shown in Fig. 1(A). The average particle size of the QCDs was
centered at 2.0 nm with a range of 1.2 nm to 3.0 nm, suggesting a
uniform size distribution. The lattice parameter was 0.24 nm
(Fig. 1(A) HRTEM (down)), which is consistent with the structure
of graphitic carbon.33 Moreover, the optical properties of the
QCDs were evaluated using UV-visible absorption and fluores-
cence spectroscopy. As shown in Fig. 1(B), the QCDs have a main

Fig. 1 Characterizations of the QCDs. (A) TEM image and particle size
distribution (inset up) and HRTEM image (inset down). (B) UV-vis spectra
and fluorescence spectra. (C) Fluorescence emission spectra. (D) FTIR
spectrum of the QCDs. (E) XPS spectrum. (F)–(H) High-resolution XPS C1s,
N1s, and O1s spectra.
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absorption peak at 245 nm ascribed to the p–p* transition of the
sp2 hybrid orbital of CQC. Correspondingly, the maximum
fluorescence emission at 475 nm was obtained when the excita-
tion wavelength was 345 nm (blue line in Fig. 1(B)). As can be
seen from the inset of Fig. 1(B), the obtained QCDs solution
appeared light yellow and transparent under sunlight and
exhibited blue fluorescence under ultraviolet light irradiation
(365 nm). Furthermore, when changing the wavelength at which
the QCDs were excited, the maximum emission wavelength
remained unchanged at 475 nm whilst the fluorescence intensity
was altered (Fig. 1(C)). This behavior indicates that the QCDs
show excitation-independent fluorescence behavior. The optical
properties of the QCDs also revealed features typical of carbon
dots.15,16

Fourier-transform infrared (FTIR) spectroscopy was used to
characterize the functional groups of the QCDs, as shown in
Fig. 1(D). The absorption peaks of DDA at 3016 cm�1, 2973 cm�1,
and 1641 cm�1 were attributed to the C–H single bond asym-
metric stretching vibration (nas), the C–H single bond symmetric
stretching vibration (ns), and the CQC stretching vibration,
respectively.22 After DDA reacted with citric acid, the generated
QCDs showed peaks at 3023 cm�1 and 2978 cm�1 corresponding
to the asymmetric stretching vibration (nas) and symmetric
stretching vibration (ns) of C–H, respectively, suggesting the
presence of long alkane chains in the QCDs. The weakened
absorption for C–H may be due to the relatively low content of
alkane chains in the QCDs compared to DDA. The presence of
long alkane chains may impart the property of hydrophobicity to
the QCDs.34 The absorption peak at 1715 cm�1 was attributed to
the CQO stretching vibration (n), while the QCDs absorption
peak at 1643 cm�1 was attributed to the CQC stretching vibra-
tion (n). The QCDs absorption peak at 1480 cm�1 was ascribed to
the shear in-plane bending vibration (d) of the C–H connected to
the (–N+(CH3)3) (quaternary ammonium group). This value is
consistent with the C–H absorption peak at 1481 cm�1 in DDA,
confirming the presence of the quaternary ammonium groups
on the QCDs. Moreover, the QCDs absorption peaks at 959 cm�1

and 878 cm�1 might be caused by the C–C and C–O stretching
vibrations (n), respectively. X-ray photoelectron spectroscopy
(XPS) was used to further determine the molecular composition
of the QCDs. The full range XPS spectrum suggested that the
percentage content of C, N, and O in the QCDs was 76.57%,
3.67%, and 19.77% (Fig. 1(E)), respectively. The high-resolution
C1s XPS spectra (Fig. 1(F)) had two peaks at 284.8 eV and
285.75 eV, which were assigned to the C–C/CQC groups of
graphene carbon. Furthermore, the other three peaks at
286.15 eV, 286.58 eV, and 288.07 eV were attributed to C–N
(sp3 hybrid carbon), C–O (sp3 hybrid carbon), and CQO, respec-
tively. The high-resolution N1s XPS spectrum (Fig. 1(G)) was
deconvoluted to pyridine C–N–C (402.07 eV) and –N+(CH3)3

(402.32 eV), respectively, suggesting the doping of N in the form
of pyridine nitrogen and quaternary ammonium nitrogen. In
addition, the quaternary ammonium nitrogen content was higher
than that of pyridine nitrogen according to the peak area inte-
grals. The zeta potential of the QCDs was found to be positive
(+11.3 mV) in saline (Fig. 4(A)), which could be attributed to the

presence of quaternary ammonium groups on the surface. The
O1s XPS spectra (Fig. 1(H)) had a peak at 530.85 eV for the CQO
of carbonyl oxygen, at 532 eV for C–O, and at 535.32 eV for the sp2

hybridized oxygen. Overall, the FTIR and XPS characterization
results indicate the presence of quaternary ammonium groups
(–N+(CH3)3), carbonyl groups (CQO), and typical graphene carbon
in the QCDs.

3.2 Antibacterial activity of QCDs in vitro

The activity of the QCDs against bacteria, especially Gram-
negative bacteria, was investigated through the evaluation of
the MICs. Using a standard broth dilution test, the MIC results
for the QCDs against general bacteria and resistant bacteria
were measured. As shown in Table 1, the QCDs exhibited an
MIC of 30 mg mL�1 against Gram-negative bacteria, E. coli, and
S. marcescens. Moreover, the QCDs also exhibited bactericidal
capacity against the common Gram-positive bacteria S. aureus,
S. epidermidis, and MRSA, with an MIC of 15 mg mL�1, suggesting
broad-spectrum antibacterial activity of QCDs. Compared with the
MIC of gentamicin against standard strains of bacteria, the MIC
of the QCDs was higher. Meanwhile, the MIC of gentamicin
against MRSA was significantly increased. The MIC of the QCDs
against resistant bacterium (MRSA) was the same as the MIC
against non-resistant bacteria. This result demonstrates the super-
ior performance of the QCDs against resistant bacteria. Further-
more, the antibacterial activity of the QCDs against clinically drug
resistant E. coli was evaluated. The results (Table S2, ESI†) implied
that the QCDS have strong antibacterial activity against resistant
Gram-negative bacteria. Moreover, compared with other reported
antibacterial carbon dots (Table S3, ESI†),22–28 the MIC value of
the QCDs against E. coli was smaller than that of other carbon
dots, suggesting that the QCDs possessed enhanced antibacterial
activity against Gram-negative bacteria.

A microdilution broth method was used to study the inhibition
of E. coli and S. aureus by the QCDs by measuring the OD600 value
of the culture medium after the bacteria were treated with
different concentrations of QCDs at different time intervals, as
shown in Fig. S1 (ESI†). The post-antibiotic effect (PAE) following
exposure of the bacteria to the QCDs was observed in selected
bacteria, resulting in delayed regrowth during the initial
periods.35 As shown in Fig. S1 (ESI†), the OD600 values gradually
decreased as the concentration of the QCDs increased, indicating
concentration-dependent antibacterial ability. E. coli was comple-
tely suppressed in the broth medium at a concentration of
30 mg mL�1 within 24 h, and the antibacterial effect of the QCDs
on bacteria at the MIC was observed for up to 40 h or longer.

Table 1 MICs of the QCDs and gentamicin against bacteria

Bacterial
strain Number G+/G�

MIC of QCDs
(mg mL�1)

MIC of gentamicin
(mg mL�1)

E. coli ATCC25922 G� 30 2
S. marcescens CMCC(B)41002 G� 30 1
S. aureus ATCC6538 G+ 15 1
MRSA ATCC43300 G+ 15 60
S. epidermidis ATCC12228 G+ 15 0.1
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The effect of three proteases and two kinds of serum on the
antibacterial activity of the QCDs was studied, as shown in
Fig. S2 (ESI†). The MIC of the QCDs was maintained after
incubation with 20 mg mL�1 of trypsin, proteinase K, 50% fetal
bovine serum (FBS), and 50% rabbit serum at 37 1C for 12 h,
suggesting that the QCDs possess stable antibacterial activity
free from the possible interference from digestive enzymes or
other biological components. Meanwhile, the MIC of the QCDs
in the presence of papain was double. Papain has its own
intrinsic fluorescence due to the presence of aromatic amino
acid residues.36,37 The interaction of these aromatic amino acid
residues and the nanoparticles will induce the quenching of the
fluorescence of papain.36,37 As shown in Fig. S3 (ESI†), under
280 nm excitation, papain had a strong optimal emission peak
at 340 nm. After the introduction of QCDs, the fluorescence
intensity of papain at 340 nm decreased significantly, indicating
the interaction between the QCDs and papain. The interaction
between the QCDs and papain creates competition for the
interaction of the QCDs and the bacteria, resulting in the
inhibition of the antibacterial activity of the QCDs. Generally
speaking, the low impact of common proteases and serum on
the antibacterial activity of the QCDs will enable the potential
effectiveness of QCDs for further antibacterial applications, like
treating in vivo infections.

3.3 Antibacterial mechanism of the QCDs

SEM was applied to investigate the integrity of the bacterial cell
membrane of E. coli and S. aureus before and after interaction
with the QCDs. As shown in Fig. 2, the bacterial cells of E. coli
and S. aureus were morphologically intact and clearly visible
before treatment with the QCDs. After incubation with the QCDs,
damage and several defects appeared on the cell surface of the
E. coli with some scattered fragments. Similarly, the surface of
S. aureus treated with the QCDs was no longer smooth and round,
and some bacterial cells were incomplete. SEM results showed that
the QCDs caused physical or mechanical damage to the microbial

cell wall or outer membrane, resulting in overall physiological
dysfunction of the bacteria and ultimately bacterial death.

CLSM was used to verify the possible attachment of the
QCDs to bacterial cells based on the fluorescence properties of
the QCDs. As shown in Fig. 3(A), S. aureus and E. coli show
bright blue fluorescence under excitation after incubation
with the QCDs, indicating that the QCDs could effectively stain
the bacterial cells through adsorption. The difference in the
fluorescence intensity of stained S. aureus and that of E. coli
was statistically significant (Fig. 3(B)), suggesting that the QCDs
adhered more to S. aureus. The ability of the QCDs to adhere
differently to various bacteria may induce different inhibitory
effects on different bacteria. However, considering that the
primary condition for an antibacterial effect is to enhance the
adsorption or fixation of drugs on bacteria,13,38 the antibacter-
ial performance of the QCDs against Gram-negative bacteria
was significantly improved compared to previous works.22–25

The mode of action of the QCDs on Gram-negative bacteria was
further investigated to evaluate the mechanism of its enhanced
antibacterial ability against Gram-negative bacteria.

Electrostatic interactions between the positively charged
nanoparticles and the negatively charged bacterial cell membrane
result in the perforation and rupture of the cell membrane,
leading to an antibacterial effect on the bacteria.39 The positively

Fig. 2 SEM images of E. coli and S. aureus without or with QCDs
treatment.

Fig. 3 Interaction of the QCDs with E. coli and S. aureus. (A) CLSM
images. (B) Quantitative fluorescence analysis of the CLSM images
obtained following excitation at 405 nm (*P o 0.05).
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charged surface of antimicrobial materials is significant because
most bacterial cell walls, of which phosphatidylethanolamine is
the main component (70%), are negatively charged. As shown in
Fig. 4(A), the zeta potential of E. coli was �20.6 mV. After adding
the positively charged QCDs (with a zeta potential of +11.4 mV),
the zeta potential of the mixture of QCDs and E. coli was 1.3 mV,
indicating the presence of an electrostatic interaction between the
QCDs and E. coli. In contrast, the zeta potential of the interaction
between the QCDs and S. aureus was +9.0 mV. The lower zeta
potential of the QCDs and E. coli system suggested some other
interaction between the QCDs and E. coli besides electrostatic
interactions.

In order to further understand absorption of the QCDs on
the outer membrane of Gram-negative bacteria, the possible
interaction between the QCDs and LPS was investigated. This
approach was selected because LPS is an abundant component
in the cell membrane of Gram-negative bacteria. Using E. coli as a
model, the MIC of the QCDs was found to gradually increase as an
increased amount of exogenously purified LPS from E. coli was
added. This result illustrated LPS-dose-dependent antibacterial
activity of QCDs with respect to E. coli (Fig. 4(B)), suggesting a
strong interaction between the QCDs and LPS, similar to that of
LPS-targeting antibiotics.40,41 We further investigated whether the
QCDs bind to the negatively charged domain of lipid A in the LPS.
The effects of five common cations on the antibacterial activity of
the QCDs were compared, as shown in Fig. 4(C). Ca2+ significantly

inhibited the antibacterial activity of the QCDs. Subsequently, the
effects of different concentrations of Ca2+ on the antibacterial
activity of the QCDs implied that Ca2+ had a dose-dependent
inhibitory effect on the antibacterial activity of the QCDs (Fig. 4D).
Since the lipid A molecules in LPS can be neutralized by a divalent
ion bridge through electrostatic interactions to achieve tight
accumulation and low permeability,42 the inhibitory effect of
Ca2+ on the antibacterial activity of the CQDs confirmed the
interaction of the QCDs with lipid A. The combination of the
presence of a positive charge and hydrophobicity on the QCDs,
the interaction between the QCDs and LPS, and the inhibition of
Ca2+ on the antibacterial activity of QCDs implied that the QCDs
act on Gram-negative bacteria due to their hydrophobic properties
and electrostatic action on the cell membrane of Gram-negative
bacteria. This dual action will promote the absorption of the
QCDs into bacteria, increasing the permeability of the bacterial
cell membrane, causing leakage of intracellular substances, and
leading to changes in the morphology of bacterial cells that kill
the bacteria.

The antibacterial effect mainly depends on the interaction of
the antibacterial drugs entering the bacterial cells and bacterial
sub-organs. Using DCFH-DA as a probe, the possible production
of reactive oxygen species (ROS) in bacterial cells was investi-
gated, as shown in Fig. 4(E). Almost no fluorescence was
detected at 525 nm during the interaction between DCFH-DA
and E. coli, and the interaction of DCFH-DA with the QCDs. The
addition of the QCDs excited the DCFH-DA and E. coli system
with evident fluorescence observed at 525 nm, indicating that
the interaction of the QCDs with the bacterial cells stimulated
the production of ROS, which have an antibacterial and even
bactericidal effect.

3.4 Biosafety of the QCDs

The potential cytotoxicity of the QCDs was investigated using
HaCat, MC3T3-E1, and HeLa cells as models. As shown in
Fig. 5(A)–(C), at a concentration of 62.5 mg mL�1, the survival rates
of the three cells were higher or close to 80% after 24 h of treatment.
When the concentration of the QCDs reached 250 mg mL�1, the
survival rates of the HaCat and MC3T3-E1 cells were higher than
70% after 24 h of treatment. Meanwhile, the survival rate of the
HeLa cells was lower than that of the two other cell types.
Considering that the MIC of the QCDs against most bacteria was
lower than or equal to 30 mg mL�1, it suggested that the biosafety of
the QCDs at the concentration required for effective antibacterial
action would be greatly improved in practice.

A hemolysis test was performed using red blood cells
according to a standard method.16 As shown in Fig. 5(D), the
solution turned red following centrifugation when red blood
cells were dispersed in sterilized water. This was due to the
different osmotic pressure inside and outside the cells in pure
water. Correspondingly, the red blood cells were found to be
well dispersed in different concentration physiological saline
solutions of QCDs. After centrifugation, the centrifuge tube
contained the deposited red blood cells and a transparent and
almost colorless solution. Even when the concentration of the
QCDs reached 500 mg mL�1, the hemolysis rate was less than

Fig. 4 Antibacterial mechanism of the QCDs. (A) The zeta potentials of
different interacting systems in saline. (B)–(D) The influence of LPS, metal
cations, and Ca2+ on the antibacterial activity of the QCDs. (E) Fluores-
cence spectra of the QCDs and intercellular ROS generation in E. coli using
DCFH-DA as a probe (n = 3).
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5% compared to the dispersion of red blood cells in water
(Fig. 5(E)), suggesting that the QCDs did not rupture red blood
cells under physiological conditions.

3.5 Treatment of infectious acute peritonitis using the QCDs

The in vivo efficiency of the QCDs for the treatment of acute
peritonitis caused by E. coli was evaluated. A mouse model of
infectious acute peritonitis was induced by injecting mice with
3.0 � 108 CFU mL�1 E. coli. A negative control group (Modeling),
an experimental group (QCDs), and a positive control group

(Gentamicin) were intraperitoneally injected with normal saline,
250 mg mL�1 of QCDs, and 100 mg mL�1 of gentamicin at a dose
of 0.1 mL/10 g, respectively. Fig. 6(A) shows that 100% of the
mice in the negative control group died within 72 h after being
given only normal saline, while the survival rate of the recovered
mice treated with QCDs in the experimental group was the same
as that in the positive control group (75%). This indicates that
250 mg mL�1 of QCDs could effectively increase the survival rate
of the mice with acute peritonitis, showing a therapeutic effect
similar to that of gentamicin.

Blood samples were collected from the healthy mice (blank)
and the different groups. The number of white blood cells
(WBC) and neutrophils (NEUT) in the blood of the different
mice were measured to evaluate the effect of the QCDs on
the regression of infection, as shown in Fig. 6(B) and (C). The
results show that the levels of WBC and NEUT in the blood of
the blank group were the lowest, while the levels of WBC and
NEUT in the blood was obviously higher in the modeling group,
representing a statistically significant difference. After treating
with QCDs and gentamicin for 72 h, the levels of WBC and
NEUT in the blood of the mice in the experimental and positive
control groups were significantly decreased and close to the
levels of healthy mice. This suggests that treatment with the
QCDs effectively reduces the levels of WBC and NEUT in
the mice, allowing the inflammation to subside.

Based on clinical diagnostic guidelines, magnetic resonance
imaging (MRI) was further performed to compare the abdom-
inal cavity of the mice in the different groups. As shown in
Fig. 6(D), in the blank group, the T2 fast spin-echo (fs) images

Fig. 5 Biosafety of the QCDs. (A)–(C) The survival rate of HaCat, MC3T3-
E1, and HeLa cells treated with QCDs for 24 h. (D) and (E) Photograph
of hemolysis study samples and graph showing hemolysis rate of
the QCDs (n = 3).

Fig. 6 In vivo antimicrobial properties of the QCDs. (A) The survival rates. (B) and (C) Levels of WBC and NUET in the mice blood samples. (D) MRI
images. (E) Bacterial smear plates for each blood sample (****P o 0.0001).
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of the intestinal wall had a low signal, and the interintestinal
space was clear, suggesting a normal abdominal cavity associated
with healthy mice. In the negative control group, the T2 fs images
of the intestinal wall of the mice had a high signal, and abdom-
inal dropsy was observed. The T2 fs images of the intestinal wall
of mice in the experimental and positive control groups showed a
low signal, the interintestinal space was clear and similar to the
blank group, and no abdominal dropsy was found in the mice.
The MRI results indicated that the QCDs effectively treated the
mice with acute peritonitis, alleviating abdominal infection and
achieving inflammation regression, suggesting that the QCDs had
the same therapeutic effect as gentamicin sulfate.

After 72 hours of intervention, the blood of the mice in the
blank, negative control, experimental, and positive control

groups were evenly smeared on an agar plate to evaluate the
in vivo residual bacteria, as shown in Fig. 6(E). No colonies grew
on the agar plates of the blank group. In the negative control
group, very dense colonies of bacteria grew on the agar plates,
which may be due to the overabundance of bacteria or the
low immune function of the mice resulting in the spread of
infection to form diffuse peritonitis. Furthermore, the identifi-
cation of the bacterial colonies of the negative control group
was performed using MALDI-TOF MS, as shown in Fig. S4
(ESI†). Compared with a standard spectrum, the colonies were
identified to be E. coli, suggesting that E. coli had spread in
the modeling mice. It implied that bacteria and toxins in the
peritoneal exudates (Fig. 6(D)) of the modeling mice are
absorbed by the peritoneum and then enter the blood through

Fig. 7 HE-stained sections of the major organs of each group of mice (red arrows and red boxes indicate inflammatory cells and sites of inflammation,
respectively).
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lymphatic vessels, causing a series of symptoms. The colony of
the experimental group was similar to that of the positive control
group in the survival mice. Among the 9 recovered mice of each
treated group, the blood samples from 7 mice found almost no
colonies after following the same incubation process. Compared
with the negative control group, the number of colonies on the
agar plates of the other two blood samples from the two treated
groups were significantly reduced and sparse (Fig. 6(E)), suggest-
ing that the QCDs exerted in vivo antibacterial effects compar-
able to those of gentamicin.

Pathological analysis of the heart, liver, spleen, lung, kidney,
and peritoneum of each group of mice was carried out using
hematoxylin and eosin (HE) staining. As shown in Fig. 7,
compared to the blank group, the modeling group showed
different inflammatory responses in different organs. For example,
a small number of infiltrating lymphocytes and neutrophil granu-
locytes are found in the heart, some infiltrating lymphocytes and
neutrophil granulocytes are seen in the portal area of the liver with
severe swelling and balloon-like hepatocytes, a damaged lymphoid
follicle structure with extramedullary hematopoiesis is found in the
spleen, peribronchitis as well as alveolar fusion, septal dilatation,
and congestion are seen in the lung, whilst renal tubule dilatation
is seen in the kidneys. In addition, stromal fibrous proliferation
with infiltration of some lymphocytes and neutrophil granulocytes
was also observed in the negative control mice after E. coli infection.
In conclusion, all the above histopathological changes indicated
that acute peritonitis leads to severe inflammatory responses in all
organs in the negative control mice. However, compared to the
negative control mice, the experimental and positive control mice
showed little infiltration and histopathological changes in the
organs, similar to healthy mice. This indicates that QCDs can
promote the recovery and healing of peritonitis in mice.

The results of the routine analysis of blood, MRI, and
bacterial culture and the pathological analysis of major organs
suggested that QCDs had excellent performance in treating
acute peritonitis caused by E. coli, with a curative effect similar
to that of gentamicin. Furthermore, the advantage of using
QCDs is that the QCDs can also treat resistant bacteria, imply-
ing that they have significant prospects for clinical application.

4. Conclusions

In summary, broad-spectrum antibacterial quaternized carbon
dots (QCDs) with enhanced activity against Gram-negative
bacteria were synthesized via an effective one-step method.
The small-sized QCDs contained quaternary ammonium
groups and long alkane chains, which enable them to strongly
bind to the cell membrane (specifically lipopolysaccharide) of
Gram-negative bacteria through electrostatic and hydrophobic
effects. In vitro safety assessments implied the biocompatibility
of the QCDs. In vivo experimental results showed that the QCDs
and gentamicin sulfate had the same therapeutic effect on
mouse models with E. coli-induced peritonitis. In addition to
the general administration of antibacterial nanomaterials on
wounds, this work further develops the use of carbon dots in

the antibacterial field through an injection mode, thus expanding
the range of clinical administration methods and applications
that carbon dots have in medicine.
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