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It is an urgent challenge to develop efficient antibacterial agents against resistant bacteria in the treatment
of infectious diseases. Carbon quantum dots (CQDs) have attracted much attention owing to their good
stability, low toxicity and excellent biocompatibility. In this work, CQDs doped with different contents of
the element phosphorus (P) were prepared by a simple hydrothermal method using valine as a carbon
source, triethylamine as a nitrogen source and different volumes of phosphoric acid as a phosphorus
source. The average diameter and the surface charge could be regulated from 2.89 nm to 1.56 nm and
+2.58 mV to +5.47 mV by increasing the content of the element P in these CQDs. Importantly, these
CQDs showed effective bacterial inhibition against Escherichia coli (E. coli) and Staphylococcus aureus
(S. aureus). The minimal inhibitory concentration (MIC) decreased from 0.71, to 0.51 to 0.18 mg mL™* on
E. coli and S. aureus with the increase of P element content. Furthermore, the morphologies of E. coli
cells and S. aureus were damaged and became irregular upon treatment with these CQDs. The results of
singlet oxygen (*0,) detection demonstrated that intracellular O, was generated during the antibacterial
process. We speculated that bacterial inhibition induced by these CQDs was accompanied by disruption
of permeability and structural integrity, owing to strong electrostatic interactions between negatively
charged bacteria and positively charged CQDs and production of singlet oxygen of CQDs. Together, this
study indicates that the CQDs can be a candidate to treat resistant bacterial infections and may improve
the understanding of killing pathogens by antibacterial CQD drugs.

Introduction

Bacterial infections have been a growing problem worldwide
and threaten human life and health.' More concerning, super
bacteria with superb resistance to antibiotics have risen
dramatically due to the abuse of organic antibiotics, increas-
ingly threatening our ability to treat common infections.>* The
threat to health of multi-drug resistant bacteria has been
extensively reported, suggesting that fatal infections from
multi-drug resistant bacteria are predicted to exceed those from
cancer by 2050.* Thus, it is vital to create new and effective
antibacterial agents against resistant bacteria. In the early stage
of research, metal nanomaterials, such as gold nanoclusters,>”
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silver nanoparticles®** and Cu,O nanotubes,' have generated
a lot of attention due to their significant potential for treating
illnesses caused by antibiotic-resistant bacteria. However, the
poor environment and biocompatibility of metal nanomaterials
has become an obstacle in the clinical application.

As a novel type of carbon nanomaterials, carbon quantum
dots (CQDs) with good stability, fluorescence, low toxicity and
biocompatibility have been widely used in the fields of bio-
imaging, biosensing and drug delivery."*>* Additionally,
synthetic procedures of CQDs are fairly simple, and the raw
materials are cost-efficient and widely available. Thus, CQDs as
a new antibacterial agent for biomedical applications have been
widely studied.>® Bing et al. prepared three kinds of carbon
dots with different surface charge, which induced programmed
bacteria death.* Liu et al. used metronidazole to prepare carbon
dots with selective antibacterial activity against obligate anaer-
obes.*® Furthermore, researchers have performed a series of
experiments to explore the antibacterial mechanism of CQDs.
For instance, Jian et al. proved the cell membranes of E. coli and
S. aureus treated with CQDs for two hours were severely
damaged and intact treated without CQDs by TEM and SEM.*"
Lee et al. investigated the antibacterial mechanism of CQDs by
measuring singlet oxygen ('O, a type of ROS) generation using
a singlet oxygen sensor green assay, which played an important
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Scheme 1 Schematic illustration of the preparation of CQDs and their
antibacterial effects.

role in the eradication of bacteria.?” The above studies indicate
that CQDs destroy bacteria through different mechanisms.

In recent years, the element doping in CQDs has aroused
widespread interests of scientists because the doping of
elements could effectively adjust some of the available functional
groups and chemical properties of prepared CQDs,**™° trans-
forming CQDs into functional nanomaterials. For instance, Zhao
et al. prepared N, P co-doped yellow emitting carbon dots with
strong inhibitory ability to bacteria.’” Travlou et al. obtained S-
and N-containing CQDs with a capability against Gram-positive
and Gram-negative bacterial strains by a simple hydrothermal
approach and the N-CQDs exhibited stronger antibacterial ability
involved electrostatic interactions.*®

In this work, we synthesized a series of N, P doped-CQDs
using valine as a carbon source, triethylamine as a nitrogen
source and different volumes of H;PO, as a phosphorus (P)
source. The functional groups and chemical properties of CQDs
were regulated by increasing the content of phosphorus. In
addition, these CQDs showed different growth-inhibiting
properties by rupturing the cell walls of E. coli and S. aureus,
which might be related to strong electrostatic interactions
between negatively charged bacteria and positively charged
CQDs and production of '0, of CQDs, and the antibacterial
activity was increased with the increase of P element in the
CQDs (Scheme 1).

Experimental
Materials

Valine (99%), triethylamine (99%) and 1,3-diphenylisobenzo-
furan (DPBF) were purchased from Aladdin Reagent Co., Ltd.
(Shanghai, China). Sodium chloride, yeast extract, agar powder,
tryptone were purchased from Sinopharm Chemical Reagent
Co., Ltd. All chemicals were used directly without further puri-
fication. All of solutions were prepared with deionized water
from a Millipore water purification system (Milli-Q, Millipore,
Billerica, USA).

Apparatus

A RF-5301PC fluorescence spectrophotometer was used to
collect all fluorescence spectra (Shimatzu Corp., Kyoto, Japan).
Transmission electron microscopy (TEM) and hgh-resolution
transmission electron microscopy (HRTEM) images were
collected using a JEOL-2100F transmission electron microscope
(Tokyo, Japan). The thickness of P-doped CQDs was carried out
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by a Dimension Icon Scan Asyst atomic force microscope (AFM,
Bruker Co.). Structural analysis was characterized by D8
ADVANCE X-ray diffraction (XRD, Bruker Co.) using Cu Ko
radiation (A = 0.15406 nm). Elemental and functional group
analyses were measured using an ESCALAB Xi® X-ray photo-
electron spectrometer (XPS, Thermo Fisher Scientific Inc.) and
a Nicolet iS5 Fourier Transform Infrared spectrometer (FTIR,
Thermo Fisher Scientific Inc.). Zeta potentials of P-doped CQDs
were recorded using a Zetasizer Nano ZS90 System (Malvern,
UK). The concentration of bacteria was determined by
measuring the optical density at 600 nm (ODggo) via UV-vis
spectroscopy. The images of bacteria morphology were ob-
tained under a S-3400N scanning electron microscope (SEM,
Hitachi, Japan).

Synthesis of CQDs

CQDs were prepared via a facile one-pot solvothermal method.*
Briefly, 0.5 g valine, 1 mL triethylamine and different volumes
(1.5 mL, 2.0 mL, 2.5 mL) of H3;PO, were dispersed in different
volumes (2.5 mL, 2.0 mL, 1.5 mL) of deionized water, respec-
tively. 5.0 mL of the reaction mixture was transferred into
a 25 mL poly(tetrafluoroethylene)-lined autoclave, and heated at
180 °C for 12 h, and subsequently cooled to ambient tempera-
ture. The solution was filtered using a 0.22 pm BIOSHARP
membrane filter and dialyzed using a 500 Da dialysis membrane
for 48 h. Finally, a series of CQDs powder was obtained by
vacuum freeze-drying for 48 h and kept in cold storage at 4 °C.
The three CQDs were named by CQDs-1, CQDs-2 and CQDs-3
according to volumes of H;PO, from 1.5 to 2.5 mL, respectively.

Cellular toxicity test

1 x 10° cells per mL of Human HCT-116 colon cancer cells were
seeded on 96-well plates (100 pL per well) and grown in McCoy's
F-12 cell medium with 10% fetal bovine serum (FBS) at 37 °C.
After 24 h, the cells were treated with different doses of CQDs
and were incubated with McCoy's F-12 medium with 2% FBS for
an additional 24 h. The CQDs-free cells served as control
groups. Following the removal of the medium, the cells were
washed three times with PBS buffer before being cultured for an
additional hour with a mixture of 10 uL MTT and 90 puL McCoy's
F-12 medium. After discarding the MTT culture medium, 150 pL
of DMSO was added and mixed for around 10 minutes. Finally,
the optical density (OD) values of wells were measured at
538 nm. The cell viability was estimated with the eqn (1):

Cell viability = (ODyreated/ODcontror) X 100% (1)

where ODyeateq and ODconero1 Were optical density of cells in the
presence and absence of CQDs, respectively.

Photostability of CQDs

The pH stability was analyzed by mixing 30 uL of different pH of
Britton-Robinson (BR) buffer with 20 pL of CQDs and 450 pL
deionized water. For ionic strength and oxidation degree, 30 pL
of various concentrations of NaCl (0-4.0 M) and H,0, (0-1000
uM) solution were mixed with 20 pL of CQDs and 30 uL PBS

© 2022 The Author(s). Published by the Royal Society of Chemistry
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buffer (pH 7.4), and then diluted to 500 pL with deionized water
and mixed well. The fluorescence emission of the solutions was
observed at a wavelength of 430 nm upon excitation of 320 nm.

Antibacterial activity test

S. aureus and E. coli were cultured overnight in lysogeny broth
(LB) medium at 37 °C in an orbital shaker (180 rpm). The
medium contained 10.0 g of NaCl, 5.0 g of yeast extract powder
and 10.0 g of tryptone per liter. Measurements of optical density
at 595 nm (ODsy5) were used to estimate the bacterial concen-
tration. The MIC of CQDs was determined by microdilution
with a 96-well cell culture plate. Bacteria were adjusted to 1.5 x
10’ CFU mL™* with LB medium. First, 50 uL of bacterial cell
suspension was added to each well. Subsequently, 50 pL of
various concentrations of CQDs was dispersed in 96-well plate
with a final volume of 100 pL suspension per well and mixed
well. Bacteria suspension in an LB medium without CQDs was
the control and only LB medium was the blank. The samples
were incubated at 37 °C for 12 h with agitation at 180 rpm. After
incubation for 12 h, the concentration of bacteria was measured
at 595 nm. The experiment was repeated three times.

Detection of singlet oxygen (10,)

The ability of CQDs to generate 'O, under visible light illumi-
nation was determined by measuring the absorbance of 'O,
quencher 1,3-diphenylisobenzofuran (DPBF) at 410 nm. In
present work, an appropriate amount of DPBF and CQDs was
added in methanol solution, illuminated upon white LEDs
irradiation for 30 min, and the rate of DPBF oxidation was
calculated by periodically recording UV-visible spectrum with
the absorbance at 410 nm.

Results and discussion
Characterizations of the P-doped CQDs

The morphology and structure of the three as-prepared CQDs,
noted as CQDs-1, CQDs-2 and CQDs-3, were first characterized
by TEM/HRTEM and AFM, respectively. As shown in Fig. 1, the

—_—
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0.0 1: Holght Sensor 5.0 un + o oo B 0.0

Fig.1 TEM images of CQDs-1 (a), CQDs-2 (b), and CQDs-3 (c) (inset:
the corresponding particle size distribution and HRTEM images) and
AFM images of CQDs-1 (d), CQDs-2 (e), and CQDs-3 (f) (inset: the
corresponding height profile).
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average diameter of CQDs-1, CQDs-2 and CQDs-3 was 2.89 nm,
2.21 nm and 1.56 nm (Fig. 1a-c), respectively. And the average
height of CQDs-1, CQDs-2 and CQDs-3 was 4.13 nm, 3.16 nm
and 2.93 nm (Fig. 1d-f), respectively. The HRTEM images of
these CQDs (inset in Fig. 1a—c) all displayed one in-plane lattice
spacings of 0.23 nm which is attributed to the (100) facet of
graphene. Furthermore, XRD pattern (Fig. 2a) exhibited
a typical broad peak around 22.9° associated with the graphitic
structure, further revealing that a typical graphite-like structure
is formed during the hydrothermal treatment. The morphology
results indicate a declining tendency in size distribution with
the increase of the doping ratio of P element from CQDs-1 to
CQDs-3.

To investigate the elementary composition and the func-
tional groups in these CQDs, FTIR spectra and XPS were per-
formed. The functional groups on the surface of these CQDs
doped with different ratio of P element were characterized by
FTIR. As shown in Fig. 2b, the peaks at 3394 cm™' and
2983 cm™ ' were attributed to the stretching vibration of O-H/N-
H and C-H,***! the peaks at 1724 cm ™', 1625 cm ™', 1472 cm ™'
and 1391 cm ™, 1158 cm ™! were attributed to C=0, C=N, C=
C, C-N and C-O stretching vibration,*>** the peak at 1002 cm ™"
was attributed to P-O stretching vibration.**** As shown in
Fig. 3a-c, the full-scan XPS spectra of these CQDs confirmed
that all of the CQDs contain four elements involving carbon,
nitrogen, oxygen and phosphorus. The elements ratio of C, O, N,
P in the three CQDs were 55.43%, 36.86%, 4.39%, 3.32% for
CQDs-1 and 33.71%, 57.76%, 3.42%, 5.10% for CQDs-2 and
54.81%, 34.58%, 4.77%, 5.84% for CQDs-3, respectively. Obvi-
ously, the doping proportion of P element was increased with
the increase of H3;PO, volumes from CQDs-1 to CQDs-3. As
shown in Fig. 3d-f, the high-resolution P 2p spectra of the three
CQDs showed two peaks around 134.7 eV and 135.6 eV, which
belong to P=0O bonds and P=C bonds,"*® respectively. As
shown in Fig. Sla-c,t the high-resolution C 1s spectra of the
three CQDs showed three peaks including 284.8 (C=C/C-C
bonds), 285.8 eV (C-O/C-N/C-P bonds) and 288.3 eV (C=O
bonds).*” As shown in Fig. S1df,} the O 1s spectra of the three
CQDs presented two peaks around 532.6 eV (C=O0 bonds) and
534.5 eV (C-O/P=0 bonds).*® As shown in Fig. S1g-i,} the high-
resolution N 1s spectra of the three CQDs revealed the existence
of C-N/N-N/P-N bonds (401.0 eV) and N-H bonds (402.8 eV).*
As demonstrated by the results of FTIR and XPS, the as-prepared
three different ratio of P element doped CQDs have abundant
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Fig.2 XRD pattern (a) and FTIR spectra (b) of the as-prepared CQDs-1,
CQDs-2 and CQDs-3.
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Fig. 3 The full-scan XPS spectra (a—c) the high-resolution P 2p XPS
spectra (d-f) of CQDs-1 (a, d), CQDs-2 (b, e) and CQDs-3 (c, f).

functional groups, including -COOH, -OH, and a small number
of N, P-containing groups.

Optical properties of CQDs

As shown in Fig. 4a, the maximum fluorescence (FL)emission
was located at 430 nm when excited at 330 nm. While the FL
intensity at 430 nm was decreased with the increase of P doping
ratio from CQD-1 to CQDs-3. Besides, the maximum emission
was independent of the excitation wavelength from 280 nm to
400 nm in these CQDs (Fig. S21). Fig. 4b showed that all of these
CQDs displayed a distinctive absorption peak at 275 nm owing
to the m—mt* transition of C=C.***’ In addition, the as-prepared
CQDs showed excellent stability. The FL intensity slightly
changed under continuous UV lamp excitation (330 nm) for
60 min, indicating these CQDs have excellent photostability
(Fig. S3at). Meanwhile, the FL intensity almost remained
invariant even when the concentrations of NaCl and H,0, was
up to 4 M and 1000 pM, respectively, which indicating the
stability of these CQDs in comparatively high ionic-strength and
oxidation condition (Fig. S3b and ct). These CQDs also showed
excellent stability in the pH range from 1.89 to 11.98 (Fig. S3d ).

Antibacterial activity of CQDs

Before antibacterial activity experiments, we first evaluated the
cytotoxicity of these CQDs by MTT method using human HCT-
116 colon cancer cells. As depicted in Fig. 5, the cell viability
remained greater than 90% after 24 hours of incubation even at
concentrations as high as 640 pg mL ™', indicating that these
CQDs have good biocompatibility. Gram-negative E. coli and
Gram-positive S. aureus were used as the model pathogens to
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< 600 2 0.3
£ _E
£ 400 2 0.2
£ z
= 200 0.1
0 0.0 - - v
300 400 500 600 700 240 280 320 360 400
Wavelength (nm) Wavelength (nm)
Fig. 4 FL emission spectra (a) and UV-vis absorption (b) of CQDs.
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Fig. 5 Cell toxicity of CQDs-1, CQDs-2, CQDs-3 on HCT-116 colon
cancer cells.

evaluate the antibacterial activity of these CQDs. Different
concentrations of these CQDs were applied to treat equal
amounts of bacterial cell suspension for 12 h. The bacterial
vitality was evaluated by comparing ODses5 values of the bacterial
suspension. As shown in Fig. S4a and d,} the vitality of E. coli and
S. aureus decreased with the increasing concentration of these
CQD. The ODsg;5 of E. coli and S. aureus were almost consistent
with that of the blank group when the concentrations of CQDs-1,
CQDs-2, CQDs-3 were respectively up to 0.71, 0.51,0.18 mg mL ",
indicating that these CQDs have not selective inhibitory effect on
Gram-negative and Gram-positive pathogens. Besides, to further
confirm that these CQDs are not selective for bacteria, we
measured the antibacterial activity on S. flexneri and P. aerugi-
nosa bacteria. As shown in Fig. S4b, ct and Table 1, the MIC
values were almost consistent with E. coli and S. aureus. However,
the ODsq5 values of S. aureus were smaller than that of E. coli, S.
flexneri and P. aeruginosa at the same concentration of CQDs,
suggesting the inhibitory effect of Gram-positive is stronger than
that of Gram-negative pathogens.

In addition, the diameter of the inhibition zone illustrates
the bacterial viability of these CQDs. The better the antibacterial
ability of CQDs, the larger the diameter of the zone of inhibi-
tion. As depicted in Fig. 6, the inhibition diameters of E. coli and
S. aureus became clearly larger with the increase of the doping
ratio of P element from CQDs-1 to CQDs-3 and even the inhi-
bition diameter of S. aureus was larger than gentamicin (an
aminoglycoside antibiotic). The plate colony formation assays
of E. coli and S. aureus treated with these CQDs were shown in
Fig. S5.f The results showed that CQDs-3 had the highest
antibacterial activity against the tested bacteria, which is
consistent with that of the zone of inhibition. These findings

Table 1 The MIC of different CQDs to microorganisms

MIC (mg mL ™)

Bacterial type CQDs-1 CQDs-2 CQDs-3
S. aureus 0.71 0.51 0.18
E. coli 0.71 0.51 0.18
S. flexneri 0.71 0.51 0.18
P. aeruginosa 0.71 0.51 0.18

© 2022 The Author(s). Published by the Royal Society of Chemistry
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Fig. 6 Photographs of inhibition zone containing E. coli (a) and S.
aureus (b) treated with 0.71 mg mL™! of CQDs-1, CQDs-2, CQDs-3
and gentamicin, respectively.
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on the growth of E. coliand S. aureus. Drug-resistance study of CQDs-
1 (g). CQDs-2 (h), and CQDs-3 (i) against E. coli and S. aureus.

suggested that the particle size have a certain influence on the
antibacterial activity against both E. coli and S. aureus. Next, the
bacterial killing kinetics of these CQDs were studied. Fig. 7a—-f
showed these CQDs could rapidly eradicate bacteria and dis-
played a time-dependence at different doses.

To evaluate the potential of bacteria resistance to these CQDs
after a continuous antibacterial treatment, bacteria were incu-
bated with half inhibitory concentrations of these CQDs every
day and the antibacterial activity was measured through 14
passages. Fig. 7g-i showed the MIC of these CQDs against both
E. coli and S. aureus did not significantly change after 14
passages, indicating that these CQDs have no tendency to
develop resistance to E. coli and S. aureus.

Antibacterial mechanism of CQDs

To further understand the antibacterial mechanism of these
CQDs, the morphologies of bacteria, zeta potential and 'O,
production before/after CQDs treatment were studied. As
shown in Fig. 8a-h, integrity of E. coli and S. aureus untreated
with CQDs was kept well and smooth while the cell walls of E.
coli were wrinkled and broken and some cytoplasmic

© 2022 The Author(s). Published by the Royal Society of Chemistry
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Fig. 8 Bacterial morphology of E. coli and S. aureus without (a, e) or
with CQDs-1 (b, f), CQDs-2 (c, g), CQDs-3 (d, h) treatment.

components of S. aureus exudated from cells treated with CQDs,
especially in the CQDs-3 groups. In addition, to further inves-
tigate the mechanism of antibacterial activity by these CQDs, we
explored if 'O, were generated. Fig. 9a-c showed the absorbance
feature of DPBF at 410 nm was progressively decreased in the
presence of these CQDs, suggesting intracellular singlet oxygen
are generated during the antibacterial process. Furthermore,
the absorbance of DPBF at 410 nm became lower at 30 min with
increasing P element from CQDs-1 to CQDs-3. Meanwhile, the
generation of 'O, was further verified by measuring the electron
paramagnetic resonance (EPR) of the samples. As shown in
Fig. 9d, the signal intensity of 'O, generation increased with the
increase of P element. The results are consistent with that of the
morphologies of bacteria. As shown in Fig. 10, zeta potential
analysis showed that all of CQDs-1 (+2.58 mV), CQDs-2 (+4.33
mV) and CQDs-3 (+5.47 mV) were positively charged, and the
positive charge was higher with the doping ratio of P element
increased. We speculate that the surface charge of these CQDs
is strongly related to antibacterial activity. Overall, these posi-
tively charged CQDs destroy the permeability and integrity of
the bacterial plasma membrane, maybe owing to the produc-
tion of reactive oxygen species. Importantly, the CQDs with
higher P doping ratio in these carbon nanoparticles, which is
smaller in sizes and have higher positive charge, have a signifi-
cantly enhanced antibacterial activity compared to the others,
which may be attributed to the difference in cellular uptake and
distribution in the plasma membrane.
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Fig.9 Absorbance spectra of DPBF obtained from different irradiation
times in the presence of CQDs-1 (a), CQDs-2 (b), CQDs-3 (c). EPR
spectra (d) of CQDs.
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Fig. 10 Zeta potentials of E. coli, S. aureus, CQDs, E. coli + CQDs and
S. aureus + CQDs.

Conclusions

In summary, a series of low toxic CQDs with different content
of P element were prepared by a hydrothermal method. The
average diameter and the surface charge of these CQDs could
be regulated by increasing the content of P element. In
addition, these positively charged CQDs exhibited effectively
enhanced inhibition on Gram-negative and Gram-positive
bacteria growth with increasing P doping ratio. The results
of antibacterial mechanism demonstrated that bacterial
death accompanied by disruption of the permeability and
structural integrity of bacterial plasma membrane might be
attributed to strong electrostatic interactions between nega-
tively charged bacteria and positively charged CQDs and
production of 'O, of CQDs. This work provided a new insight
into P-doped CQDs for the development of antibacterial
nanomaterials as prospective alternative bacteria-resistant
antibacterial agents.
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