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Preparation of Copper-Carbon Dots Complex and Its Antibacterial Activity
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Abstract: Pseudomonas aeruginosa (P. aeruginosa) is a major pathogen of hospital-acquired infections and has high drug resistance,
so it is urgent to develop new strategies and efficient drug molecules to deal with this problem. In this paper, blue fluorescent carbon
dots (CDs) with high antibacterial activity was synthesized by hydrothermal method using citric acid and (2-methyl-5-nitrophenyl)
guanidine nitrate as raw materials. The morphology of CDs shows that they are the uniformly dispersed nanospheres with a particle
size of about 3 nm. The composition and optical properties show that there are functional groups such as carboxyl and amino groups
on the surface of CDs, and the CDs can generate reactive oxygen species under light stimulation. In order to improve antibacterial ac-
tivity and the ability to promote wound healing, the CDs further chelated Cu*" to obtain composite CDs@Cu. The killing rate of CDs
on P. aeruginosa under xenon lamp irradiation is 85.4% when the concentration was 30 pg/mL, and the killing efficiency of
CDs@Cu can reach to 99.9%. Therefore, the composite nanoparticles can not only be used as a new and efficient antibacterial mate-
rial, but also provided new ideas and methods for the development of antibacterial agents based on carbon dots.
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O Introduction

Bacterial infections delay wound healing and
impose a significant social and economic burden on
patients and health care systems''. With the increase
in bacterial resistance to antibiotics, infectious dis-
eases caused by drug-resistant bacteria have become
the second leading cause of death worldwide"”. It is
estimated that 700 000 people worldwide die each
year from drug-resistant bacterial infections, and the
cumulative total will reach 300 million by 2 050 if
current trends continue™”. Among these infections,
gram-negative bacteria with a lipopolysaccharide pro-
tective outer membrane can restrict access to certain
antibiotics and cause more serious infections'””. The
World Health Organization has listed some of the
most serious pathogens that are highly resistant to
antibiotics, and P. aeruginosa is one of the leading
members. P. aeruginosa is a major pathogen of noso-
comial infections, which is prone to drug resistance
and is associated with pneumonia, urinary tract infec-

. Therefore,

tions and surgical wound infections
there is an urgent need to develop novel strategies or
drugs to treat P. aeruginosa infections.

A variety of nanomaterials, including noble
metal nanoparticles, polymeric nanoparticles and car-
bon-based nanomaterials have been found to be
used against bacterial infections”'”. Carbon dots
(CDs), as carbon-based fluorescent nanomaterials
with ultra-tiny sizes below 10 nm, excellent photolu-
minescence properties, low toxicity properties and
tunability of surface functions. These characteristics
have made CDs received much attention in the
fields of bioimaging, gene/drug delivery, lumines-
cent devices, catalysts and antibacterial drugs %
In addition, CDs containing an abundance of hetero-
atoms can provide active sites for their functional-
ized modifications through coordination and electro-

7181 Antimicrobial materials based

static interactions'
on CDs have been rapidly developed with various
antimicrobial mechanisms such as DNA binding, in-
hibition of bacterial metabolism, photoactivation to

generate reactive oxygen species (ROS) and ther-

mal™®. Guanidine groups are common functional
groups in many biologically relevant molecules and
are the preferred functional groups for antimicrobial
drug design and development. This is because guani-
dinium groups are protonated at physiological pH,
which facilitates interaction with anionic phospholip-
ids within the bacterial membrane, disrupting the cell
membrane and leading to lethal leakage of the cyto-

plasmic matrix*" "

. Modified guanidine group in
CDs will help to improve the antibacterial activity
of CDs. The antibacterial activity of copper has
been recognized in ancient times and its ions and
complexes have been shown to have broad-spectrum

#l Copper ions (Cu’" ) can

antimicrobial activity'
penetrate bacterial cell membranes, inhibit cellular
respiration and degrade DNA, thereby causing irre-
versible damage to bacteria. In addition, it can also
promoting angiogenesis and accelerate wound heal-
ing by stabilizing the expression of hypoxia-induc-
ible factor and the secretion of vascular endothelial

272 However, most CDs currently re-

growth factor!
ported have poor antimicrobial properties and are
rarely able to chelate Cu”". Therefore, we speculate
whether the combination of CDs and Cu ions with
their respective advantages has better antibacterial
activity.

Based on this, CDs with antibacterial activity
were synthesized by hydrothermal method using cit-
ric acid (CA) and (Z2-methyl-5-nitrophenyl)guanidine
nitrate as raw materials and ultrapure water as sol-
vent. CDs can produce ROS under light stimulation.
The composite material CDs@Cu was obtained by
2+

the coordination between CDs and Cu

with CDs, the CDs@Cu at the same concentration

. Compared

showed stronger antibacterial properties against P.
aeruginosa and could kill 99.9% of the bacteria.
This nanocomposite will provide a new strategy for

the development of novel antibacterial drugs.

1 Materials and methods

1.1 Instruments and reagents

The morphology and structural characterization
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of CDs were observed by Tecnai GZ 20-S-TWIN
field emission transmission electron microscope
(TEM, FEI, USA), Multimode 8 atomic force micro-
scope (AFM, Bruker, USA), ALPHAIl FT-IR spec-
trometer (FT-IR, Bruker, USA), ESCALAB 250Xi
X-ray photoelectron spectrometer (XPS, Thermo Sci-
entific, USA) and D8 Advance X-ray diffractometer
(XRD, Bruker, USA), respectively. The absorption
and emission spectra were recorded by UH5300 UV-
Vis spectrophotometer (UV-Vis, Hitachi, Japan) and
F-7100 fluorescence spectrophotometer (Hitachi, Ja-
pan), respectively. The absorbance value was tested
on ELx808 Enzyme Labeler (BioTeK, USA). The
potential was tested on Zetasizer Nano ZS-90 Laser
Particle Sizer (Malvern PANalytical, UK).

Citric acid, (2-methyl-5-nitrophenyl)guanidine
nitrate, dimethyl sulfoxide (DMSO), ethanol, CuCl,-
Z2H,0 and 2',7'-dichlorodihydrofluorescein diacetate
(DCFH-DA) were purchased from Aladdin, Shang-
hai. Pseudomonas aeruginosa, fetal bovine serum,
trypsin, thiazole blue (MTT), dulbecco's modified
eagle medium (DMEM) culture medium and para-
formaldehyde were purchased from Solarbio, Bei-
jing. Luria-Bertani (LB) broth powder and nutrient
agar were purchased from Shenggong Biological En-
gineering Co., LTD.

1.2 Preparation and characterization of CDs

Suitable amounts of CA and (2-methyl-5-nitro-
phenyl)guanidine nitrate were dissolved by redis-
tilled water, and then transferred to an autoclave af-
ter complete dissolution and heated to react. During
the synthesis process, the conditions were optimized.
The mass ratios of (Z2-methyl-5-nitrophenyl)guani-
dine nitrate and CA were 1 : 1,1 : 2 and 1 : 3, re-
spectively. The synthesis times were 4 h, 5 h and 6
h, and the temperatures were 190 °C, 200 °C and
210 °C, respectively. The reaction products were
centrifuged at 10 000 r/min for 10 min, and the su-
pernatant was collected and filtered through 0.22
pm aqueous microporous filter. Then, it dialyzed in
a dialysis bag with molecular weight of 1 000 Da
for 24 h. The yellow powder CDs was obtained by

freeze-drying, and the apparent morphology and ele-
mental composition were observed by TEM, AFM,
XRD and XPS. The functional groups on surfaces
of CDs were studied by FT-IR.
1.3 Optical properties of CDs

CDs was dissolved with redistilled water and a
master batch with a concentration of 10 mg/mL was
prepared and set aside. The absorption and emission
spectra of CDs (0.1 mg/mL) were tested using UV-
Vis and fluorescence spectrometer with excitation
slit and emission slit of 5 nm and 10 nm, respective-
ly. The stability of CDs in different concentrations
of NaCl solutions (0, 29.2, 58.4, 87.6, 116.8, 146.0
and 175.2 mg/mL), PBS buffers with different pH
(4.0, 5.0, 6.0, 7.0, 8.0, 9.0 and 10.0) and different
times (0, 6, 12, 18, 24 and 30 days) were tested us-
ing fluorescence spectrometry. The performance of
CDs in producing ROS was tested by activated 19.5
ng/mL DCFH-DA with 0.4 mg/mL NaOH in a cer-
tain ratio.
1.4 Construction and characterization of CDs@Cu

CDs (0.1 mg/mL) were incubated with differ-
ent concentrations of CuCl, solution (0, 2, 4, 6, 8,
10, 12, 14, 16, 18 and 20 pg/mL) for 5 min at
room temperature in a shaker, and the changes of
fluorescence spectra were recorded to evaluate their
performance in chelating Cu”". The changes of zeta
potential of CDs before and after Cu’" chelation
were measured by Laser Particle Sizer. The changes
of fluorescence spectra of DCFH-DA probe was
used to evaluate the performance of ROS generation
of CDs before and after chelating Cu”".
1.5 Cytotoxicity assay

Human normal cervical epithelial cells
(HcerEpic) were used as template cells, and the tox-
icity of CDs and CDs@Cu to the cells was deter-
mined by MTT method. The cells were inoculated
in 96-well plates at a concentration of 1x10" cells
per well and incubated for 24 h. The culture medi-
um was discarded and 100 pL of medium contain-
ing different concentrations of CDs and CDs@Cu
was added to each well, and then incubated for 24 h.
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Subsequently, 100 pL MTT was added and incubated
for 4 h. Finally, MTT was discarded, and 200 pL
DMSO was added, and the absorption value at 490 nm
was detected by enzyme marker.
1.6 Measurement of antibacterial activity

P aeruginosa was cultured in LB liquid medi-
um for 9 h. The bacterial broth was centrifuged at
7 100 r/min for 2.5 min, washed twice with PBS,
and the ODy, was 1.0. Then, 100 pL of bacterial
broth was incubated with 400 pL of different con-
centrations of CDs (37 °C, 15 min), and the final
concentrations of CDs were 0, 10, 20, 30 and 40
ng/mL, respectively. The light group was illuminat-
ed with xenon lamp for 15 min, and light power
density was 0, 25 and 50 mW/cm’, respectively. Fi-
nally, 100 pL of bacterial solution was diluted with
secondary water was spread on an agar plate. The
number of colonies was counted after 18 h in the in-
cubator, and the viability were counted.

The antibacterial performance experiment of
CDs@Cu was performed as above.
1.7 SEM Characterization

The optimal antibacterial concentration of
CDs@Cu was selected for SEM imaging experi-
ments. After the antimicrobial experiment, the bacte-
rial solution was centrifuged (10 000 r/min, 2 min),
the supernatant was removed, and the obtained bac-
teria were resuspended in 30 pL water. Subsequent-
ly, The suspension (4 (L) was taken on a clean sil-
icon wafer, and once the liquid was air-dried, glu-
taraldehyde in a volume fraction of 0.5% was add-
ed immediately was added immediately and kept
overnight at 4 °C overnight. Finally, glutaraldehyde
was removed, and eluted using a gradient of etha-
nol (20%, 40%, 50%, 70%, 90% and 100%).
Gold was coated on the specimens to perform the
SEM.

2 Results and discussion

2.1 Preparation and characterization of CDs
CA is a weak organic acid that can be used to

synthesize fluorescent CDs. Guanidinium groups

have better antibacterial activity. Therefore, (2-meth-
yl-5-nitrophenyl)guanidine nitrate and CA were se-
lected as raw materials for the synthesis of CDs
with high antibacterial activity (Fig. 1(a)). The con-
ditions for the synthesis of CDs were further opti-
mized. The strongest fluorescence performance of
carbon quantum dots was obtained at 5 h of reaction
under the conditions of 1 : 1 mass ratio of raw ma-
terials and 200 °C (Fig. 1(b)). The fluorescence per-
formance of CDs was strongest at a mass ratio of 1 : 2
between CA and (Z2-methyl-5-nitrophenyl)guanidine
nitrate at a reaction temperature of 200 °C and 5 h
(Fig. 1(c)). The fluorescence performance of CDs
was strongest at a reaction temperature of 200 °C
under the conditions of 5 h reaction time and 1 : 2
mass ratio of raw materials (Fig. 1(d)). Therefore,
the optimal reaction conditions for CDs were: mass
ratio of (Z2-methyl-5-nitrophenyl)guanidine nitrate
and CA is 1 : 2, reaction time is 5 h and temperature
is 200 °C. The FT-IR results showed (Fig. 1(¢)) that
O—H, N—H, C—N, C—0, C=C, and C=0 func-
tional groups are present in CDs. The absorption
peaks appearing at 3 430 cm ™ 'are the stretching vi-
brations of O—H and N—H, and 1 685 c¢cm™! are
the stretching vibrations of C=C or C=0, the ab-
sorption peaks appearing at 1 385 cm ' and 1 104
cm !
C—O, respectively. The XRD results show (Fig. 1
(f)) that the broad diffraction center of CDs is 25°
(20 =25°), indicating that it's mainly composed of

can be the bending vibrations of C—N and

amorphous carbon.

The morphology of CDs was characterized by
TEM and AFM (Fig. 2(a) and 2(c)), and the corre-
sponding statistical plots are shown in Fig. 2(b) and
2(d). The results showed that the particle size and
height of CDs are about 3 nm, indicating that CDs
are uniformly distributed quasi-spherical nanoparti-
cles.

The structural composition of the CDs was fur-
ther characterized using XPS. As shown in Fig. 3
(a), CDs has three peaks in the full spectrum, Ols,
Nls and Cls peaks at 535.1 eV, 403.8 eV and
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Fig. 1 Preparation and structural characterization of CDs
(a) Simple diagram of CDs preparation. The fluorescence intensity of CDs at 440 nm under (b) different reaction time, (c) different

mass ratios of the reactants, and (d) different temperatures. (e) FTIR spectrum of CDs. (f) XRD pattern of CDs
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Fig. 2 Morphology characterization of CDs
(a) TEM and (b) corresponding statistical histogram of CDs. (c) AFM and (d) corresponding statistics of CDs

287.5 eV, respectively. Fig. 3(b) shows the high-res-
olution spectrum of Ols with two peaks of C—OH/
C—O—C peak at 532.9 eV and C=O peak at
531.6 eV. The three peaks of Nls spectrum (Fig. 3
(c)) are C—N—=C peak at 399.7 eV, N—H peak at
400.8 eV and O=N—O peak at 406.0 eV. The

four peaks of Cls spectrum (Fig. 3(d)) are C=C/
C—C peak at 284.8 eV, C—N peak at 285.9 eV,
C—0O peak at 287.6 eV, and C=0 peak at 288.9
eV. The above results of XPS show that the surface
of CDs is rich in functional groups, which corre-

sponds to the results of FT-IR.
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Fig.3 XPS of CDs
(a) full spectrum; (b) Ols spectrum; (¢) N1s spectrum; (d) Cls spectrum

2.2 Optical properties of CDs

After the structure of CDs was determined, the
optical properties of CDs were measured. The UV-
vis absorption spectra, excitation spectra and fluores-
cence emission spectra of CDs showed that the maxi-
mum absorption peak locates at 275 nm, the emis-
sion wavelength locates at 440 nm (Fig. 4(a)). The
optimal excitation wavelength was 360 nm (Fig. 4
(b)). The stability of CDs was assessed by the
change of the fluorescence intensity at 440 nm, and
it was found that the fluorescence intensity was al-
most constant at different pH (4.0—10.0), different
ionic solutions (Fig. 4(c) and 4(d)), and the fluores-
cence remained unaffected after 30 days (Fig. 4(e)),
indicating that CDs have good stability. Finally, the
performance of CDs in generating ROS under xenon
lamp irradiation was examined using the commercial
ROS probe DCFH-DA. The results showed in Fig. 4
(f), the fluorescence intensity of the probe is signifi-
cantly enhanced by the addition of CDs, indicating
that ROS could be generated.

2.3 Construction and characterization of CDs@Cu

Due to the functional groups such as amino
and carboxyl groups on the surface of CDs, they
can chelate metal ions to form complexes. Fig. 5(a)
shows the fluorescence spectra of CDs after adding

2" It can be found

different concentrations of Cu
that fluorescence intensity of CDs is significantly re-
duced, which indicates that it can effectively chelate
Cu”". Fig. 5(b) shows the potential changes of CDs
before and after chelating Cu®", further illustrating
that CDs can chelate Cu”" to form CDs@Cu. ROS
generation ability of CDs@Cu and CDs were tested,
and the results showed that the ability of ROS pro-
duction was barely affected after chelating Cu®" (Fig.
5(c)). Finally, the toxicity of CDs and CDs@Cu on
HcerEpic cells was investigated, and the results
showed neither was toxic to the cells (Fig. 5(d)), in-
dicating that CDs@Cu has a good biosafety.
2.4 Antibacterial properties of CDs@Cu and CDs
Next, the killing effects of CDs on P. aerugino-
sa at different optical power densities and different

concentrations were investigated. The antibacterial
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Fig. 4 Optical properties and stability of CDs
(a) UV-Vis absorption spectra, excitation spectra and fluorescence emission spectra of CDs; (b) Fluorescence emission spectra of CDs
at different excitation wavelengths; Stability of CDs for (c) different pH, (d) different concentrations of NaCl, and (e) different times at

room temperature; (f) Fluorescence intensities of DCFH-DA in the absence and presence of CDs upon irradiation of xenon lamp
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Fig. 5 Construction and characterization of CDs@Cu
(a) Fluorescence emission spectra of CDs with different concentrations of Cu®"; (b) The zeta potential change of CDs before and af-
ter chelating Cu*; (c¢) Fluorescence intensities of DCFH-DA in the absence CDs, and presence of CDs and CDs@Cu upon irradia-
tion of xenon lamp; (d) Cytotoxicity of different concentrations of CDs and CDs@Cu
properties of CDs gradually increased with the in- 40 pg/mL and 50 mW/cm® for 15 min, there were
crease of concentration and optical power density. no colonies(Fig. 6(a)) and the killing rate of P. aeru-

When CDs were irradiated at a concentration of ginosa reached 99.9% (Fig. 6(b)). These results
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Fig. 6 Antibacterial properties of CDs before and after binding Cu*

(a) Antibacterial plate and (b) diagram of different concentrations of CDs against P. aeruginosa under xenon lamps with different
optical power densities; (c)Antibacterial properties of CDs, Cu*" and CDs@Cu at the same conditions, Cu®* was 2 pg/mL, CDs and
CDs@Cu was 30 pg/mL

show that CDs can kill bacteria, and ROS produced
in light can further help to eliminate bacteria. Cu”*"
has broad-spectrum antibacterial activity, which sug-
gests that CDs chelating Cu”™ will enhance its anti-
When the concentration of
CDs@Cu was 30 pg/mL and irradiated at 50
mW/cm” for 15 min, the killing rate of P. aerugino-
sa reached 99.9% (Fig. 6(c)). The results showed
that CDs@Cu antibacterial activity is significantly

bacterial properties.

higher than Cu”' and CDs, which also implies that
the antibacterial properties of CDs were significant-
ly enhanced after binding Cu*".

Finally, the antibacterial properties of different
concentrations of CDs@Cu were investigated. The
antibacterial properties of CDs@Cu were enhanced
with the increase of concentration (Fig. 7(a)), and

the same results are seen in the corresponding plates

(Fig. 7(b)). After clarifying its antibacterial proper-
ties, morphology of bacteria before and after treat-
ment with CDs@Cu was characterized by SEM. It
can be seen in Fig. 7(c), the morphology of bacteria
collapsed after treatment with CDs@Cu.

3 Conclusion

In this work, carbon dot CDs with efficient an-
tibacterial activity were obtained by introducing gua-
nidine groups, which further chelated Cu”" to obtain
composite nanoparticles CDs@Cu with stronger anti-
bacterial activity. CDs@Cu were found to generate
ROS under light irradiation in vitro. The antibacteri-
al properties were further investigated by coated
plate method, and the results showed that the anti-
bacterial properties of CDs@Cu were stronger than

CDs at the same concentration. The morphology of
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Fig. 7 Antibacterial properties of CDs@Cu
(a) Antibacterial diagram and (b) corresponding plate of different concentrations of CDs@Cu against P. aeruginosa upon the irradia-

tion of xenon lamp; (c¢) SEM image of CDs@Cu killing bacteria, CDs@Cu was 30 p.g/mL and the scale is 1 pm

P aeruginosa underwent significant collapse after
treatment with CDs@Cu. Therefore, this work will
provide new ideas for the development of new effi-
cient antibacterial materials and also provide theoret-

ical basis for their clinical applications.
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