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Bacterial infections can seriously harm human health, and the overuse of traditional antibiotics and
antibacterial agents will increase the resistance of bacteria. Therefore, it is necessary to prepare a new
kind of antibacterial material. In this work, a carbon dots and silver nanoparticles (CDs/AgNPs) composite
has been synthesized in a one-step facile method without the introduction of toxic chemicals, wherein
CDs could serve as a reducing and stabilizing agent. The CDs/AgNPs composite was characterized by
UV-vis spectrophotometry, X-ray photoelectron spectroscopy (XPS), X-ray diffraction (XRD), and
transmission electron microscopy (TEM), which demonstrate that the silver nanoparticles were
successfully synthesized in the composite. The zeta potential of the CDs/AgNPs composite was
—15.3 mV, indicating that the composite possesses high stability. Furthermore, the composite also
exhibited biocidal effects for both Gram-negative E. coli bacteria and Gram-positive S. aureus bacteria.
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Introduction

Since fluorescent carbon dots (CDs) were discovered by accident
during the process of separating and purifying single walled
carbon nanotubes in 2004, CDs have attracted tremendous
attention around the world.»” As we all know, many methods
have been used to synthesize fluorescent CDs,® such as hydro-
thermal treatment,* thermal decomposition,® ultrasonic-
microwave irradiation,® and chemical oxidation.” However,
most of these methods usually require expensive energy-
consuming equipment or large amounts of toxic chemicals,
which means that the preparation process of CDs is complex
and extremely difficult.® Therefore, it is of great importance to
develop convenient and environmentally friendly methods for
preparing fluorescent CDs. Subsequently, scientists have devoted
effort to synthesizing fluorescent CDs using natural biomass as the
precursor, such as grass,” coffee grounds,” sweet lemon peel,"*
garlic,” plant leaves,” and fruit juice.**** This is due to the fact that
natural biomass is not only abundant, sustainable and renewable,
but also cheap, readily available and nontoxic. Generally speaking,
the fluorescence performances of CDs are superior to conventional
semiconductor quantum dots and organic fluorescent dyes, such as
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Thus, the composite is considered to be of great potential in bactericidal and biomedical applications.

photo-stability, no bleaching and blinking fluorescence, and
excitation-dependent emission fluorescence.® Furthermore, fluo-
rescent CDs also have chemical stability, good aqueous solubility,
low cytotoxicity, and high biocompatibility. Owing to these fasci-
nating properties, CDs have been widely applied in fluorescence
imaging,"*® fluorescence detection," drug delivery* and catalysis.**

Recently, fluorescent CDs have been used to stabilize and
reduce metal nanomaterials due to the abundant oxygen con-
taining functional groups (hydroxyl, carbonyl, carboxyl and
epoxy) on their surface, which were considered as an excellent
electron acceptor and electron donor.”>?* In particular, fluo-
rescent CDs were selected as reducing and stabilizing agent,
which can be used to synthesize silver nanoparticles (AgNPs) to
improve antibacterial property. Specifically, silver nanoparticles
have widely applied in many bactericidal applications against
numerous bacteria and viruses.”* Compared with most other
antibacterial materials, including quaternary ammonium
compounds, metal ions and antibiotics, silver nanoparticles
have a higher bactericidal ability and a relatively lower cost, as
well as they can slowly release silver ions to inactivate
bacteria.>’** As we know, silver nanoparticles not only have
antibacterial property, but also have hydrophilicity and negative
surface charge. Moreover, CDs play an important role in
reducing silver ions and stabilizing the nanoparticles, the
addition of fluorescent CDs to silver nanoparticles can increase
the negative surface charge and hydrophilicity.>** Meanwhile,
the fluorescent CDs could be quenched by silver nanoparticles
due to their proximity, resulting in surface plasmon enhanced
energy transfer from CDs to AgNPs.** Currently, a great deal of
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effort has been put into the synthetic process of CDs/AgNPs
composite, however, a series of reducing agents, such as
sodium borohydride, sodium citrate, citric acid and so on, are
still used to assist in reducing silver ions.?**>** This makes the
process complex and toxic, so it should be interesting to obtain
CDs/AgNPs composite by a facile and friendly method.**

In this work, fluorescent carbon dots derived from natural
Gynostemma were synthesized through a facile pyrolysis method
without the introduction of toxic chemicals. This synthetic method
of CDs was more environment-friendly than that of other reports.
And then in the typical process, silver nitrate solution was added to
the CDs solution without any additional reducing agents, silver
nanoparticles could be grown and attached with CDs by heating
a mixture of Ag ions and CDs solution. The fluorescence emission
was effectively quenched, and the CDs/AgNPs composite would be
obtained. Subsequently, the synthesized CDs/AgNPs composite
was thoroughly characterized by important analytical instruments.
And the antibacterial activity of CDs/AgNPs composite has been
evaluated by Gram-negative E. coli bacteria and Gram-positive S.
aureus bacteria.

Experimental
Materials

The Gynostemma was bought at the drugstore, Heilongjiang,
China. Silver nitrate (AgNO;) was bought from Tianjin Beilian
Chemical Technology Co, Ltd. All other chemical reagents were of
analytical grade and could be used without further purification.

Preparation of carbon dots (CDs)

Carbon dots (CDs) were facilely synthesized from natural Gynos-
temma using pyrolysis method according to modify our previous
work.* Briefly, the Gynostemma powder was collected from the
grinding machine and then pyrolyzed at 400 °C under the nitrogen
atmosphere. After four hours of heating, the black powder was
cooled down at room temperature and then dispersed into water
with continuous magnetically stirring. Subsequently, the black
solution was filtrated through 0.22 pm filtration membrane to
remove extra large particles. Finally, the solution was lyophilized
under a vacuum condition to obtain the CDs powder.

Preparation of carbon dots and silver (CDs/AgNPs) composite

The CDs/AgNPs composite was prepared in a facile green method
without adding any toxic chemicals. Typically, 10 mg of CDs
powder was dissolved in distilled water with continuous magnet-
ically stirring and boiled to 100 °C. Then, 10 mM AgNO; was added
into the CDs solution and stirred for 60 min under dark condition.
Afterwards, the solution was centrifuged at 11 000 rpm for 10 min,
and the CDs/AgNPs composite was washed by distilled water three
times to remove extra silver nitrate and CDs. Finally, CDs/AgNPs
composite was collected by lyophilizing under a vacuum condi-
tion and kept at 4 °C for future use.

Characterizations

The fluorescence spectrum was recorded by a Varian Cary
Eclipse fluorescence spectrophotometer with 1.0 cm path
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length quartz cuvette at room temperature. The UV-vis absorp-
tion spectrum was recorded by using the PerkinElmer LAMBDA
XLS+ UV-vis spectrophotometer from 200 nm to 800 nm with
1.0 cm path length quartz cuvette. X-ray photoelectron spec-
troscopy (XPS) measurements were carried out on the Thermo
Scientific Escalab250Xi surface analysis spectrometer. The X-ray
diffraction (XRD) spectra were analysed by Empyrean X-ray
diffractometer within the range of 10-90° (26). The zeta poten-
tial was measured by using a Malvern Zetasizer Nano ZS. The
transmission electron microscopy (TEM) image was obtained
with a JEM-2100F electron microscope, and the sample of TEM
was prepared by dropping the suspension onto the carbon
coated copper grid and dried in air.

Bacterial culture and inhibition zone test

The Gram-negative E. coli bacteria and Gram-positive S. aureus
bacteria were cultured to evaluate the antibacterial activity of the
CDs/AgNPs composite. At the same time, the filter paper diffusion
method was used to investigate the antibacterial activity of CDs/
AgNPs composite. Normally, both bacteria were cultivated in
sterilized Luria-Broth (LB) medium kept in 37 °C with continuous
shaking for overnight. Appropriate amount of bacterial suspension
was evenly coated on the solid medium plates. And then a filter
paper with 25 pL of sample (2.5 mg mL " and 5.0 mg mL ") was
plated on the bacterial-coated solid medium plates. Then the solid
medium plates were transferred in the 37 °C incubator for 18 h.
Finally, the diameters of the inhibition zone were measured to
investigate the antibacterial activity.

Results and discussion

The synthetic strategy of CDs/AgNPs composite by a green
method was schematically illustrated in Scheme 1. Specifically,
the fluorescent carbon dots were prepared by using natural
Gynostemma as a green precursor via pyrolysis treatment. And
then silver nitrate was added to the CDs solution with contin-
uous stirring and heating. The silver ions were interacted with
the oxygen containing functional groups on the surface of CDs,
and CDs were used as stabilizer and reductant to reduce silver
ions. Finally, the CDs/AgNPs composite was formed without any
additional reducing agents.

The fluorescence emission spectrum of CDs solution has
been shown in Fig. 1a, which embodied that the excitation
dependent emission behaviour of CDs. When the excitation
wavelength increasing from 300 nm to 400 nm, the emission

/

A & <
Pyrolysis ..&dditi(.)n Stirred
Silver nitrate 100°C for 1 h L/
Gynostemma Carbon dots (CDs) CDs solution CDs/AgNPs

Scheme 1 The schematic illustration for the synthetic process of the
CDs/AgNPs composite.
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Fig. 1 (a) Fluorescence emission spectrum of CDs and CDs/AgNPs
composite. (b) UV-vis absorption spectrum of CDs. Inset: photographs
of CDs under sunlight (left) and UV light (right). UV-vis absorption
spectrum during the synthesis of CDs/AgNPs composite. (c) Different
reaction time and its photograph. (d) Different additive amount of silver
nitrate.

peak also shifted from 400 nm to 450 nm. And the maximum
emission peak at 400 nm occurred at the excitation wavelength
of 320 nm. This characteristic might be attribute to the presence
of diverse emissive sites on the surface of CDs.?** However, it was
also found that the CDs/AgNPs composite no longer have fluo-
rescent emission peak under the excitation wavelength of
320 nm. This might be due to the silver ions interacted with the
functional groups on the surface of CDs, and induced electron
transfer between CDs and silver nanoparticles. In particular, the
UV-vis absorption spectrum of the CDs solution in Fig. 1b had
a typical absorption at about 270 nm, which was attributed to
the t—7t* electronic transition of C=C bonds of CDs. Moreover,
the inset in Fig. 1b displayed a typical blue fluorescence of CDs
under excitation of 365 nm UV light, and the CDs solution was
transparent and light yellow under the sunlight. What's more,
as shown in Fig. 1c and d, the UV-vis absorption spectrum of
CDs/AgNPs composite exhibited a new strong absorption peak
around 433 nm attributed to the surface plasmon resonance
(SPR), which implied the successful formation of CDs/AgNPs
composite.*® Concretely, Fig. 1c represented the effect of reac-
tion time on the synthesis of CDs/AgNPs composite. With the
increase of time, the colour of the reaction solution changed
obviously, and a wide absorption peak appeared at 550-600 nm.
The wide absorption peak meant that the nanoparticles have
aggregated, which may lead to larger particle sizes.** At the
same time, when the silver nanoparticles got together in close
proximity, the surface plasmon interacted to influence the
resonant excitation, resulting in the colour variation from
yellow to brown.?® Thus, we chose to heat the mixture solution
for 60 min to synthesize of CDs/AgNPs composite. Similarly,
Fig. 1d represented the effect of the additive amount of silver

© 2021 The Author(s). Published by the Royal Society of Chemistry

View Article Online

RSC Advances

nitrate on the synthesis of CDs/AgNPs composite. With the
increase of the additive amount of silver nitrate, the absorption
peak of silver nanoparticles gradually increased at 425-433 nm,
but when the additive amount of silver nitrate exceeded 30 mL,
the aggregation of silver nanoparticles was serious, resulting in
the red shift of the absorption peak.** Finally, we added 30 mL
silver nitrate solution (10 mM) into CDs solution to synthesize
CDs/AgNPs composite by heating for 60 min.

Moreover, the XPS spectroscopy was carried out to investi-
gate the elemental composition of the CDs/AgNPs composite as
shown in Fig. 2. The XPS survey spectrum of CDs/AgNPs
composite (Fig. 2a) comprise carbon, oxygen and silver
elements at the binding energies of 284 eV, 531 eV and 368 eV,
respectively. Then Fig. 2b-d showed the individual high reso-
lution XPS spectrum for 1s splitting of carbon, oxygen and 3d
splitting of silver. As given in Fig. 2b, the C 1s spectrum of CDs/
AgNPs composite showed three main peaks with the binding
energies at 284.6 eV, 285.72 eV, and 288.5 eV, which could be
separately assigned to C-C (sp®)/C=C (sp®), C-O, and C=0
groups, respectively. The deconvolution of O 1s spectrum in
Fig. 2c appeared two peaks at 531.67 eV and 532.93 eV, which
were attributed to C=0 and C-O groups. In addition, as shown
in Fig. 2d, the Ag 3d spectrum of CDs/AgNPs composite
emerged two typical peaks at binding energy of 368.26 eV and
374.21 eV, corresponding to Ag 3ds,, and Ag 3dj;/,, respectively.
It has been reported that the difference between two peaks was
about 6 eV, indicating that the silver was exist as zero-valent
silver nanoparticles in the composite.””*® Thus, the XPS anal-
ysis confirmed that the CDs/AgNPs composite had been
synthesized successfully. Furthermore, the oxygen containing
functional groups on the surface of CDs might take part to
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Fig. 2 XPS spectrum of the CDs/AgNPs composite. (a) The survey
spectrum. (b) The C 1s spectrum. (c) The O 1s spectrum. (d) The Ag 3d
spectrum.
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Fig. 3 XRD patterns of CDs and CDs/AgNPs composite.

reduce the silver ions to silver nanoparticles."** Due to the
silver ions were attracted to the surface of CDs through elec-
trostatic interaction with the oxygen containing functional
groups, then the silver ions were reduced by CDs through
electron transfer from the CDs to the silver ions. Compared with
the C 1s spectrum of CDs (Fig. S17), the intensity of C-O group
peak was decreased and the intensity of C=0 group peak was
increased (Fig. 2b), which indicated that the C-O groups on the
surface of CDs were oxidized and changed to C=0 groups in the
process of CDs/AgNPs composite formation.’”**

Additionally, the crystal structure of CDs/AgNPs composite
was characterized by XRD. As shown in Fig. 3, the XRD pattern
of CDs exhibited two main sharp peaks with the 26 values of
28.5° and 40.7°, which related to the (002) and (100) planes of
graphene and revealed the formation of CDs. Obviously, for the
CDs/AgNPs composite, the peak corresponding to the (002)
plane of graphene slightly shifted to 27.8°, which might be
attributed to the interaction between silver nanoparticles and
the CDs surface. And the significant peaks at 32.3°, 38.2°, 46.2°,
64.4°, 76.8° could be assigned to the (122), (111), (200), (220)
and (311) planes of silver nanoparticles, respectively.* Thus, the
XRD result confirmed the presence of CDs and silver nano-
particles in the CDs/AgNPs composite.

Furthermore, in order to identify the stability of the CDs/
AgNPs composite, the zeta potential was carried out to
measure the charge of CDs/AgNPs composite. The high negative
value can produce repulsive force among CDs/AgNPs
composite, resulting in stabilization of synthesized CDs/
AgNPs composite.”® As shown in Fig. 4, the zeta potential of
CDs solution showed the value of —5.44 mV, while the zeta
potential of CDs/AgNPs composite was —15.3 mV, indicating
that the CDs/AgNPs composite possesses high stability.

Meanwhile, the morphology and size distribution of CDs/
AgNPs composite was characterized by TEM. As shown in
Fig. 5a and b, the CDs/AgNPs composite was spheroid and well
dispersed, and the size distribution histogram showed a wide
size distribution ranging from 7 nm to 20 nm, with the mean
size around 13 nm. While the TEM image of CDs was showed in
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Fig. S2,T which indicated that CDs was dispersed and spherical
in shape. The size distribution of CDs was between 1.6 nm and
3 nm with an average size of about 2.35 nm. It could be seen that
the size of CDs/AgNPs composite particles were larger than that
of CDs particles. Therefore, this meant that the CDs/AgNPs
composite had been synthesized successfully.

The antibacterial activity of CDs/AgNPs composite against
Gram-negative E. coli bacteria and Gram-positive S. aureus
bacteria was investigated by the inhibition zone test. As shown
in Fig. 6, it could be observed that treatment by PBS or CDs did
not appear any inhibition zone for both E. coli and S. aureus
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—
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Fig. 5 (a) TEM image of CDs/AgNPs composite. (b) Particle size
distribution histogram of CDs/AgNPs composite.
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Fig. 6 The antibacterial effect of CDs/AgNPs composite. (a) Photo-
graph of E. coli bacteria. (b) Photograph of S. aureus bacteria. (c) The
inhibition zone of CDs/AgNPs composite.

bacteria. This meant that CDs alone had no antibacterial effect.
However, it should be note that CDs/AgNPs composite clearly
showed inhibition zone for both E. coli bacteria and S. aureus
bacteria. And the diameters of inhibition zone of CDs/AgNPs
composite were shown in the histogram, the diameters of
inhibition zone of CDs/AgNPs composite towards E. coli
bacteria was around 12-13 mm, the diameters of inhibition
zone of CDs/AgNPs composite towards S. aureus bacteria was
around 13-15 mm. This antibacterial effect of CDs/AgNPs
composite was obviously superior to CDs. And the inhibition
zone diameters of some reported antibacterial nanomaterials
were summarized in Table S1.7 Thus, the CDs/AgNPs composite
have promising antibacterial effect against E. coli bacteria and
S. aureus bacteria. In addition, the morphological changes of
bacteria were observed by SEM before and after treated with
CDs/AgNPs composite. As shown in Fig. S3,t the untreated
bacteria were appeared an intact morphology and smooth
surface, however, after treatment with CDs/AgNPs composite,
the bacteria were deformed and fragmentated, resulting in the
death of bacteria. Therefore, these CDs/AgNPs composite could
be applied in antibacterial application.

Conclusions

In this study, the carbon dots and silver nanoparticles (CDs/
AgNPs) composite has been synthesized in a one-step facile
method without the introduction of toxic chemicals, wherein
CDs could serve as a reducing and stabilizing agent. And the
fluorescent CDs was obtained by the natural Gynostemma using
pyrolysis method. The silver nanoparticles can be grown and
attached with CDs by heating a mixture of Ag ions and CDs
solution. The UV-vis absorption spectrum of CDs/AgNPs

© 2021 The Author(s). Published by the Royal Society of Chemistry
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composite exhibited a new strong absorption peak around
433 nm attributed to the surface plasmon resonance, which
implies the successful formation of silver nanoparticles in the
CDs/AgNPs composite. At the same time, the XPS and XRD
analysis also showed the characteristic peaks of the silver
nanoparticles in the composite. And the zeta potential of CDs/
AgNPs composite indicated that the composite possesses
excellent stability. Meanwhile, the TEM image showed that the
CDs/AgNPs composite was obtained with the average particle
size around 13 nm. Furthermore, the composite also exhibited
biocidal effect for both Gram-negative E. coli bacteria and Gram-
positive S. aureus bacteria. Therefore, the CDs/AgNPs composite
is considered to be of great potential in antibacterial and
biomedical applications in the future.
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