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A simple, green and solvent-free method was developed for large-scale
preparation of fluorescent nitrogen-sulfur-codoped carbon nanoparticles (NSCPs) by
direct pyrolysis of gentamycin sulfate. The as-prepared NSCPs showed high
water-solubility, long lifetime (14.01 ns), high quantum yield (27.2%), excellent
stability and low cytotoxicity, and thus can be used as a fluorescent probe for cellular

imaging.
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A simple, green, and solvent-free method was developed for large-scale perparation of fluorescent

nitrogen-sulfur-codoped carbon nanoparticles (NSCPs) by direct thermal decomposition of gentamycin
sulfate at 200 °C. The as-prepared NSCPs displayed high water-solubility, long lifetime (14.01 ns), high
quantum yield (27.2%), excellent stability, and low cytotoxicity, which can be used as a probe for cellular

imaging.

Fluorescent carbon nanoparticles (CPs) have recently received
tremendous attention for their unique optical properties. In
contrast to conventional semiconductor quantum dots (QDs) and
organic dyes, the CPs are superior in the aspects of chemical
stability, nonblinking fluorescence, high water solubility, good
biocompatibility, and low toxicity." Thus, the CPs are attractive
for many applications such as sensing® bioimaging,’
photocatalysis,* and optoelectronic devices.’

Currently, many methods have been developed for preparation
of the CPs, which are generally classified into top-down and
bottom-up types.' For the former, the CPs are usually etched from
large carbon sources by arc discharge,° laser ablation,” chemical
oxidation,® and electrochemical synthesis.” For the latter, the CPs
are formed from molecular precursors including microwave
pyrolysis of CCl,,'® ultrasonic treatment of glucose,'' and thermal
decomposition of ethylenediaminetetraacetic acid.'”> Among
them, thermal decomposition strategy is particularly simple and
efficient.

Lately, heteroatom doping of the CPs, especially with nitrogen
and/or sulfur, has demonstrated an attractive strategy to tune their
electronic properties, surface and local chemistry, as well as
extending their applications.”> Zhu et al. synthesized nitrogen-
doped CPs (NCPs) by hydrothermal treatment of soy milk, which
exhibited the imporved catalytic activity for oxygen reduction
reaction.'* Chandra and coworkers synthesized sulfur-doped CPs
from thiomalic acid for the fabrication of solar cells.'” Dong’s
group fabricated highly luminescent nitrogen-sulfur-codoped CPs
(NSCPs) from a hybrid carbon source comprising L-cysteine and
citric acid.'® In another study, Sun et al. reported the preparation
of NSCPs with broad absorption bands for visible-light
photocatalysis.'” More recently, Guo et al. constructed nitrogen-
sulfur-codoped graphene by sulfate-reducing bacteria treating
graphene oxide, which exhibited the improved electrochemical
sensing performances of heavy metal ions, compared with single-
doped graphene.'® Despite these good examples, it is still a
challenge to develop simple, cost-effective and environmentally
benign approaches in the synthesis of novel NSCPs.

Herein, we have developed a simple, green and solvent-free
method for preparation of the NSCPs by thermal treatment of

so gentamycin sulfate at relatively lower temperature. For a typical
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synthesis, 0.1 g of gentamycin sulfate was heated in a stainless
steel autoclave at 200 °C for 1.5 h, followed by dispersing the
product in water and purified by filtration and centrifugation. The
product (Fig. 1A) contains numerous well dispersed spherical
small particles from the transmission electron microscopy (TEM)
image, with an average diameter of 2.8 + 0.7 nm (Fig. 1B) by
measuring over 100 random nanoparticles. Their size is similar to
that of the CPs prepared with ascorbic acid.' High resolution
TEM (HRTEM) image provides the clear lattice planes with an
interfringe distance of 0.23 nm (inset in Fig. 1A), corresponding
to the (100) planes of graphite,?® as strongly supported by X-ray
diffraction (XRD) analysis with an intense peak at 20.1°
associated with graphitic structure (Fig. S1A). Furthermore, the
interlayer spacing is calculated to be 0.44 nm, much larger than
that of bulk graphite (0.34 nm). This is ascribed to the existence
of abundant functional groups such as -O-H, -C-N, and C=0
groups.?!
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Fig. 1. TEM image (A) and the size distribution histogram (B) of the
NSCPs. Inset shows HRTEM image of an individual NSCP.
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Fig. 2A shows the X-ray photoelectron spectroscopy (XPS)
analysis of the NSCPs, in which there are three dominant peaks at
533.6 eV (0yy), 402.5 eV (Ny,), and 286.5 eV (Cy,). Furthermore,
there are two weak peaks centered at 169.8 and 232.6 eV, which
are assigned to S,, and S, respectively. These results confirm
the coexistence of nitrogen and sulfur elements. Specifically, the
deconvolution of the C  region (Fig. 2B) shows four peaks at
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287.6, 286.2, 285.5, and 284.7 eV, which are indexed to the
C=N/C=0, C-O, C-N, and C-C groups, respectively.”> In the
high-resolution spectrum of Ny, the peaks at 401.3, 400.5, and
399.4 eV correspond to the N-H, N-(C);, and C-N-C groups,
respectively (Fig. 2C).% The high-resolution spectrum of S,, (Fig.
2D) displays three peaks at 167.6, 168.5, and 169.3 eV, which are
come from the oxidized sulfur groups, i.e., -C-S(O),-C- bonds (x
=2, 3, 4),* different from the S atoms of the NSCPs reported in
the form of -C-S- bond.'
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Fig. 2. XPS full scan (A), Cis (B), Njs (C), and S,, (D) spectra of the
NSCPs.

Fourier transform infrared (FT-IR) spectrum was recorded to
identify the functional groups on the NSCPs (Fig. S1B). The
broad absorption bands at 3269-3463 cm™ are assigned to the
stretching vibrations of the O-H and N-H groups, and the band at
1602 cm ™ is attributed to the vibrational absorption band of C=0,
indicating that there are many amino- and carboxyl- groups on
the surface of the NSCPs.? The peaks at 2880 and 2942 cm™" are
attributed to the stretching vibrations of the C-H bands, and the
peak at 1036 cm™ is originated from the symmetric stretching of
the -SO* groups.” These results manifest effective dope of
nitrogen and sulfur atoms into the NSCPs. The zeta potential is
measured to be 17.6 mV, which can be attributed to the existence
of N-containing groups on the surface of the NSCPs.

The formation of the NSCPs possibly undergoes four stages,
including dehydration, polymerization, carbonization, and surface
passivation.”® Initially, gentamycin sulfate molecules are
connected via an intermolecular dehydration. With the increase of
reaction time, a polymerization process occurs, where
gentamycin sulfate molecules are aromatized by intramolecular
dehydration. The newly generated intermediates are further
carbonized, inducing the formation of carbon nuclei and
subsequently grow to the NSCPs with hydrophilic functional
groups (e.g. hydroxyl groups, carboxyl groups, amino groups,
and oxidized sulfur groups) on its surface, as confirmed by the
XPS and FTIR data.

The NSCPs suspension is clear yellow in visible light and
exhibits a bright blue fluorescence under 365 nm UV light (insets
in Fig. 3A). The UV-vis absorption spectrum shows the NSCPs
with two representative peaks (Fig. 3A), which is consistent with
the CPs from acetic acid.?’ The peak at 256 nm probably
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originates from the formation of multiple polyaromatic
chromophores, while the peak at 300 nm may be come from n-*
transitions of C=O groups.”’ Meanwhile, the maximum
fluorescence peak is observed at 403 nm with a full width at half
maximum of 72 nm under the excitation of 318 nm (Fig. 3A),
suggesting narrow size distribution of the NSCPs, as revealed by
the TEM measurements.
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Fig. 3. (A) UV-vis absorption (curve a) and fluorescence (curve b) spectra
of the NSCPs. Insets show the photographs taken under visible light (1)
and UV light (2). (B) Fluorescence emission spectra obtained at different
excitation wavelengths with 20 nm increments from 320 to 500 nm.

Varying the excitation wavelength from 320 to 500 nm causes
gradually red shift of the emission peak from 410 to 538 nm,
accompanied with the decrease of the fluorescence intensity (Fig.
3B, Fig. S1C), suggesting that the fluorescence of the NSCPs is
strongly dependent on the excitation wavelength. The excitation
dependent feature has been extensively reported in fluorescent
CPs previously, which is attributed to the difference in particle
size and a distribution of different emissive trap sites of the
CPs.?" *® Additionally, the corresponding fluorescence lifetime is
around 14.01 ns, with excitation and emission wavelength of 318
and 403 nm, respectively (Fig. S1D). This value is higher than
most of the reported carbon particles,” and will be beneficial for
their applications in lifetime-based imaging and sensing, because
it is independent of fluorophore concentration and excitation
intensity.*

Using quinine sulfate (54% in 0.1 M H,SO,) as a standard, the
quantum yield of the NSCPs is about 27.2%, which is higher than
that of the NCPs (16.9%) derived from gentamycin, but lower
that of the NSCPs reported by Dong and coworkers.'® This is
probably due to the fact that the codoped sulfur atoms would
improve the effects of nitrogen atoms on the properties of the
doped CPs through the synergy effects. Furthermore, the quantum
yield here is lower than that in the form of C-S- bond (70% at
least),'® because the valence state is higher, mainly present in
oxidized sulfur groups. In fact, the CPs prepared from
gentamycin and gentamycin sulfate display similar optical
properties. Under excitation of 318 nm, the maximum emission
wavelength of the NCPs is 405 nm, similar to the NSCPs (Fig.
S2A). Both the CPs exhibit excitation-dependent properties (Fig.
3B, Fig. S2B) and similar lifetime (ca. 14 ns, Fig. S1D). These
results suggest that the two CPs may have the similar
fluorescence nature.

The fluorescence intensity of the NSCPs almost remains
constant in various NaCl concentrations (up to 0.5 M), revealing
good stability of the NSCPs in high ionic strength environment
(Fig. S3A). Meanwhile, only a slight change in the fluorescence
intensity is observed after irradiation for 7 h with a 500 W Xe
lamp (Fig. S3B). Similarly, without any precipitates or the loss of
fluorescence is noticed as the NSCPs suspension is stored for 2.5
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months in air at room temperature (Fig. S3C), further implying
their excellent stability. Interestingly, it is found that the
fluorescence intensity is decreased by increasing the pH values in
the present system, indicating the possibility of constructing a

s potential pH sensor (Fig. S3D). All these fascinating properties
reveal the great potential of the NSCPs for practical applications
in pH sensor, bio-labelling, and bio-imaging.
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Fig. 4. Viability of HeLa cells after incubation of 24 h with different
o concentrations of the NSCPs, as determined by the MTT assay.

For future biological applications, the inherent cytotoxicity of
the NSCPs was checked with HeLa cells through the MTT assay.
The cell viabilities of HeLa cells were investigated upon
exposure to the NSCPs suspension with different concentrations
(Fig. 4). There is no reduction in viability after incubation with
high concentrations of the NSCPs even up to 100 pgmL™,
suggesting their low cytotoxicity and good biocompatibility.

o

Fig. 5. Images of NSCPs incubated HeLa cells obtained under bright field
(A) and excitation wavelength of 488 nm (B). The concentration of the
NSCPs is 20 pg'mL ™.

S

Using the NSCPs as a probe, the NSCPs uptake and
bioimaging experiments were in vitro conducted by the confocal
fluorescence microscope. As expected, HeLa cells treated by the
NSCPs (20 pgrmL™") become quite bright, showing blue, green,
and red color by exciting at the wavelength of 405 nm, 488 nm,
and 543 nm, repectively, while no visible fluorescence is detected
in the untreated control group under the same conditions (Fig. 5,
Fig. S4). Importantly, the photoluminescence can only be
detected in the cell membrane and cytoplasmic area, rather than
in the nucleus of the cells, which would avoid genetic disruption,
consistent with the finding reported by Chen and coworkers.>' All
these results confirm the NSCPs as a promising alternative to
QDs in bioimaging.

In summary, a simple, facile, green, and solvent-free method
was developed in the large-scale synthesis of the NSCPs with
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high quantum yield (27.2%), long lifetime (14.01 ns), good
water-solubility, low cytotoxicity, and excellent stability. Further
studies show that the NSCPs can be used as a fluorescent probe
for cellular imaging.
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