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Nitrogen-doped fluorescent carbon dots used for
the imaging and tracing of different cancer cells
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Here, we report the synthesis of nitrogen-doped fluorescent carbon (C) dots using a one-pot hydrothermal

method. Transmission electron microscopy results reveal that the particle size of the nitrogen-doped C-
dots is very small, with an average diameter of 4.6 nm. After being kept in water for 10 days, the
nitrogen-doped C-dots can still dissolve well in the water, showing good stability and compatibility in
aqueous solution. The fluorescence spectra show that the nitrogen-doped C-dots exhibit emission-
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tunable color from blue to green upon excitation from 230 to 520 nm. Cell tests show that the C-dots

are low in cytotoxicity and can be used for imaging, detecting and tracing between hepatoma and Hela

DOI: 10.1039/c9ra03170g
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1. Introduction

Nowadays, the problems associated with cancer affect
millions of people. Although a large number of techniques,
such as chemotherapy, hyperthermia and thermochemo-
therapy,'® have been widely suggested for Kkilling cancer
cells, great harm resulting from the unpleasant side effects
also greatly impose upon the patients.”” Typically, when the
patients are exposed to high energy electrons and chemical
conditions for a long time, normal cells are also killed,
leading to a variety of other diseases.”* In this case, devel-
oping effective, low cost and non-invasive detection methods
that can trace and detect cancer cells before disease
appearance is of high scientific importance.

In the past years, optical imaging strategies based upon
fluorescent materials have been frequently suggested in bio-
logical fields. Due to fluorescence behavior, such types of
materials can be used as biological techniques for imaging
cells. With great efforts made over the past few years, so far tens
of thousands of fluorescent materials, the particle size of which
spans from the nano to the micro level, have become available
for biological imaging purposes, such as fluorescent organic
dyes,”**® quantum dots (QDs),"*** polymers,>** two-
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at different excitation wavelengths.

cells, because hepatoma and Hela cells show different sensitivity to different fluorescent colors pumped

dimensional (2D) materials,>*2¢ mechano-optical
converters,*””® down-conversion,”*' up-conversion,*** and
afterglow particles,**>®* and metal-organic frameworks

(MOFs).*** Most of them, however, suffer from either high
cytotoxicity and cost (i.e. organic dyes and Cd-related QDs),
a large particle size (usually micro-size, i.e. mechano-optical
converters), single emission color (i.e. trivalent rare earth-
doped phosphor materials), or ultrahigh molecular weight
and complicated synthesis processes (i.e. MOFs), which are
undesirable for biological imaging purposes.

Unlike the above fluorescent materials, carbon dots (C-dots)
are a type of heavy-metal-free nanomaterial.**** They have been
found to have a variety of advantages that other materials do not
have, for example, excitation-dependent tunable-emissions,** raw
materials with low cost,* small particle size,* and many facile
synthesis strategies."”” Moreover, C-dots doped with other
heteroatoms (e.g. nitrogen,* sulfur,” and boron*®) show
improved optical and electronic properties, allowing the C-dots to
have broader application opportunities compared to pure C-dots.

In this work, we fabricated and reported a type of nitrogen-
doped fluorescent C-dots using a one-pot hydrothermal
method. In order to characterize the phase-purity, structural
information and fluorescence properties of the nitrogen-doped
C-dots, various techniques, such as X-ray diffraction (XRD),
transmission electron microscopy (TEM), and fluorescence
spectroscopy, were carried out. As a result, we found that the C-
dots possess the advantages of being small in size, rich nitrogen
content (28.56%), excitation-dependent tunable emissions, low
cytotoxicity and good stability in water. Typically, our biological
application revealed that this type of C-dots could allow us to
trace, detect, localize, and distinguish between hepatoma and
HeLa cells when the two cells were mixed with each other.

This journal is © The Royal Society of Chemistry 2019
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Table 1 Nitrogen content of the obtained C-dots achieved using different content ratios (R) of ethylenediamine and anhydrous citric acid at
different temperatures

Ethylenediamine/mL Anhydrous citric acid/g Temperature/°C N content/%
40 1 140 3.75
40 3 160 10.21
40 5 180 28.56
40 7 200 24.38
40 9 240 19.59
40 5 140 21.60
40 5 160 22.67
40 5 200 26.74
2_ Expe ri ment al SeCti on dissolved solution into a 100 mL Teflon-lined autoclave, where the

amounts of ethylenediamine and anhydrous citric acid used can be
found in Table 1. After being treated at different temperatures
We prepared nitrogen doped C-dots using a one-pot hydrothermal  (Table 1) for 2 h and then subjected to a dialysis membrane (cut-off
method.”** We first used 40.0 mL of distilled water to dissolve My: 3.0 kDa) at room temperature for 48 h, the target brown colored
ethylenediamine and anhydrous citric acid and then transferred the  nitrogen C-dots were freeze-dried under vacuum.

2.1 Synthesis details
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Fig.1 (a) XRD pattern, (b) TEM image, (c) size distribution, (d) high-resolution TEM image and elemental mapping of the as-prepared nitrogen C-
dots.
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Fig. 2
upon excitation in the range of 230-480 nm.

2.2 Characterization details

The X-ray diffraction (XRD) of the nitrogen C-dots was recorded
on a Bruker diffractometer utilizing Cu Ko as the radiation
source (A = 1.5418 A). The ultraviolet-visible (UV-vis) absorption

Fig. 3
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(a) UV-vis absorption (curve 1) and excitation spectra (curve 2) of the nitrogen C-dots; (b) fluorescence spectra of the nitrogen C-dots

and fluorescence spectra were recorded using a PerkinElmer
Lambda 25 spectrophotometer and FLS920P Edinburgh
Analytical Instrument (Edinburgh Instruments), respectively.
Transmission electron microscope (TEM) images were collected
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(a) CIE chromaticity coordinates derived from the emission spectra in Fig. 2(b); (b) dependence of the emission intensity in terms of days

(Aex = 380 nm) and digital fluorescent colors recorded by exciting with different wavelengths of light (inset).
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Fig.4 (a) Viability of HeLa cells after being cultured with 1.0 mg mL™! of C-dots for 48 h; (b) imaging patterns of HeLa cells upon excitation at 405
and 488 nm; (c) imaging patterns of hepatoma cells upon excitation at 405 and 488 nm; and (d) imaging patterns of HeLa-hepatoma cells upon

excitation at 405 and 488 nm.

by a JEM-2100F (JEOL, Japan) instrument. The cell imaging was
performed on a confocal microscopy equipped with 405 and
488 nm lasers.

3. Results and discussion
3.1 Structural analysis

The XRD pattern of the as-prepared nitrogen C-dots is shown in
Fig. 1(a). A broad diffraction peak located at 23.85° is observ-
able. This peak can be ascribed to the (002) lattice spacing that
results from the diffraction of disordered carbon atoms, which
can be seen in studies on other reported carbon-based mate-
rials.** The related TEM image reveals that the as-obtained C-
dots are spherical dots (Fig. 1(b)) with a narrow size distribution
(Fig. 1(c)). The average size of the nitrogen C-dots is ~4.6 nm.
The high-resolution TEM image shows that the lattice spacing is
0.26 nm (see Fig. 1(d)), which is associated with the (100) facet
of sp® graphitic carbon.”™> The elemental mapping (see
Fig. 1(d)), recording from one particle of the nitrogen C-dots,
confirms that the C-dots consist of N, C, and O elements. The
EDS analysis shows that the maximum nitrogen content is
28.56%, which is related to the C-dots being prepared with
40 mL of ethylenediamine and 5.0 g of anhydrous citric acid at
180 °C. Such nitrogen content is higher than other nitrogen
contents reported in previous works, such as, 25.1% N content
in N,S-doped C-dots** and 18% N content in N,S-doped C-dots.>*
Such a high nitrogen content ensures that the nitrogen C-dots
have good solubility in water.

This journal is © The Royal Society of Chemistry 2019

3.2 UV-vis absorption and fluorescence spectral analysis

The UV-vis absorption curve of the nitrogen C-dots is shown in
Fig. 2(a) (curve 1). In the figure, two absorption bands at around
244 and 323 nm, which are ascribed to the w—mt* transitions of
the carbonyl group (CC/CO) and n-m* transitions of the amine
moiety,>~** are observable within the range of 200-400 nm. The
absorption tail terminates at about 520 nm. In this case, we
recorded the fluorescence spectra of nitrogen C-dots upon
excitation in the range of 230-500 nm. As depicted in Fig. 2(b),
as the excitation wavelength increases from 230 to 500 nm, the
nitrogen C-dots show a regular shift in emission positions. Such
excitation-dependent tunable fluorescence further results in
a regular change in the Commission International d'Eclairage
(CIE) chromaticity coordinates and tunable emission colors
from blue to green (Fig. 3(a)). Moreover, the nitrogen C-dots,
after being placed in water for 10 days, still exhibited bright
fluorescence upon irradiation at 365 nm. The emission inten-
sity is comparable to the initial emission intensity upon exci-
tation at 365 nm (Fig. 3(b)). This indicates that this type of
nitrogen C-dots holds excellent stability in aqueous solution. As
shown in Fig. 2(a) (curve 2), the nitrogen C-dots exhibited one
excitation band, with the maximum intensity at 380 nm,
which is the reason why we use the excitation wavelength of
380 nm to record the emission intensity of Fig. 3(b).

3.3 Biological application

Based upon the florescence of Fig. 3(b) (inset), the C-dots
feature a variety of emission colors upon different excitation

RSC Adv., 2019, 9, 2485224857 | 24855
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wavelengths. Typically, when considering semiconductor 405
and 488 nm lasers, we believe they can be used for the imaging
of cells. Moreover, enlightened by the results reported by Zhu*®
and Zhou et al.,*** it was found that different cells can exhibit
different responses in their sensitivity to different fluorescence,
which could allow us to use the nitrogen C-dots to trace, detect
and distinguish between a given type of cell from other cells.
Prior to the related experiments, we first verified the toxicity of
the C-dots using HeLa cells, through mixing the C-dots and
HeLa cells and then monitored the survival viability of the HeLa
cells. As shown in Fig. 4(a), we observed that HeLa cells after
being cultured with 1.0 mg mL ™" of C-dots for 48 h exhibit
viability analogous to the comparative HeLa cells without C-
dots. The viability of the HeLa cells after being cultured for
48 h remained at more than 97%, indicating that the nitrogen
C-dots exhibit low cytotoxicity and thus can be used for cell
imaging. As revealed in Fig. 4(b), upon excitation at 405 and
488 nm, two colors, as shown in the digital images, are
observable in the C-dot-stained HeLa cells. The results in
Fig. 4(b) reveal that the nitrogen C-dots successfully entered
into the membrane and cytoplasmic area of the HeLa cells.
Furthermore, such fluorescent colors are also suitable for
imaging other cells such as hepatoma cells (Fig. 4(c)). However,
the hepatoma cells show different imaging colors from those of
the HeLa cells, where the imaging colors excited at 405 and
488 nm are purple and yellow, respectively. In view of this, we
proposed to distinguish between hepatoma and HeLa cells
when the two types of cells were mixed with each other. We first
mixed 10 pL of HeLa cells and 10 pL of hepatoma cells and then
injected 10 pL of 1.0 mg L™ C-dots into the mixed cells. As
shown in Fig. 4(d), we observed two types of different fluores-
cent colors that correspond to the two types of cells. More
specifically, upon excitation at 405 and 488 nm, the C-dot-
cultured HeLa cells exhibit blue and green colors, which are
the same as shown in Fig. 4(b). However, the hepatoma cells
exhibit purple and yellow colors analogous to those shown in
Fig. 4(c). Obviously, we have used the nitrogen C-dots as a type
of imaging probe technique to trace, detect and distinguish
between hepatoma and HeLa cells based upon the different
sensitivities of the different cells to different fluorescence.

4. Conclusions and outlook

In this work, nitrogen rich C-dots were prepared using a one-pot
hydrothermal method. We revealed that the maximum nitrogen
content of the C-dots was as high as 28.56%. With an increase in
the excitation wavelength from 230 to 520 nm, excitation-
dependent fluorescence from blue to green was observable for
the nitrogen rich C-dots. With the features of being small in
size, having good stability in water and low cytotoxicity, as well
as excitation-dependent tunable fluorescence, we found that the
HelLa cells after being cultured with C-dots exhibited blue and
yellow fluorescence upon excitation at 405 and 488 nm, analo-
gous to the colors exhibited in aqueous solution, respectively.
Moreover, based upon the behavior that involves the different
sensitivities of different cells to different fluorescence, by using

24856 | RSC Aadv., 2019, 9, 24852-24857
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the C-dots, we were able to trace, detect and distinguish
between hepatoma and HeLa cells.

Actually, the underlying reasons for the above observation
after an in-depth consideration are very complicated, which can
be related to a lot of potential mechanisms that can lead to the
change of fluorescent colors in the as-obtained carbon dots. On
the one hand, such a difference may be due to the unique
protein properties of each of the cells and their different extent
of C-dot accumulation. The C-dots exhibit different colors when
they have different accumulations. In addition, this may also be
because the proteins of the different cells are sensitive to their
surrounding environments. Furthermore, since the particle size
of the C-dots can influence the fluorescent colors. A smaller size
is usually related to blue fluorescence, while a bigger size is
related to red fluorescence. In this case, we also deduced that
different types of cells may absorb different sizes of C-dots,
leading to the different fluorescence of the cells. Although we
have only so far demonstrated that two types of cells can exhibit
these results when mixed together, we believe that there is the
potential for other types of cells to also exhibit this behavior.
This is a new, yet exciting, observation, which needs further
study in the future in order to understand the underlying
reasons behind this behavior. This work shows that C-dots can
not only be used for biomedical imaging, but can also be used
as an effective, low cost and non-invasive detection method to
trace and distinguish between hepatoma and HeLa cells.
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