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Near-infrared emissive carbon dots (CDs) were synthesized by hydrothermal method. The as-prepared
CDs exhibited a relatively high quantum yield (QY) of 33.96% in an aqueous solution, and the peak toward
the near-infrared fluorescence reached 685 nm. The CDs exhibited pH-sensitive characteristics under
strong acidic conditions. Even at pH =0, the as-prepared CDs retained a high fluorescence intensity,
which proved that they possessed good acid resistance. More importantly, the CDs were sensitive to
the Fe3* changes in living cells. In addition, they could also be used for white and red emissive LEDs.
This discovery will expand the use of aqueous-phase high QY CDs in the field of living cell sensing and

© 2019 Science China Press. Published by Elsevier B.V. and Science China Press. All rights reserved.

1. Introduction

Carbon dots (CDs) have attracted much attention recently due
to its excellent physical chemical and optical properties [1-4],
low amounts of photobleaching, low cytotoxicity and excellent
biocompatibilities [5,6], unlike traditional semiconductor quantum
dots, such as those based on CdX (X =S, Se, Te) [7-9]. Nowadays
CDs have been widely used for bioimaging, detection probes, drug
delivery, and optoelectronic devices [10-14].

At present, most of the known CDs produce blue to green emis-
sions with ultraviolet or blue excitation, which limits their multi
applications [15-18]. The development of more environmentally
friendly synthesis methods for the efficient and controllable prepa-
ration of red-emitting CDs with high quantum yields in aqueous
solutions is crucial [19-21]. Red fluorescence emitting materials
are favorable for many applications, particularly in the biomedical
fields, because blue light and ultraviolet light usually cause dam-
age to biological tissues [22,23]. Since the discovery of CDs,
researchers have explored a variety of synthesis pathways to pre-
pare CDs from a variety of carbon sources, such as arc discharge,
laser ablation [24,25], electrochemical synthesis [26,27], micro-
wave [28,29], acidic oxidation, solvothermal methods [30,31],
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and hydrothermal methods [32-35]. Among these, hydrothermal
and solvothermal methods are environmentally friendly and eco-
nomical synthesis methods because the as-prepared CDs do not
require further passivation. Through these methods, hydrophilic
groups, such as a hydroxyl or carboxyl groups, are generated on
the surface of CDs, which is convenient for subsequent applications
[36,37]. Hydrophilic groups can increase the water dispersity of the
CDs, facilitating cell and biological experiments. The surface car-
boxyl groups may interact with certain metal ions to cause fluores-
cence quenching, allowing the detection of specific metal ions [38-
43]. As the name implies, the reaction solvent used in hydrother-
mal reactions is water, and the reaction solvent used in the
solvothermal treatment is an organic substance, such as ethanol,
dichloromethane, or DMF. Thus, the hydrothermal method is less
harmful to the human body during the synthesis process and more
in line with the principle of green chemistry.

Therefore, in recent years, many scientists have been working
on the preparation of red emissive CDs in aqueous solution. There
have been many types of red emissive CDs synthesized, but most of
them were formed using solvothermal methods [44-49]. Red emis-
sive CDs prepared by hydrothermal methods have been rarely
reported [50]. Liu et al. [51] prepared red emissive CDs by the
hydrothermal treatment of 2,5-diaminobenzenesulfonic acid and
4-aminophenylboronic acid hydrochloride. When excited by
500 nm wavelength, the best emission intensity is obtained, and
the maximum emission wavelength is 600 nm (quantum yield
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(QY) = 5.44%). Gao et al. [52] synthesized red emissive CDs by the
hydrothermal treatment of citric acid and neutral red. The solution
of CDs exhibited a QY of 12.1%. Liu et al. [53] used o-
phenylenediamine to prepare red emissive CDs, with QY of
10.83% in water and 31.54% in ethanol.

It is critical to continue to develop water dispersity and long-
wavelength red emissive CDs with high quantum yields while
maintaining their properties and advantages in different solvents.
However, the red emissive CDs prepared by hydrothermal methods
often exhibit low quantum yields, while the red emissive CDs pre-
pared by solvothermal are often quenched in aqueous solution,
which greatly limits the application of red emissive CDs. According
to our previous work, we designed a red emissive CDs with a max-
imum emission peak of 685 nm by hydrothermal method, which
has a high quantum yield in aqueous solution.

Herein, we designed a hydrothermal synthesis route using o-
phenylenediamine and dopamine as raw materials to prepare red
emissive CDs with high quantum yield in aqueous phase. The o-
phenylenediamine and dopamine were not only the carbon source,
but also provided amino functional group to make fluorescent CDs
have better photostabilities. The synthesized CDs have the highest
emission at 685 nm and exhibit no excitation dependence, and
they possess a high absolute quantum yield (33.96%) in an aqueous
solution. The as-prepared CDs underwent fluorescence quenching
in the presence of Fe>*, which would allow the CDs to be used as
a sensitive detector of Fe* in living cells. Because of the simple
synthesis method and excellent performance for various applica-
tions, the red emissive CDs synthesized in this study will advance
the knowledge of CDs synthesis and living cell sensing and imaging
applications.

2. Results and discussion
The morphologies and size distributions of CDs can be obtained

using transmission electron microscopy (TEM). As shown in Fig. 1a,
the as prepared CDs had uniformed quasi-spherical shapes and the
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average particle size was 5.6 nm (Fig. S1 online). From the high-
resolution transmission electron micrograph, the lattice spacing
of the CDs is 0.35 nm (Fig. 1b), which corresponds to the (00 2)
crystal plane of the graphite carbon. The 26° that appeared in the
X-ray diffraction (XRD) pattern was associated with a graphite
structure and the (002) crystal plane of graphite carbon
(Fig. 1c), which agrees with the TEM data [20]. Through Fourier-
transform infrared spectroscopy (FTIR) and X-ray photoelectron
spectroscopy (XPS), the chemical compositions and functional
groups of the CDs can be evaluated. In the FTIR spectra (Fig. 1d),
the peak at 3,411 cm™! indicated the presence of —NH, or —OH;
the peaks at 1,610 and 1,414 cm™! attributed to the stretching
vibrations of C=0, C=N, and C=C bonds, the peak at about
1,100 cm~' was assigned to C—N stretching vibrations [16]. The
XPS survey spectrum in Fig. 2a indicated that the CDs comprised
C, O, and N elements with their contents 72.99%, 19.58%, 7.43%
respectively. The high-resolution spectrum of C1s (Fig. 2b) can be
decomposed into three peaks, the binding energy of 284.6 eV cor-
responds to C—C/C=C, 286.1 eV corresponds to C—N, C—0, and
288.3 eV corresponds to C=0. The N1s spectrum in Fig. 2c is com-
pared to 398.5 (C—N—C), 399.3 (N— (C)3), 400.1 eV (N—H). The
high-resolution spectrum of O1s can be decomposed into two
peaks with binding energies of 531.2 and 533.3 eV, respectively,
corresponding to C=0 and C—OH/C—0—C (Fig. 2d) [54]. The FTIR
and XPS analysis above revealed that abundant hydrophilic func-
tional groups not only provided interaction sites for specific ions
or compounds but improved the dispersity. In our previous work,
the CDs we prepared showed red emission in ethanol and did
not show excellent fluorescent properties in aqueous solution.
We have improved the experiment by replacing HCl with H,SOy,
and the preparation method has changed from solvothermal to
hydrothermal. In comparison with our previous work, it can be
seen that the characteristic peak of the hydroxyl group in the infra-
red becomes less obvious in FTIR, and in the XPS, the proportion of
oxygen element is improved, and the proportion of graphitized
nitrogen is also improved [55]. N atoms can use their unpaired
electrons to improve the emission properties of CDs. The energy
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Fig. 1. Structural characterization of the sample. (a) TEM image, (b) HRTEM image of CDs, (c) XRD pattern, (d) FTIR spectrum, of CDs.
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Fig. 2. XPS spectra of the sample (a) XPS survey spectrum and (b) C1s, (c) N1s, and (d) O1s high-resolution XPS spectra of the CDs (B.E.: binding energy).

gap adjustment in the CDs also depends on the N and O contents,
while the oxygen-containing functional groups, particle size, and
graphite nitrogen together determine the different fluorescence
characteristics of these CDs [56]. In addition, H,SO4 also plays an
important role in the reaction process. H,SO4 has a strong car-
bonization effect, which can promote the nucleation of CDs, and
H,S04 also has oxidative properties, which leads to an increase in
the hydrophilicity of the surface of the CDs.

UV-vis absorption and fluorescence spectra of CDs were studied
at room temperature. The aqueous solution showed three UV
absorption peaks at 223, 280, and 615 nm (Fig. 3a). The absorption
at 223 and 280 nm was attributed to the m—n* transition of the
C=0 bond and n-n* transition of the sp? aromatic domains, respec-
tively. The peak at 615 nm may due to other functionalized surface
groups of the CDs. When the aqueous CDs were excited at 560 nm,
they exhibited strong fluorescence in the range of 570-800 nm,
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Fig. 3. (a) UV-vis absorption spectrum (red line) and fluorescence emission spectra (Em) (black line, Zex = 560 nm) of the CDs dispersed in water at room temperature. The
insets show the photograph (left) and fluorescence image of the CDs solution under 365 nm light (right). (b) Decay time, (c) '>*C NMR spectrum, and (d) 'H NMR spectrum of

the CDs.
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with two peaks at 648 and 685 nm and a maximum peak located at
around 685nm [21]. Furthermore, they exhibited obvious
excitation-independent fluorescence (Fig. S2 online). The
excitation-independent emission characteristics were attributed
to surface chemical states and the homogeneous microstructures
of the CDs, which caused them to exist uniformly in the lowest sin-
glet state. Thus, the absolute QY was calculated to be 33.96% in
aqueous solution by using integrating sphere. Furthermore, the flu-
orescence lifetime decay of the CDs was investigated [51]. As
shown in Fig. 3b, the origin of fluorescence is studied by time-
dependent single photon counting (TCSPC), which is an important
technique to elucidate the excitation behavior of electrons. The
insert shows that the long lifetimes over the whole emission spec-
tra could be fit to three exponential components. The fluorescence
behaviors were on a nanosecond timescale, indicating that the
samples had only fluorescent properties, with the longest lifetime
being 20 ns. Raman scattering reveals the structural characteristics
of C atoms in CDs. As shown in Fig. S3 (online), the Raman spec-
trum of the CDs featuring two peaks corresponding to D bands
and G bands. The intensity ratio of characteristic Raman bands
(Ip/lg) can be used to study the structural properties of carbon
skeleton, especially the crystallinity and relative abundance of car-
bon core and surface atoms. Ip/Ig = 1.5, the possible reason is that
the tiny graphitized CDs are embedded in some disordered carbon
[57]. 13C NMR spectra (Fig. 3c) show signals in the 120-140 ppm
range, indicating sp? C atoms. If the electron-withdrawing or
electron-releasing group (—NH,) is introduced, the chemical shift
of benzene at about 125.8 ppm will change. Therefore, these differ-
ent signals also indicate that —NH; and aromatic rings form a con-

jugated polymer skeleton system. In addition, no signal was
observed at the lower chemical shift (20-100 ppm), which corre-
sponds to the sp> C atoms. In 'H NMR spectroscopy (Fig. 3d), the
signal of aromatic H can be detected in the range of 7.0-7.5 ppm,
and 6.9 ppm active H signal from —NH— group can also be
detected at 6.69 ppm [58].

The CDs (100 pL) were diluted in pure water solution (pH = 7.0)
for the fluorescence measurements. The stabilities of CDs under
different conditions were studied. The as-prepared CDs showed
excellent photostabilities in fluorescence intensity, which
remained invariant under continuous excitation (365 nm) with a
UV lamp for 8 h (Fig. S4 online). The fluorescence intensity of the
CDs only slightly changed, even when the pH values varied from
5 to 11 (Figs. S5 and S6 online), and there was a linear relationship
when the pH was less than 4. By fitting the relative fluorescence
intensities, there was a good linear relationship at pH values below
4, with an R? = 0.992 (Fig. S6 online). Meanwhile, the CDs exhibited
low photobleaching and high storage stability after storing for 40 d
(Figs. S6 and S7 online). These results indicated that the CDs pos-
sessed good stabilities and exhibited great potential for the design
of fluorescence nanoprobes for complex matrices.

The CDs possessed good biocompatibilities and excellent light
stabilities, and thus, they are an ideal material for bioimaging in
biological applications (Fig. S8 online). We performed cell imaging
experiments using light with 561 nm wavelength. Fig. 4a and 4b
show the bright field images of AGS cells and the fluorescence
images of AGS cells after adding CDs. It can be seen that AGS cells
labeled with CDs showed bright red fluorescence under the excita-
tion of 561 nm. Careful observation showed that CDs mainly dis-
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Fig. 4. CDs for bioimaging. (a), (b) Brightfield photomicrographs of the AGS cells incubated with CDs by excitation at 561 nm. (c), (d) Brightfield photomicrographs of the

K562 cells incubated with CDs by excitation at 561 nm.
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b) Effect of Fe** concentrations on the

relative fluorescence intensity of the CDs. Overlaid confocal fluorescence images of living MGC-803 cells labelled with CDs under dlfferent conditions: (c) only CDs, (d) CDs

+50 pmol L™! Fe3*, (e) CDs + 100 umol L' Fe?*, and (f) CDs + 250 umol L' Fe?*,

tributed in the cytoplasmic region and could stain the cytoplasm
and be confined outside the nucleus. To demonstrate this result,
we tested another cell line, K562. The fluorescence image
(Fig. 4d) reflects the bright red fluorescence of the cytoplasm in
the cells when excited at the wavelength of 561 nm. More recent
observations showed that CDs were mainly distributed in the cyto-
plasm, consistent with AGS cells. These results indicated that CDs
can easily penetrate cell membrane and mark the cytoplasm, and
thus, making it an ideal cell imaging agent. Inspired by the excel-
lent properties of the probes, the cellular imaging abilities of the
probes were explored.

The surface of the CDs contains oxygen and nitrogen functional
groups which can interact with metal ions to form complex com-
pounds by coordination, thus providing CDs with the potential to
be used as fluorescent probes for detecting metal ions. Since the
Fe3* jon has a half-field 3d shell, which makes it a good electron
acceptor, the fluorescence quenching by Fe>" is believed to be
related to the fast electron transfer process between Fe3* and the
CDs. Moreover, no electron transfer could occur between the CDs

and Fe?* jons, and thus, the quenching effect of Fe?* is almost neg-
ligible. Firstly, 2 mmol L' solutions of various metal ions, includ-
ing Ba%*, Co®*, Mg?*, Fe3*, Fe?*, Cu?®', Ca%*, K*, Cr**, Mn?*, Na*,
Ni2*, Cd?*, Zn?*, and Pb?* ions, were added to the CDs’ solutions,
then excited with 560 nm, and recorded the fluorescence intensity
at 685 nm (Fig. S9 online). From Fig. 5a, obvious fluorescence
quenching effect was observed when 2 mol L~! Fe** was added,
while the effect of other metal ions could be neglected. The con-
centrations of Fe*" ions were subsequently observed.

The relationship between the CDs fluorescence I/, and Fe3* con-
centration is linear in the 1-10 pmol L~! Fe*" range of concentra-
tion (Fig. 5b). The fluorescence intensity is given by the following
equation: I/l = —0.01C + 1, where I and I are the fluorescent inten-
sity of CDs before and after adding Fe3*, and C represents the con-
centration of Fe**. This result agrees with the Stern-Volmer
relationship after using the mathematical transformation: Io/I =1
+ KyC=1+0.01217C (Ksy is the Stern-Volmer quenching constant)
(Fig. S10 online). Next, we explored the response of CDs to changes
in intracellular Fe* concentration. MGC-803 cells and CDs were
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Fig. 6. CDs for LEDs. (a) The photograph of the working red LED, (b) emission spectrum, and (c) The photograph of the working white LED, (d) emission spectrum.

firstly incubated without Fe** ion at 37 °C, and laser scanning con-
focal microscopy images indicated that obvious red fluorescence
was observed, suggesting that CDs successfully entered cells by
endocytosis (Fig. 5¢). Different concentrations of Fe>* were added
to MGC-803 cells pretreated with CDs to further study the applica-
tion of CDs in the semi-quantitative detection of Fe>* in cells. When
the concentration of Fe>* was 50 pmol L', there was a significant
decrease in the intracellular fluorescence (Fig. 5d), which may be
due to a small amount of Fe** entering the cells. After increasing
the concentration of Fe** to 100 and 250 pmol L™, the fluorescence
decreased further, indicating that the quenching effect of CDs was
better as the Fe>* concentration increased (Fig. 5e and f). Thus, CDs
can be used to visualize the monitoring of Fe3* in living cells.
Among them, the sensitivity and speed of sensing were much
lower than that of aqueous solution, possibly because the inner
and outer membrane of cells had higher Fe3* adsorption capacity.

We also used CDs to prepare red and white LEDs. Composite
nanocomposites were designed by polymerizing CDs in poly-
methyl methacrylate (PMMA) solution. PMMA/CDs were coated
on 365 nm excitation light-emitting chips and cured in oven to
form a solid-state lighting unit. The emission spectrum of the
device (Fig. 6a, b) shows that the emission ranges of red PMMA/
CDs phosphors ranges from 560 to 780 nm. The emission spectra
of the LED devices showed an emission with CIE (Commission
Internationale de L’Eclairage) color coordinates of (0.68, 0.31) and
with the color rendering index (CRI) of 71.8 and color temperature
of 1,000 K (Fig. S11 online). When mixed with the CDs we prepared
before [29], we successfully designed the white LEDs (Fig. 6¢c, d)
with CIE of (0.34, 0.37) (Fig. S11 online). The white LEDs show high
CRI of 81.9 and color temperature of 4,957 K. We conclude that
PMMA/CDs phosphors have good application value in future prac-
tical lighting applications.

3. Conclusions

In summary, we prepared near-infrared emissive CDs using a
simple and low toxicity preparation process. The strongest emis-
sion of the CDs was observed centered at 685 nm with QY as high
as 33.96% in aqueous solution. The as-prepared CDs were very
stable after storing at room temperature for 40 days, and no
quenching was observed in the 0-11 pH range. The as-prepared
CDs exhibited good selectivity for Fe**, and we applied them for
sensing the changes in the Fe*" contents in living cells. Further-
more, the as-prepared CDs were also used in bioimaging and LEDs.
The present work not only provided a new method for synthesizing
aqueous-phase high QY near-infrared emissive CDs, but we also
demonstrated the multifunctional applications of these CDs in liv-
ing cell sensing and bioimaging applications.
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