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Ultrafast synthesis (within 2 min) of nitrogen-doped carbon dots
was achieved using neutralization heat with glucose as
precursor. The hydroxyl groups on dots’ surface from glucose
make them easy conjugation with boronic acid (BA). Dual
enhancement of fluorescence was observed by nitrogen-doping
with ethylenediamine and the conjugation with BA.

Carbon dots (Cdots) are a new type of carbon nanomaterials (CNMs)
with sizes less than 10 nm. Quantum confinement endows Cdots
and  wavelength-dependent  fluorescence  and
photobleaching. 2 Synthesis, fluorescence mechanism, and
potential applications of Cdots have been studied, * but Cdots are
still less explored than other CNMs. ** Nitrogen-doped Cdots (N-
Cdots) have attracted much attention, because of their improved
fluorescence emissions. " * % '° Various substances contained high
nitrogen content were used as nitrogen precursors to prepare
Cdots.'""'® Bright and tuneable fluorescence with high quantum
yield were achieved among these N-Cdots. Cdots can be prepared
with top-down procedure " * '*2° and bottom-up approach. " *°
Graphite, '® soot, '7 and carbonized products '® '
prepare Cdots with top-down procedure.
precursors were treated hydrothermally to obtain surface-passviated
and/or heteroatom-doped Cdots with bottom-up approach. " * % 10
However, most of the preparation methods are time-consuming
and/or require complex instruments. * "%

Cdots have been used in the fields of bioimaging, optoelectronics,
biosensing, and photocatalysis, because of their properties, such as
low toxicities, less photo-bleaching and high biocompatibilities. ">
The functionalization of Cdots is the key step to improve the
recognition specificity. >* Some biolables were conjugated with
nanoparticles for imaging because of their specificity to biological
tissue or species.” Fast and easy synthetic methods and simple
functionalization strategies for Cdots the
developments and applications of Cdots.

size- low

were used to
Various molecular
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Herein, we present an ultrafast one-step approach to prepare N-
Cdots suitable for biological labelling, imaging and sensing
applications, with neutralization reaction as heat source and glucose
as precursor. Glucose was dissolved into ethylenediamine, and then
phosphoric acid was added. Cdots was prepared via the dehydration
and carbonization of glucose within 2 min. Ethylenediamine was the
heat source, while it also served as the nitrogen source for preparing
N-Cdots with improved fluorescence. Compared with strong acids
and oxidants used previously,"” % '® 7 phosphoric acid has low
volatility and corrosivity. To the best of our knowledge, this is the
simplest and fastest method for preparing N-Cdots without the use
of any complex instrumentation. Moreover, N-Cdots surface
functionalized with boronic acid (BA) and its derivatives were
reported for the first time. Dual enhancement of fluorescence for N-
Cdots was observed by the nitrogen-doping with ethylenediamine
and the conjugation with BA.
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Fig. 1. (a) UV-vis spectra and excitation-dependent fluorescence spectra of N-Cdots.
Inset: photographs of N-Cdots solutions (left) in sunlight and (right) under 365 nm
excitation. (b) TEM image and high resolution TEM image (inset) of N-Cdots; (c) size
distribution of N-Cdots obtained from TEM results; (d) XPS broad spectrum, (¢) XPS
Cls spectra, (f) XPS Nls spectra of N-Cdots.
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Glucose was carbonized in 2 min with a 48 % yield of N-Cdots
by the neutralization heat. The highest temperature was beyond 120
°C and maintained for at least 2 min, and then decreased gradually,
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the same as the hydrothermal treatment of glucose at 120 °C to
prepare Cdots. ¢ high concentration of glucose
accelerated its carbonization and promoted rapid nucleation over
growth for preparation of N-Cdots with the high yield. *"
Investigation of various bases illustrated that ethylenediamine not
only served as the heat source for the synthesis of Cdots, but also
served as the nitrogen source and passivation reagent for preparing

However,

N-Cdots (Fig. S1), as reported in previous work.”> Because
polyaromatic structures were produced by protonation of nitrogen
atoms on Cdots,'> * the use of ethylenediamine enhances the
fluorescence of Cdots 10-fold comparing with the use of NaOH.
The optimal ratio of glucose/ethylenediamine/phosphoric acid was
confirmed to be 200 mg/15ml/8 ml (Fig. S1).

The N-Cdots were water-soluble and showed a yellow color,
while a bright blue emission was observed when the N-Cdots were
excited at 365 nm (inset in Fig. l1a). The N-Cdots have excitation-
dependent emission behaviors (Fig. la), and show the multicolor
properties, similar to those previously reported for Cdots. '% 3133
The emission peaks shifted from 470 to 540 nm in excitation range
of 360-480 nm. The maximum emission was observed at 498 nm
with the excitation at 400 nm. The absorption peak at 340 nm in
UV-vis absorption spectra of N-Cdots confirmed the presence of
aromatic m orbits, so carbonization occurs to form N-Cdots (Fig.
la).

The size, morphology, and composition of N-Cdots were
investigated. Transmission electron microscope (TEM) images
showed that the N-Cdots had the size of 1-7 nm (Fig. 1b and lc).
The lattice fringes observed in the high resolution TEM images was
0.34 nm (inset in Fig. 1b), corresponding to the signal at 26 = 22° in
X-ray diffraction (XRD) pattern (Fig. S2a). Some impurity peaks
were observed in the XRD pattern because carbonization was
incomplete and some residual groups from glucose remained on the
N-Cdot surface. The broad peak at 3300 cm™ in Fourier-transform
infrared spectra showed the presence of hydroxyl and/or amino
groups on the N-Cdots’ surface (Fig. S2b). The peaks at 1630, 1450,
and 1250 cm’! were related to C=0, C=C and C-N stretching,
indicating the formation of N-Cdots. In XPS spectra, pyridine- and
pyrrolic-nitrogens were observed (Fig. 1d-1f). ** Thus, nitrogen was
successfully doped into the Cdots by the use of ethylenediamine.
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Fig. 2. Excitation-dependent fluorescence of Cdots prepared with (a) citric acid, and (b)
sucrose as precursors. Inset: photos of Cdots solution in light and excited at 365 nm.

To investigate the generality of the synthesis method, sucrose and
citric acid were used as carbon sources for the preparation of Cdots.
The two precursors were also carbonized by neutralization heat to
obtain Cdots; excitation-dependent emissions was observed with
bright blue fluorescence under UV light (Fig. 2). The neutralization
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heat strategy is a versatile route for the fast synthesis of Cdots using
the precursors. As shown in Fig. 1f, pyrrolic ring was found and
formed by the reaction of precursors and ethylenediamine. The
active hydroxyl groups in the semiacetal structure facilitate the
formation of carbon core by inducing the intermolecular
The carbonization and
introduction of nitrogen therefore occurred simultaneously to form
N-Cdots.

Some functional groups from glucose remain on the N-Cdot’s
surface as shown in XRD pattern because the reaction time and
energy are inadequate for complete carbonization of glucose in 2
min. Thus, the reaction between N-Cdots and BA or phenylboronic
acid (PBA) were investigated. BA or PBA enhanced the
fluorescence of N-Cdots quickly through the interactions between
adjacent hydroxyl and boronic groups. The specificity of the
enhancement was confirmed by the other Cdots. The fluorescence
of Cdots derived from citric acid by neutralization heat and that
from hydrothermal treatment of glucose cannot enhance by BA or
PBA (Fig. S3), so those Cdots cannot coordinate with BA or PBA
because citric acid does not have adjacent hydroxyl group. The
hydrothermal process lasted for 12 h to destroy the adjacent
hydroxyl group structure for Cdots from glucose.

condensation of the precursors.
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Fig. 3. (a) UV-vis and fluorescence spectra of N-Cdots, BA, and BA-modified N-Cdots.
Fluorescence spectra of N-Cdots (0.05 mg mL™") treated with (b) BA and (c) PBA at
different concentrations. The excitation wavelength was 400 nm. DLS distribution of (d)
N-Cdots, (¢) BA-Cdots and (f) PBA-Cdots.

The fluorescence enhancement was confirmed by the UV spectra
of N-Cdots; the absorption intensities at 280 and 340 nm from N-
Cdots increased after interacting with BA (Fig. 3a) although BA has
no absorbance. The changed signal at 280 nm indicated that the
number of sp> clusters in the N-Cdots increased. ** The signal at 340
nm showed that the surface adsorption of N-Cdots was improved to
enhance fluorescence emission, because this region contains the
excitation wavelength. **? The adjacent hydroxyl groups on the N-
Cdots surface provide the enhanced fluorescence emission via the
interaction with BA, giving 1.78-fold improvement as shown in Fig.
3a.

The emission of N-Cdots was in concentration-dependent mode
with BA or PBA (Fig. 3b, 3c, S4a, and S4b). Moreover, the
fluorescence was enhanced quickly and reached its maximum in 2
min by BA (Fig. S4c). However, the fluorescence was enhanced
slowly and slightly by PBA, possibly because of the steric
hindrance (Fig. S4d). Dynamic light scattering (DLS) results further
demonstrated the interactions with the increased size of N-Cdots
after addition of BA or PBA (Fig. 3d-f). The DLS size of N-Cdots
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ranged from 10-100 nm (Fig. 3d), larger than those observed in the
TEM image (Fig. 2b) because of plenty of hydrophilic groups on the
N-Cdots’ surface. After addition of BA or PBA, new peak was
observed because some of N-Cdots were conjugated with BA or
PBA in Fig. 3e and 3f. The adjacent hydroxyl groups make N-Cdots
easy functionalization for bio-label by simple incubation of the N-
Cdots and BA-modified species.

Less photo-bleaching and high photo stability in salt solution
were observed when the N-Cdots were illuminated with continuous
UV light or in different concentrations of NaCl. The N-Cdots could
be used for imaging with an illuminated time of 60 min without any
decline in fluorescence (Fig. S5a), and the salt concentration could
be up to 1 M NaCl (Fig. S5b). When stored in buffers at different
pH, the fluorescence from the N-Cdots was stable in the pH range
of 2—7 (Fig. S5c). Thus, the N-Cdots showed the potential for in
vivo imaging and biosensing because of their stable emission.

i i 24 hif 32 hif 48 hpf 72 hpf 3D-Confocal images
g _ b i ,H n
(b)--

Fig. 4. (upper) Bright-field and (lowcr) fluorescence images of zebrafish embryo at
different growing stages cultured with: (a) N-Cdots, (b) BA-Cdots at concentrations of
1.2 mg mL"'. Three-dimensional confocal fluorescent images of zebrafish embryos at 2
hpf. Scale bar: 500 pm.

Zebrafish are widely used for fundamental research on pattern
formation, developmental mechanism and disease progression,

because of their well-defined developmental stage, emerging

disease models, 36-40

and their amenability to optical imaging.
Zebrafish embryonic development was used to examine the
application of those Cdots for in vivo imaging. ** The embryos were
exposed to the solutions containing N-Cdots, and BA-Cdots, and
PBA-Cdots for 2 h; the distributions of the Cdots were recorded at
different growing stages of embryos. Compared with the control
group, the Cdots-treated groups showed bright fluorescence at 24
hours post fertilization (hpf, Fig. 4). At 24-48 hpf, N-Cdots and
BA-Cdots tended to attach to the chorions as the fluorescence on the
edge of the embryos; the residual glucose units on the Cdot surfaces
were specific to the chorion, where some glucose receptors exist. *!
The phenomenon was confirmed by the three-dimensional confocal
fluorescence images at 2 hpf (Fig. 4). Moreover, the Cdots did not
affect the embryonic development; the embryos underwent rapid
cell division to form the organs from 32 to 48 hpf (Fig. S6). More
than 80 % of zebrafish embryo viability was observed for the N-
Cdots and BA-Cdots treated groups during the procedure, the same
as the viability of 85 % of control group. N-Cdots and BA-Cdots
therefore exhibited high biocompatibility and low toxicity for in
vivo imaging to illustrate the embryonic development of zebrafish.
However, PBA-Cdots are highly toxic and caused 100 % mortality
of the embryos at 9 hpf (Fig. S7), indicating that PBA-Cdots and
BA-Cdots have different biotoxicity. In vivo cytotoxicity study also

This journal is © The Royal Society of Chemistry 2012
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showed that N-Cdots and BA-Cdots had the similar cell viabilities
(Fig. S8). Although Cdots have been used for cellular imaging, '®
our work provided their distribution within an embryo and effects
on embryonic development.”**

Ovalbumin is a monomeric pbosphoglycoprotein with high
affinity to BA derivatives. ** Ovalbumin was found in live rubella
vaccine and can cause allergic reactions. ** The fluorescence of
PBA-Cdots and BA-Cdots was tested after addition of ovalbumin;
the fluorescence of PBA-Cdots or BA-Cdots increased a little (Fig.
S9). The enhanced fluorescence indicated the interaction between
ovalbumin and PBA-Cdots or BA-Cdots. To build a turn-on
biosensor for ovalbumin, graphene oxide (GO) first quenched the
fluorescence of PBA-Cdots or BA-Cdots and then was recovered
through the interaction of the modified Cdots and ovalbumin.

GO is the exfoliated product from graphite powder with abundant
oxygen-containing groups. * Its highly quenching capability makes
GO widely used as an energy transfer fluorescence quencher.”*?
Various GO-based biosensors were used for detecting biomolecules,
46 small molecules, *’ and cations. ** After PBA-Cdots or BA-Cdots
were attached to GO through n—= stacking; their fluorescence was
quenched significantly by GO in 10 s (Fig. S10). Then the
biosensors were incubated with ovalbumin solution at different
concentrations. Its affinity with PBA and BA makes ovalbumin
closely approaches the Cdots, which were released from GO. The
Cdots’ fluorescence was recovered and the fluorescence intensity
increased in a concentration-dependent mode (Fig. 5), so the
systems could be used as effective turn-on biosensors. For PBA-
Cdots/GO system, the linear range was 0.11-2.2 mg mL™" with a
correlation factor of 0.9927 for ovalbumin (Fig. Sc). The linear
range was 0.022-1.76 mg mL™' for BA-Cdots/GO biosensor with a
correlation factor of 0.9928 and a detection limit of 8 pg mL™' (Fig.
5d). The results in Fig. S11 illustrated the selectivity of PBA-
Cdots/GO system for ovalbumin. Thus, the interaction of N-Cdots
with BA and PBA provides additional selectivity.
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Fig.5. Fluorescence spectra of (a) GO/PBA-Cdots and (b) GO/BA-Cdots with
ovalbumin at different concentrations. Concentration-dependent fluorescence intensities
of (¢) GO/PBA-Cdots and (d) GO/BA-Cdots solution in the presence of ovalbumin at
different concentrations. Inset: linear calibration plot for ovalbumin detection. The
concentrations of BA-Cdots and PBA-Cdots were 0.05 mg ml”, and that of GO was
0.01 mg ml". Error bar represents the deviation of three repeated measurements. All
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determinations were carried out in phosphate buffer solution (10 mM, pH 7.4) under
excitation at 400 nm. [, is the fluorescence intensity of the control groups.

Conclusions

We proposed an ultrafast one-step approach for the preparation of
blue-fluorescent N-Cdots. The method was time-saving, and no
sophisticated instruments were required. As a result of rapid
carbonization, some residual adjacent hydroxyl groups stayed on the
N-Cdot surfaces and remained their original characteristics for
surface functionalization of N-Cdots with BA and its derivatives.
Dual enhancements of fluorescence from the N-Cdots were
observed by the nitrogen-doping with the use of ethylenediamine
and the conjugation with BA or PBA. Zebrafish embryos were used
as a model to validate the potential for in vivo imaging of the N-
Cdots. N-Cdots exhibited high biocompatibility and low toxicity to
illustrate the embryonic development of zebrafish. A turn-on
biosensor for ovalbumin was built through n—n stacking between
PBA- or BA-Cdots and GO. This work provides a facile and fast
method for N-Cdots preparation and the functionalization of Cdots
for in vivo imaging and biosensors.

This work was supported by 973 Program (No. 2011CB707703),
NSFC (No. 21375064 and 81301080), and Research Fund for the
Doctoral Program of Higher Education (No. 20130031110016).
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