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ABSTRACT: This paper reports the preparation and properties of color-switchable fluorescent carbon nanodots (C-dots). C-
dots that emit dark turquoise and green−yellow fluorescence under 365 nm UV illumination were obtained from the
hydrothermal decomposition of citric acid. Dark green fluorescent C-dots were obtained by conjugating prepared C-dots to form
C-dot@C-dot nanoparticles. After successful conjugation of the C-dots, the fluorescence emission undergoes a blue-shift of
nearly 20 nm (∼0.15 eV) under UV excitation at 370 nm. The C-dots emit goldenrod, green−yellow, and gold light under
excitation at 455 nm, which shows that the prepared C-dots are color-switchable. Furthermore, conjugation of the C-dots results
in enhanced, red-shifted absorption of the π−π* transition of the aromatic sp2 domains due to the conjugated π-electron system.
N incorporation in the carbon structure leads to a degree of dipoles for all the aromatic sp2 bonds. The enhanced absorption in a
wide range from 226 to 601 nm indicates extended conjugation in the C-dot@C-dot structure. The time-resolved average
lifetimes for the three different types of C-dots prepared in this study are 7.10, 7.65, and 4.07 ns. The radiative rate (reduced
decay lifetime) increases when the C-dots are conjugated in the C-dot@C-dot nanoparticles, leading to the enhanced
fluorescence emission. The fluorescence emission of the C-dot@C-dot nanoparticles can be used in applications such as flow
cytometry and cell imaging.
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■ INTRODUCTION

Fluorescent C-dots are fascinating new materials with particle
sizes on the order of several nanometers.1−8 C-dot materials
have attracted much attention because of their unique
properties, such as water solubility, chemical inertness, low
toxicity, easy fabrication, and low photobleaching. In addition
to their use in multicolor photoluminescence (PL) bioimaging,
C-dots can be used for glucose detection, nanocrystalline TiO2

solar cells, label-free detection of Hg2+, oxygen reduction,
quantitative measurement of the intracellular pH of whole cells,

hydrogen sulfide detection in aqueous media and inside live
cells, and temperature probes, among other uses.9−17

Excitation-, size-, and pH-dependent and excitation-independ-
ent fluorescent C-dots have been prepared.18,19 However, the
mechanisms related to the fluorescence emission properties of
the C-dot nanomaterial still need further exploration; a few
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studies have reported the effects of different substances, such as
silver and glass,22 and of surface doping23 on the fluorescence
emission properties of C-dots. At present no study has
investigated the effects of the interactions between C-dot
nanoparticles on their fluorescence emission properties:
wavelength and intensity modifications. The color-switching
and emission properties of C-dots can be modified by
engineering C-dot@C-dot nanoparticles. Until now C-dots
can be synthesized by arc discharge,1,24 laser ablation,4,25

plasma treatment,26 microwave methods,9,27,28 and electro-
chemical synthesis.29,30 Because thermal decomposition
methods involve highly reactive species, easy solution control,
low levels of air pollution, and low energy consumption, they
can be used to prepare water-soluble C-dots without expensive
experimental apparatus or complex, time-consuming isolation,
purification, and functionalization procedures. This paper
presents the preparation of dark turquoise and green−yellow
luminescent C-dots (under 365 nm UV illumination) using a
hydrothermal method and the tuning of the fluorescence
emission properties by conjugating C-dots with a condensation
reaction between carboxyl and amino groups on the different
nanoparticle surfaces; the dark green fluorescent C-dots were
obtained by conjugating C-dots to form C-dot@C-dot
nanoparticles. The fluorescence spectra measurement demon-
strates a blue-shift of nearly 20 nm under UV excitation at 370
nm for the conjugated C-dot nanoparticles, which shows that
the prepared C-dots are color-switchable. Also, an increased
radiative recombination rate was observed when the C-dots
were conjugated in the C-dot@C-dot nanoparticles, which led
to the enhanced fluorescence emission. Hence, they could be
applied in flow cytometry and cell imaging. Further, the
possible mechanisms related to the emission wavelength shift
are discussed based on the conformational changes, the number
of dangling bonds at the surface, and nanodot-confinement
effects in the details. Taking account for the enhanced
fluorescent emission of the C-dot@C-dot nanoparticles, factors
such as interfacial interactions and the near-field enhancement
were discussed as being responsible for the enhanced
absorptions and emissions.

■ EXPERIMENTAL SECTION
Materials. Urea, citric acid monohydrate, and MES (2-(N-

morpholino)ethanesulfonic acid monohydrate) were purchased from
the Sinopharm Chemical Reagent Company, Shanghai. 4,7,10-Trioxa-
1,13-tridecanediamine (TTDDA) was purchased from Sigma-Aldrich.
NHS (N-hydroxysuccinimide) and EDC (1-ethyl-3-(3-
(dimethylamino)propyl)carbodiimide) were purchased from Shanghai
Medped Co., Ltd. Trypsin and Dulbecco’s modified Eagle medium
(DMEM) were purchased from Thermo Fisher Scientific Biochemical
Product Co., Ltd. (Beijing). Fetal calf serum was purchased from
Zhejiang Tianhang Biological Technology Co., Ltd. MCF-7 cells were
purchased from Shanghai Life Science Cell Resource Center, Chinese
Academy of Sciences. Polymer-coated super paramagnetic beads were
purchased from Spherotech, Inc. All the chemical reagents were used
without further purification.
Measurement Apparatus. Atomic force microscopy (AFM)

measurements were performed using a Dimension Icon (Bruker AXS)
instrument. X-ray diffraction (XRD) was performed using a Bruker
Advance D8 X-ray diffractometer. Raman spectra were collected with a
confocal Raman spectrometer (Labram HR 800) using a 532 nm laser
as the excitation source. Transmission electron microscopy (TEM)
measurements were performed with an FEI Tecnai G220 instrument.
Fourier transform infrared (FTIR) spectra were recorded with a
Nicolet 6700FTIR spectrometer. Fluorescent spectra were collected
using a Hitachi F4600 spectrometer, and UV−vis absorption spectra

were recorded on a PerkinElmer Lamda950 spectrophotometer. X-ray
photoelectron spectroscopy (XPS) was performed using a Kratos Axis
Ultra DLD multitechnique surface analyzer. Images of aqueous C-dots
were captured using a CRI Maestro EXhigh-sensitivity optical imaging
system for small animals. Fluorescence lifetimes were measured using a
HORIBA Jobin Yvon FLtime-correlated single-photoncounting
system. Optical images of magnetic beads coupled to the C-dots
were obtained using a LeicaTCS SP5II laser confocal microscope with
an argon laser light source (488 nm, 500 mW). An LSRFortessa flow
cytometer (Becton Dickinson, BD) equipped with an argon laser (488
nm, 500 mW) was used to measure the fluorescence of the microbial
cells. The parameters were acquired from pulse height signals of 5 000
events at a rate of ∼200 cells/s in the list mode. The samples were
analyzed using a standard stream-in-air configuration. Magnetic beads
labeled with C-dots were excited at 488 nm, and the emissions were
measured at 515 nm.

Preparation of Fluorescent C-dot Particles. Citric acid and
urea (mass ratio = 1:1) were dissolved in deionized water and
magnetically stirred for 10 min to form a homogeneous solution.
Then, 16 mL of the mixture was transferred to a 20 mL Teflon-lined
stainless steel autoclave, which was heated at 180 °C for 1 h and then
cooled to room temperature with running water. The resulting golden
aqueous solution was labeled HT1 C-dots. Glycerin (15 mL) and
4,7,10-trioxa-1,13-tridecanediamine (TTDDA) were mixed to form a
clear solution, which was heated to ∼180 °C under an argon
atmosphere. Then, citric acid was quickly added to the hot solution,
and the temperature was maintained at ∼180 °C for 1 h. After the
mixture was cooled to room temperature, a dark brown solution was
obtained and designated HT2 C-dots. The coupling reaction of an
EDC, NHS, HT1, and HT2 C-dot mixture yielded the optimal
conjugates. For the coupling reaction, aqueous HT1 and HT2 C-dots
(volume ratio = 1:1, with the same concentration) were first
transferred to an Eppendorf PCR (EP) tube. Then, NHS and EDC
(volume ratio = 1:1, 10 mg/mL) were added, and the pH was adjusted
to 5.5. The solution was mixed for 1 week, wrapped with black paper,
and incubated at room temperature for 1 month. Under these reaction
conditions, the HT1 C-dots attached to the HT2 C-dots, and the
resulting sample was designated HT1@HT2 C-dots, as shown in
Scheme 1. All obtained samples were subjected to dialysis for 2 days to

remove smaller molecules and ions. To prepare magnetic beads
labeled with fluorescent C-dots, C-dots and carboxyl-functionalized
magnetic beads were reacted via the same overnight mixing procedure
to yield the optimal conjugates.

Preparation of Cells Labeled with C-dot Nanoparticles. For
cell imaging, MCF-7 breast cancer cells were first placed in a multiwell
plate and cultured for 2 days. Then, the cells were washed twice with
phosphate-buffered saline (PBS) (pH = 7.4) following high-pressure
disinfection. The MCF-7 cells were digested with 2.5% trypsin. Optical
microscopy revealed that the cell morphology was round and the
tentacles were retracted. When the trypsin finished performing the cell

Scheme 1. Preparation of HT1, HT2, and HT1@HT2
Fluorescent C-dots
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digestion, the digestion was terminated using media (Dulbecco’s
modified Eagle medium (DMEM) + 10% fetal calf serum), and the cell
concentration was ∼5 × 103/μL. Then the cells were cultured with the
C-dot@C-dot nanoparticles (37 °C, 8 h) for the fluorescent imaging.

■ RESULTS AND DISCUSSION

The AFM image and corresponding height analysis shown in
Figure 1a show that the hydrothermally synthesized C-dots are
well-dispersed on the freshly cleaved mica substrate. The height
profile along a given line reveals that the C-dot diameter ranges
from 1.25 to 2.75 nm with a mean size of 1.879 nm (Figures S1
and S2, Supporting Information). The XRD patterns of the dry
C-dots are presented in Figure 1b and have two peaks at 11.7°
and 26.5° that correspond to d spacings of 7.2 and 3.4 Å,
respectively. The weak-intensity reflection at 2θ = 11.7° is
attributed to the (002) lattice spacing (7.2 Å) of graphite

oxide,31−33 indicating that the C-dots are partially oxidized. The
sharp, high-intensity reflection at d002 = 3.4 Å, which is very
close to the graphite (002) lattice spacing,7,34−36 indicates the
formation of C-dots. The Raman spectra (λex = 532 nm) of the
prepared C-dots (Figure 1c) exhibit two broad peaks at
approximately 1346 and 1576 cm−1, which are attributed to the
D (sp3-hybridized) and G (sp2-hybridized) bands, respectively.
The D band is associated with the vibrations of carbon atoms
with dangling bonds in the termination plane of disordered
graphite or glassy carbon. The G band corresponds to the E2g
mode of graphite and is related to the vibration of sp2-
hybridized carbon atoms in a two-dimensional hexagonal
lattice.37 The intensity ratio of the disordered D band to the
crystalline G band (ID/IG) is ∼0.9958 for the C-dots, indicating
that they have a structure similar to graphite. The C-dots are
partially oxidized, which initially results in structural defects,

Figure 1. (a) AFM image of the C-dots; the superimposed image is the height profile of the C-dots dispersed on fresh mica substrate along the line
marked in the AFM image. (b, c) 2Theta XRD pattern and Raman spectrum of the C-dots. (d) TEM image of the C-dots; insert: statistical
distribution of the C-dots in the TEM image. (e) HRTEM image of the crystalline and amorphous C-dots; the inset in a square frame shows the
enlarged HRTEM image of the C-dot nanoparticle with d spacing value of 0.34 nm.

Figure 2. XPS spectra of the HT1, HT2, and HT1@HT2 C-dots, respectively.
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such as oxygenated groups (C−O, CO, O−CO) in the sp2

carbon site, and then leads to vacant lattice sites and sp3

carbon.3 The weak peak between the D and G bands at 1453
cm−1 is attributed to the asymmetric bending of the methyl
group.38,39 The characteristic peak of covalent C−N single
bonds at 1248 cm−1 is also observed in the Raman spectrum.40

The shoulder peak at 1126 cm−1 is attributed to the presence of
CC bonds.41 As shown in Figures 1d and S3 (in the
Supporting Information), the mean size of the C-dots is 1.941
nm with size distribution ranging from 1.28 to 2.78 nm, which
illustrates good accordance with the statistical distribution of
the AFM results. The high-resolution TEM (HRTEM) image
shown in Figure 1e reveals the presence of both amorphous
and graphite phases. Well-resolved lattice fringes are observed
in the HRTEM image shown in Figure 1e; these fringes
correspond to a d spacing of 0.34 nm, which is close to the
value for the (002) plane of graphitic carbon,24 indicating that
the C-dots have a partially graphitic structure.
The elemental composition and type of chemical bonds in

the HT1, HT2, and HT1@HT2 C-dots were analyzed with
XPS as shown in Figure 2. The peaks at 284.7, 399.0, and 530.6
eV are attributed to the C 1s, N 1s, and O 1s emissions,
respectively. The N/O ratios are 0.33, 0.25, and 0.28 for the
HT1, HT2, and HT1@HT2 C-dots, respectively, indicating
that more N atoms are substitutionally doped into the HT1 C-
dots than into the HT2 and HT1@HT2 C-dots. The C/O
ratios are 0.67, 0.49, and 0.77 for the HT1, HT2, and HT1@
HT2 C-dots, respectively, demonstrating that other atoms
might replace a fraction of the O atoms when the HT1 and
HT2 C-dots are coupled in the HT1@HT2 C-dots. As shown
in Figures S4, Supporting Information, the main peak in the
high-resolution C 1s XPS spectra of the HT1, HT2, and HT1@
HT2 C-dots is observed at 284.7 eV and corresponds to the
sp2/sp3 CC/C−C atoms. The sp3 C−N/C−O peak is
observed at ∼286 eV, and the relative intensity ratios of the
main peak to the sp3 peak are 2.02, 1.16, and 1.47 for the HT1,
HT2, and HT1@HT2 C-dots, respectively, with the ratio for
the conjugated HT1@HT2 C-dots nanoparticles falling
between those for the HT1 and HT2 C-dots. The sp2 CO
peak at ∼288 eV further demonstrates that different structural
bonds, namely, CC/CC, CN, CO, and CO bonds,
exist in the C-dots.42 The N 1s spectra of the N-doped samples
were fine-scanned and deconvoluted into three bands at
∼399.0, ∼400.0, and ∼401−403 eV (Figure S4, Supporting
Information), which correspond to pyridinic N (N bonded to
two C nearest neighbors), pyrrolic N (N part of a pentagon
ring connected to two C), and graphitic N (N bonded to three
C nearest neighbors), respectively. These bands are due to N
atoms in a π-conjugated system that contribute one or two π
electrons to it.43−45 The variation in the localized π electronic
states near the Fermi level at the carbon atoms might result in a
shift in the binding energy from 402.1 to 401.5 eV for the
graphitic N species in the HT1@HT2 C-dot nanoparticles. The
shift in the N 1s binding energy of the graphitic N to a lower
energy is consistent with the presence of a negatively charged N
(a shift in the N 1s binding energy of the graphitic N to a
higher energy is expected for a positively charged N). If N is
negatively charged, the surrounding carbon atoms are positively
charged because of the screening effect. The positive charge on
the carbon, which is due to the electron transfer from the N
atom to the π conjugated state, can explain the shift in the
carbon localized π state from the Fermi level to a lower energy
level.46

The C-dot surface functional groups were determined by
analyzing the HT1, HT2, and HT1@HT2 C-dot FTIR spectra
(Figure 3).The broad absorption bands between 3000 and 3500

cm−1 are assigned to ν(O−H) and ν(N−H). These functional
groups improve the hydrophilicity and stability of the C-dots in
aqueous systems.7 Asymmetric and symmetric COC
stretching vibrations (approximately 1292 and 1193 cm−1,
respectively) and ν(CO) stretching vibrations (1650 cm−1)
are detected.4 The peaks at 1530 and 1660 cm−1 are assigned to
amide stretching vibrations, and the peak at 1455 cm−1 is
attributed to the amide CN stretch. For the HT2 C-dots
with TTDDA molecules, the carbonyl moieties react with the
TTDDA amine head groups to form amides on the C-dots.14,47

For the HT1 C-dots, the carboxyl and amide groups on the C-
dot surface can be functionalized with urea molecules.7 The
NH, OH, and CO absorption peak intensities of the
HT1@HT2 C-dots are weaker than those of the HT2 C-dots
(but stronger than those of the HT1 C-dots), which provides
further evidence of the conjugation of the HT1 and HT2 C-dot
nanoparticles.
The UV−vis absorption and fluorescence spectra of the

dilute HT1, HT2, and HT1@HT2 C-dot aqueous solutions are
shown in Figure 4a−c. The two HT1 C-dot absorption peaks at
∼335 nm (3.69 eV) and ∼235 nm (5.27 eV) are attributed to
photoabsorption from the lowest molecular orbital to the σ and
π orbitals (highest molecular orbitals). The typical absorption
band at 235 nm is assigned as the π−π* transition of the
aromatic sp2 domains.19,48 The HT2 C-dot π−π* peak is small,
indicating that this transition is weak. For the HT1@HT2 C-
dots, the π−π* absorption peak is red-shifted to 250 nm and
increases in intensity due to the conjugated π-electron system.49

The N incorporated into the carbon structures leads to a degree
of dipoles for all the aromatic sp2 bonds, and a permanent
dipole effect could lead to the increase in the π−π* absorption.
In addition, the absorption band at ∼335 nm could be due to
the surface carboxyl, amino, and other groups that passivate the
surface traps.19−21,48 The surface traps are at different energy
levels below the highest occupied molecular orbital (HOMO),
resulting in various transition modes as shown by the
excitation-dependent fluorescence emission spectra. Further-
more, n-π* transitions are observed for the HT1, HT2, and
HT1@HT2 C-dots.42 Notably, the n-π* transition mode of the
HT1@HT2 C-dots exhibits an asymmetric absorption peak as
shown in Figure 4c. In addition to the absorption peak at 336
nm, another shoulder peak is observed at ∼366 nm. These
absorptions are typical for aromatic π systems with extended

Figure 3. FTIR spectra of the HT1, HT2, and HT1@HT2 C-dots.
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conjugation as in the C-dot structure. The dominant
fluorescence emission peak of the HT1 C-dots at 440 nm
(∼2.82 eV) does not shift as the excitation wavelength is
increased from 250 to 370 nm, which indicates that the C-dot
surfaces are relatively uniform and well-passivated in a certain
degree.50 A red-shift from 440 to 619 nm (∼2.00 eV) is
observed as the excitation wavelength is increased from 400 to
520 nm, which can be explained by multiple transition modes.
For the HT2 C-dots, two emission peaks are observed as the
excitation wavelength is increased from 250 to 400 nm. The
dominant emission peak at 530 nm (∼2.34 eV) and shoulder
peak at ∼440 nm are observed under excitation at 250 and 280
nm. A peak with almost the same intensity as the 530 nm peak
is observed at 440 nm under excitation at 310 nm. Increasing
the excitation wavelength from 340 to 400 nm results in a blue-
shift of the emission peak from 440 to 460 nm (∼2.69 eV). A
red-shift from 530 to 619 nm (∼2.00 eV) is observed as the
excitation wavelength is increased from 400 to 520 nm. The
HT1@HT2 C-dot emission spectra differ from the HT1 and
HT2 C-dot emission spectra in that the dominant emission
peak is blue-shifted by ∼20 nm (0.15 eV) under excitation at
370 nm (Figure 4d). The blue-shift is mainly due to the
following factors: (1) Conformational changes can blue-shift
the fluorescence emission to a higher energy and lead to a
narrower emission bandwidth (the full width at half maximum
(fwhm) values of the fluorescence spectra excited under 370
nm radiation were 83.52, 156.01, and 69.86 nm for the HT1,
HT2, and HT1@HT2 C-dot samples, respectively). The blue-
shifted spectra are indicative of a significant amount of disorder
or strain that would cause some nonplanarity in the conjugated
system. Thus, the emission is blue-shifted due to a lack of
strong cofacial π−π alignment and the existence of strong C-
dot@C-dot interactions through the conjugation bonds. The
close packing of the two fluorescent units probably enhances
the electronic interactions between stacked π electrons. The

conformational twisting of the conjugated C-dot@C-dot
nanoparticles in the aggregate state might therefore be
responsible for the enhanced, blue-shifted fluorescence
emission that is observed for the π conjugated C-dot
nanoparticles.51,52 (2) The blue-shift is also due to the decrease
in the number of dangling bonds at the surface that results from
conjugating the C-dots (Figure S5, Supporting Information).
The band structure of nanostructured C-dot materials is
sensitive to the type of surface passivation, and the effective
bandgap can be reduced by the presence of dangling bonds at
the surface that result from incomplete passivation.53,54 (3)
Due to nanodot-confinement effects, the emission color can be
modified by the interface states. By coupling nonradiative
modes to radiation and modifying the boundary conditions of
the electromagnetic field, conjugated interfaces might alter both
the radiative decay rate and the spatial distribution of the
emitted radiation, and the excited molecule could transfer
energy to the interface radiatively.55−57 The inserted images in
Figure 4d show that, under UV irradiation at 365 nm, the HT1,
HT2, and HT1@HT2 C-dots are dark turquoise, green−
yellow, and dark green, respectively. When the aqueous C-dots
solution was used as fluorescent ink written on the filter paper
under UV irradiation at 254 nm, sky blue, pale green, and dark
slate gray emission colors could be observed (Figures S6,
Supporting Information). These results indicate that the
emission colors can be tuned by engineering the C-dot@C-
dot nanoparticles. As shown in Figure S7, Supporting
Information, the shoulder emission peak intensities of the
HT1@HT2 C-dots are different from those of the HT1 and
HT2 C-dots, but the HT1@HT2 C-dots exhibit some of the
fluorescence emission characteristics of the HT1 and HT2 C-
dots under excitation at 400 and 430 nm. However, because the
emission energy levels under excitation at >460 nm are similar,
the HT1@HT2 C-dots exhibit nearly the same fluorescence
emission spectra as the other samples. Notably, given the large

Figure 4. (a−c) UV−vis absorption (black solid lines) and photoluminescence spectra of HT1, HT2, and HT1@HT2 C-dots under different
excitation wavelengths; the insets show the corresponding normalized photoluminescence spectra. (d) Photoluminescence spectra of HT1, HT2,
and HT1@HT2 C-dots under UV excitation of 370 nm; the insets show the photoimages under UV lamp of 365 nm.
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number of surface and interface energy traps, the fluorescence
emission spectra depend on the excitation wavelength. Under
excitation at 455 nm, golden rod, green−yellow, and gold
emissions are observed for the HT1, HT2, and HT1@HT2 C-
dots, respectively (Figure 5a−c). When the three samples are
excited at wavelengths > 523 nm, only red emissions are
observed, which is consistent with the fluorescence measure-
ments.
In addition to emission color tuning by conjugating C-dot

nanoparticles, the fluorescence emissions were enhanced by
increasing the excitation wavelength from 455 to 605 nm
(Figure 6a−c).The enhanced fluorescence emission of the
HT1@HT2 C-dots is clearly captured by a charge-coupled
device (CCD) camera, further demonstrating the conjugation
of these nanoparticles, which results in stronger recombination
for photon emission. Because certain HT1 and HT2 C-dot
energy levels benefit from radiation recombination during
conjugation and therefore introduce new transition modes, the
observed absorption spectrum of the HT1@HT2 C-dots differs
from those of the HT1 and HT2 C-dots. The new conjugation
structure improves the electron mobility of the photoexcited
charge carriers. Consequently, the probability of an electron
transition from the ground state to the lowest excited singlet
state should be higher.58

The absorption intensity of the n-π* transition is enhanced
for the HT1@HT2 C-dots (Figure S5, Supporting Informa-
tion). Additionally, the enhancement of the electron cloud
activity results in a narrower energy gap, which probably
contributes to the red-shift of the π−π* absorption peak of the

HT1@HT2 C-dots. These absorption peaks indicate extended
conjugation in the C-dot@C-dot structure. The high-energy tail
in the visible region of the C-dot absorption spectrum is
attributed to Mie scattering caused by the particles.59,60

Therefore, the absorption is stronger for the HT1@HT2 C-
dots. The time-resolved average lifetimes of the HT1, HT2, and
HT1@HT2 C-dots are 7.10, 7.65, and 4.07 ns, respectively
(Figure 7). The shorter fluorescence decay lifetime of the
HT1@HT2 C-dots illustrates the good conjugation between
the HT1 and HT2 C-dots. Electron-donating groups on the C-
dots can enhance the degree of conjugation and are expected to
increase the transition probability from the excited states to the
ground state, resulting in strong recombination for photon
emissions.19 Both C-dots and quantum dots, for which radiative

Figure 5. (a−c) Photoimages of aqueous solution of the HT1, HT2, and HT1@HT2 C-dots samples captured under different wavelengths through
corresponding long-pass filters, respectively.

Figure 6. (a−c) Fluorescent intensity measurement of aqueous solution of the HT1, HT2, and HT1@HT2 C-dots samples, respectively, captured
under different wavelengths through corresponding long-pass filters with the same exposure time of 500 ms.

Figure 7. Fluorescence lifetime decay profiles of HT1, HT2, and
HT1@HT2 C-dots with excitations at 370 nm; emission monitored at
440 nm.
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recombination of excitons is the widely accepted luminescence
mechanism, require surface passivation for fluorescence.37 The
enhanced fluorescence emission of conjugated C-dots shows
that aqueous nanoparticles undergo very strong electronic
transitions.2 No classical bandgap absorptions are observed for
C-dots. Therefore, the surface or newly built interface states
should be accessed directly from the ground state, and the
interfacial interactions responsible for the enhanced absorptions
and emissions probably trap an increasing amount of excited-
state energy. The nonradiative decay is slowed by the formation
of C-dot@C-dot nanoparticle clusters or aggregates (Figure S8,
Supporting Information), leading to enhanced lumines-
cence.56,57 The fluorescence resonance energy transfer
(FRET) between the C-dot@C-dot nanoparticles was inves-
tigated to determine their relative proximity. The absorption
spectra of the HT1, HT2, and HT1@HT2 C-dot samples are
presented in Figure S9, Supporting Information; the spectral
overlap meets the FRET requirements, which should allow for
efficient enhancement of the fluorescence.61−65 In addition, the
near-field enhancement (NFE) synergistically improves the
emission intensity of the C-dot@C-dot nanoparticles when the
two luminescent nanoparticles are located at an optimum
distance from each other.66 These enhanced fluorescence
properties make the C-dot nanoparticles particularly valuable
for optical bioimaging in vitro and in vivo, especially
considering the emerging need for molecular probes in high-
resolution cellular imaging.67,68

To explore the fluorescent properties of the as-prepared C-
dots for potential applications in flow cytometry, the HT2 C-
dots were conjugated to magnetic beads functionalized with
carboxyl groups, and then the HT1 C-dots were attached to the
HT2 C-dots to improve the fluorescence emission. The flow
cytometry results are consistent with the previous observations.
The fluorescence emission of the HT2 C-dots conjugated to
magnetic beads (sample C) was detected by the detector
(Figure S10, Supporting Information). Combining the HT1 C-
dots with the magnetic bead-HT2 C-dot conjugates (sample D)
results in an enhanced fluorescence intensity. The laser
confocal fluorescence microscopy images show that the
conjugation of the magnetic beads with the fluorescent HT1
and HT2 C-dots is successful (Figure S11, Supporting
Information). The fluorescence microscopy image shown in
Figure S10a, Supporting Information, demonstrates that
magnetic beads can be successfully conjugated to C-dots. The
conjugation enables the C-dots to covalently attach to the
magnetic beads to form fluorescent labels. The HT1 C-dots
conjugated with magnetic beads exhibit a slightly enhanced
fluorescence intensity compared to the background. Therefore,
the prepared HT1 C-dots might have fewer amino groups on
the surface than the HT2 C-dots, as strongly indicated by the
weak amide FTIR absorption band for the HT1 C-dots
compared to the strong band observed for the HT2 C-dots.
These results indicate that the carboxyl group-modified HT1 C-
dots can be strongly coupled to the amide group-modified HT2
C-dots, which suggests that the fundamental unit formed via
conjugation is magnetic bead−HT2 C-dot−HT1 C-dot. The
presence of these functional groups makes the C-dots water-
soluble, which is essential for biological work. These groups
also provide a convenient way to functionalize the surface,
which can be easily accomplished using well-established
conjugation protocols. To assess the potential of the C-dot@
C-dot nanoparticles for bioimaging applications, the prepared
HT1@HT2 C-dots were introduced into MCF-7 breast cancer

cells to examine their imaging capabilities using an in vitro
biomicroscopy test. The fluorescence emission is observed in
the cell membrane and cell cytoplasm and is slightly weaker in
the center, indicating that the C-dot@C-dot nanoparticles
easily penetrate into the cell (Figure S12, Supporting
Information). Sedimentation, endocytosis, and the diffusion
mechanisms by which the cells uptake the C-dots might play an
important role,69,70 but further investigations are needed to
understand the endocytosis mechanism. The C-dots might
successfully accumulate in the cell and its nucleus by binding to
facilitator proteins or peptides that cross cell membrane barriers
more readily for a longer time. Because specific interactions
with different species, hindrance by mobile and immobile
obstacles, and collisions with other proteins and barriers such as
cytoskeletal filaments affect the C-dot mobility, most of the C-
dots diffuse in the cells more slowly than expected for random
Brownian motion.

■ CONCLUSIONS
In summary, dark turquoise and green−yellow fluorescent C-
dots were prepared by hydrothermal decomposition, and
engineering C-dot@C-dot nanoparticles resulted in color-
switchable C-dots. The new transition modes of the conjugated
C-dot@C-dot nanoparticles lead to a blue-shift of nearly 20 nm
(∼0.15 eV) under UV excitation at 370 nm. Conjugation of the
C-dot@C-dot nanoparticles results in enhanced absorption by
of the aromatic sp2 domain transition, and the absorption peaks
indicate extended conjugation in the C-dot@C-dot structure.
The C-dot@C-dot nanoparticles exhibit enhanced fluorescence
emission because of an increase in the absorption with a broad
range and a decrease in the decay lifetime. The fluorescent C-
dots conjugated to magnetic beads have potential for use in
flow cytometry. These magnetic beads might also be employed
in cell separation, quantitative measurement of the intracellular
pH of whole cells, etc. The color-switchable, emission-
enhanced fluorescent C-dot@C-dot nanoparticles could be
successfully applied for bioimaging applications; however,
further experiments should be carried out to explore the
endocytosis and the diffusion mechanisms of the nanoparticles
uptake by the cells.
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