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ABSTRACT: Carbon dots (CDs) are a new class of photoluminescent (PL), biocompatible, environment-friendly, and low-cost
carbon nanomaterials. Synthesis of highly efficient red-emitting carbon dots (R-CDs) on a gram scale is a great challenge at
present, which heavily restricts the wide applications of CDs in the bioimaging field. Herein, R-CDs with a high quantum yield
(QY) of 53% are produced on a gram scale by heating a formamide solution of citric acid and ethylenediamine. The as-prepared
R-CDs have an average size of 4.1 nm and a nitrogen content of about 30%, with an excitation-independent emission at 627 nm.
After detailed characterizations, such strong red fluorescence is ascribed to the contribution from the nitrogen- and oxygen-
related surface states and the nitrogen-derived structures in the R-CD cores. Our R-CDs show good photostability and low
cytotoxicity, and thus they are excellent red fluorescence probes for bioimaging both in vitro and in vivo.

1. INTRODUCTION

Carbon dots (CDs), as a rising star in photoluminescent
nanomaterials, have aroused tremendous attention in the past
decade.'™ They have unique optical properties distinguished
from the traditional quantum dots, facile synthetic routes with
numerous cheap starting materials, better photostability than
organic fluorescence probes, and extremely low toxicity among
inorganic nanoparticles.” ® Although thousands of precursors
and hundreds of synthetic methods have been developed, most
of the reported CDs emitted blue-green luminescence under
ultraviolet (UV) light and their emission colors strictly
depended on the excitation light wavelengths.”~” In general,
the yellow or red fluorescence of CDs was only observed under
a green or yellow laser irradiation, and such excitation-
dependent emission heavily hindered further applications of
CDs in bioimaging. In addition, UV light irradiation is not
suitable for bioimaging because it induces strong tissue
autofluorescence to disturb the signals of CDs and damage
the cells and tissues.'™"*

By far, only several research groups have reported long-
wavelength emissive CDs. For example, Hu et al. first produced
red luminescent CDs from complicated procedures, but the QY
of their R-CDs was only 6%."> Qu et al. reported orange
emissive CDs with QY up to 46%, but the emission peak of
their CDs did not locate at the red light region.'* Recently, Lin
et al. synthesized R-CDs with QY of 16.2% in water for cell
experiments, but the purification processes were time-
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consuming.'> Our group prepared aqueous R-CDs with QY
of 24% through a hydrothermal reaction and a careful
chromatography separation, but only a small amount of R-
CDs was finally obtained and the purification processes were
also cumbersome.'® Therefore, it is still a challenge for chemists
to produce highly luminescent R-CDs on a large scale in a facile
route.

Herein, we report a simple and fast method to synthesize R-
CDs on a gram scale with a PL peak at 627 nm and an absolute
QY of 53%. Such a high QY value is outstanding for R-CDs at
present, and the red fluorescence of our R-CDs can be seen
clearly in the room light. Our R-CDs possess a much larger
nitrogen content of 30% and a higher graphitization degree in
comparison with other reported CDs using the similar raw
materials. After detailed characterizations on the R-CDs and the
NaBH, reduced R-CDs, we believe the surface states on CD
surfaces, including the C=0O and C=N functional groups, and
those nitrogen-derived structures in CD cores are synergisti-
cally responsible for the intensive red fluorescence. Our R-CDs
exhibit excitation-independent emission, good photostability,
low cytotoxicity, and stable dispersity in water. They are
successfully applied for bioimaging both in vitro and in vivo
because the red fluorescence is able to penetrate animal bodies
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Scheme 1. Synthetic Route of the R-CDs and the Product under Room Light
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Figure 1. (a) TEM and HRTEM (inset) images of the R-CDs. (b) AFM image of the R-CDs and the (inset) corresponding height profile along the
white line in (b). (c) XRD patterns and (d) Raman spectra of the R-CDs.

and overcome the interference of the autofluorescence of
animal tissues.

2. EXPERIMENTAL SECTION

2.1. Materials. Citric acid, ethanediamine, formamide, ethanol, and
acetone were from Sinopharm Chemical Reagent Co., China. 3-(4,5-
Dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide (MTT) was
from Sigma-Aldrich. Dulbecco’s modified Eagle’s medium (DMEM,
High Glucose), fetal bovine serum (FBS), and trypsin were from
Gibco BRL (USA). All chemical reagents were used as received.
Ultrapure water (Milli-Q water) was used throughout the experiments.

2.2. Sample Preparation. For synthesis of R-CDs, 1.2 g of citric
acid and 2.1 mL of ethanediamine were dissolved in 80 mL of
formamide to form a transparent solution. Then, the solution was
transferred into a poly(p-phenol)-lined stainless steel autoclave for
solvothermal reaction. After heating treatment at 180 °C for 4 h and
cooling down to room temperature, the obtained mixture was filtered
through filtration membrane (0.22 ym) to remove large particle
residues. Subsequently, 200 mL of acetone was added to precipitate
the solid R-CDs. Afterward, the precipitation was collected by
centrifugation (10000 rpm, 10 min) followed by washing with
ethanol/acetone mixtures for several times and dried in a vacuum.
Finally, nearly 1.0 g of dark powder was obtained.

For reduction of the as-prepared R-CDs, R-CDs powder (0.1 g) was
dispersed into water (15 mL) followed by adding an excessive amount
of NaBH,, and the mixture was stirred at room temperature for 4 h.
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The obtained solution was transferred into a dialysis bag (molecular
weight cutoff 1000) for dialysis against deionized water for 1 day. For
oxidation of the as-prepared R-CDs, R-CDs powder (0.1 g) was added
into a HNOj; aqueous solution (3 M, 1S mL) and refluxed for 12 h.
Then, the as-obtained solution was neutralized with Na,COj; followed
by dialysis against water for 1 day.

2.3. Characterization. A Tecnai G2 F20 transmission electron
microscope operating at 200 kV was utilized to obtain high-resolution
transmission electron microscopy (TEM) images. The ultraviolet—
visible (UV—vis) absorption spectra were measured on a PERSEE
T10CS UV—vis spectrometer. The fluorescence spectra were recorded
using an F-4600 spectrofluorometer. The FT-IR spectra were recorded
on a VERTEX 80v spectrometer. The Raman spectra were recorded
using a Senterra Raman spectrometer at an excitation wavelength of
785 nm. The X-ray photoelectron spectra were recorded using an
ESCALAB 250Xi spectrometer (Thermo Fisher). The crystal structure
was characterized by a Bruker D8 Advance X-ray diffractometer (1 =
0.151 056 nm). The time-resolved fluorospectroscopy was performed
using an FLS 920 spectrometer. The dynamic light scattering (DLS)
spectra were recorded on a Malvern ZS-90 Zetasizer.

2.4. MTT Assays. HeLa cells were seeded into a 96-well cell culture
plate in DMEM at a density of § X 10* cells/mL with 10% FBS and 5%
CO, and incubated at 37 °C for 24 h. Afterward, the culture medium
was replaced with 200 yL of DMEM containing the R-CDs at different
doses, and the cells were cultured for another 48 h. Then, 20 xL of 5
mg/mL MTT solution was added to each cell well. The cells were
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incubated for another 4 h, followed by the removal of the culture
medium with MTT, and then 150 uL of DMSO was added to each
well. The resulting mixture was shaken for 15 min at room
temperature. The absorbance of MTT at 492 nm was measured
using an automatic ELISA analyzer (SPR-960). Control experiments
without R-CDs were also conducted. Each experiment was performed
five times, and the averaged data were presented.

2.5. Cell Imaging. Cellular fluorescence images were recorded
using an FV10i laser scanning confocal microscope. HeLa cells were
seeded into 6-well culture plates at a density of 10° per well in DMEM
containing 10% FBS and incubated at 37 °C in a 5% CO, incubator for
24 h. After the removal of the DMEM, a mixture of R-CDs (50 ug/
mL) in DMEM was added to each well for 1 h of incubation. Finally,
the cells were washed twice with phosphate buffer solutions to remove
extracellular CDs and subsequently fixed with 4% paraformaldehyde.

2.6. Animal Imaging. The animal protocols of this study were
approved to be appropriate and humane by the institutional animal
care and use committee of the Chinese Academy of Sciences. Animal
experiments were performed by strictly following the guidelines and
regulations from the Laboratory Animal Centre of Chinese Academy
of Sciences (Shanghai, China). In brief, a balb/c nude mouse was
subcutaneously injected with SO L of the R-CDs aqueous solution (1
mg/mL) at the injection site after being anesthetized by intra-
peritoneal injection of 1% pentobarbital. The FL images were taken
under an excitation light of 535 nm and an emission filter of 600 nm.
The animal fluorescence imaging was conducted using a Bruker in vivo
imaging system, and the exposure time was 1.0 s for all fluorescence
images.

2.7. QY Measurement. The quantum yield was tested using an
integrating sphere attached to an F-4600 spectrofluorometer. At first,
the R-CDs formamide solution was diluted to an absorption intensity
of below 0.1 at the optimal excitation wavelength of 561 nm.
Subsequently, this solution was added into a fluorescence cuvette,
placed in the integrating sphere and excited with 561 nm
monochromatic light. The fluorescence spectra were collected in the
ranges 551—571 and 450—800 nm, respectively. Meanwhile, the same
fluorescence spectra for pure formamide were also recorded under
identical conditions. Finally, the QYs were calculated using
fluorescence software based on the PL spectra of both the sample
and the formamide. Each experiment was conducted by three times in
parallel to obtain the averaged QY value.

3. RESULTS AND DISCUSSION

Experimentally, the R-CDs were synthesized solvothermally at
180 °C for 24 h (Scheme 1), followed by precipitation and
washing for several times, and nearly 1.0 g of solid-state R-CDs
powder was obtained finally (Figure S1). The as-obtained R-
CDs were redispersed in formamide for optical character-
izations and in water for biological experiments. When the R-
CDs were redispersed in formamide, the solution shows bright
red luminescence under daylight, suggesting their high PL
efficiency and intense absorption in the visible region.

The TEM image in Figure la and the statistical result in
Figure S2 show the R-CDs are monodispersed nanoparticles
with an average diameter of about 4.1 nm. The high-resolution
TEM image in the inset illustrates that the R-CDs have well-
resolved lattice fringes with a spacing of 0.21 nm, attributed to
the (100) in-plane lattice spacing of graphene.'”'® The atomic
force microscopy (AFM) image in Figure 1b shows a thickness
of about 3 nm for R-CDs, corresponding to about 5—6
graphene layers.'” The X-ray diffraction (XRD) pattern of the
samples (Figure 1c) has an evident peak centered at around 26°
for its (002) planes,” suggesting that the R-CDs consist of
graphene-like structures, which is in agreement with the TEM
and AFM results. According to the Debye—Scherrer formula,”’
the average crystalline size of the R-CDs is calculated to be 2.6
nm, which is smaller than that observed by TEM. Such a

difference implies that the each R-CD nanoparticle consists of
amorphous shells. In the Raman spectrum (Figure 1d), two
bands at 1361 cm™ (D band) and 1566 cm™ (G band) are
observed. The D band is ascribed to the disorder or defects,
while the G band is from the sp® carbon networks in the
graphitized structure.””~>* The intensity ratio between D band
and G band is 0.77, suggesting a high degree of graphitization.

The FT-IR spectra in Figure 2 illustrate that the R-CDs
samples possess abundant hydrophilic groups, such as O—H at
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Figure 2. FT-IR spectra of the R-CDs.

3410 cm™!, N—H at 3161 cm™}, C=0 at 1665 cm™, and C—O
at 1283 cm™, thereby guaranteeing the excellent solubility of R-
CDs in water.””** Moreover, the FT-IR bands at 1612, 1591,
and 1457 cm™! correspond to the C=N, C=C, and C-N
stretching vibrations, respectively, implyin2g7 the formation of
polyaromatic structures in the CDs cores.””** The wide XPS
spectrum in Figure 3a shows three typical peaks at 285, 400,
and 531 eV, respectively, suggesting that the R-CDs samples
are composed of C, N, and O elements.”’ Remarkably, in
comparison with other previously reported CDs synthesized
from the same recipes,”””’ our R-CDs have a much higher
nitrogen content of 30% (Table S1), suggesting that amide in
formamide can react with carboxyl groups of citric acids to form
pyrrolic N species or pyridinic N species through the
dehydrolysis reaction. In the high-resolution XPS spectra, the
C 1s band (Figure 3b) can be deconvoluted into four peaks of
C—C/C=C at 284.4 eV, C—N at 285.7 eV, C—O at 286.5 €V,
and C=0/C=N at 287.8 eV.”' The N Is spectrum (Figure
3c) displays three peaks at 399.5, 400.5, and 401.5 eV,
attributed to pyridinic C-N-C, pyrrolic C,—N—H, and
graphitic N—C;, respectively.”> The O 1s band (Figure 3d)
contains two peaks at 531.6 and 532.9 eV for C=0 and C-O,
respectively.”” The above data and analyses confirm that R-CDs
consist of large m-conjugated domains in their cores and
amorphous regions on their surfaces, and a large amount of
nitrogen atoms is doped into the R-CDs samples.

The optical properties of the R-CDs were investigated and
are shown in Figures 4a and 4b. The UV-—vis absorption
spectrum displays a broad absorption across the entire visible
region with a main peak at about 564 nm, which could be
originated from n — #* transition of aromatic systems with
many C—N/C=N or C-0/C=0 structures.'>** The PL
spectrum of the R-CDs exhibits an outstanding excitation-
independent PL behavior with the maximum emission peak at
627 nm. The PL excitation spectrum of the R-CDs is well
overlapped with the absorption spectra in the long-wavelength
region, indicating that nitrogen- and oxygen-related surface
structures and states contribute to the intense red emission.
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Figure 3. XPS spectra of the as-obtained R-CDs: (a) the wide spectra and high-resolution spectra of (b) C 1s, (c) N 1s, and (d) O Is.
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Figure 4. UV—vis absorption spectra of (a) the R-CDs and (c) the NaBH,-reduced R-CDs. PL emission spectra of (b) the R-CDs and (d) the
NaBH,-reduced R-CDs excited by different wavelengths of light. All samples are dissolved in formamide.

The absolute QY of R-CDs is determined to be 53% using an
integrating sphere under the optimal excitation light of 561 nm
(Figure S3). The PL decay curves of the R-CDs (Figure S) are
fitted by a dual-exponential formula with an average lifetime of
3.2 ns (Table S1), which is close to those of other reported
CDs and indicates the strong coupling between the surface
states and the intrinsic states.”>™>” Obviously, our R-CDs
exhibit distinctive optical properties from those previously
reported highly blue luminescent CDs (B-CDs) produced by
hydrothermally treating citric acid and ethylenediamine in

20,38,39
water.” "7’
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To date, many mechanisms have been proposed to explain
the PL origins of CDs, including the quantum size effects,'**’
and the intrinsic states in carbon cores*' or the surface states
controlled luminescence.'® In the present work, we believe
nitrogen- and oxygen-related surface states and nitrogen-
derived structures in carbon cores are responsible synergistically
for the intense red emission of the R-CDs because our R-CDs
have the similar particle sizes and size distributions but a higher
nitrogen content in comparison with those previously reported
blue-emitting CDs.*”** To explore the true origins of the red
emission, another three similar R-CD samples were synthesized
just by changing the amount of citric acid, i.e, 0.4,0.8,and 1.6 g

DOI: 10.1021/acs.langmuir.7b02385
Langmuir 2017, 33, 12635—-12642


http://pubs.acs.org/doi/suppl/10.1021/acs.langmuir.7b02385/suppl_file/la7b02385_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acs.langmuir.7b02385/suppl_file/la7b02385_si_001.pdf
http://dx.doi.org/10.1021/acs.langmuir.7b02385

Langmuir

300+ —— Decay Curve
—— Instrument Response
—— Exponential Fitting

250

200

1504

Counts

1001

501

0 10 20 30 40
Decay Time (ns)

Figure S. PL decay curve of the R-CDs measured at the emission of
627 nm under an excitation light of 560 nm.

of citric acid for synthesizing R-CDsl1, R-CDs2, and R-CDs3,
respectively. These R-CDs samples were analyzed and
illustrated in Figures S4 and S5 as well as Tables S2 and S3.
The nitrogen content of R-CD samples increases from 27.2% to
30.4% with adding the amount of citric acid, which is much
higher than those of blue-emitting CDs (generally below 20%),
consequently resulting in the improved light absorption and PL
emission.** In addition, the gradual increase of the zeta
potentials of the four samples indicates that more and more
nitrogen atoms are doped onto R-CD surfaces (Table S4).%
Since the incorporating N species with CDs often produce new
surface states with lower energy levels,*”* red fluorescence can
be realized by increasing nitrogen content in CDs reasonably.
To validate such a deduction, the surface states of the R-CDs,
including C=0 and C=N functional groups, were selectively
reduced by NaBH,.” In Figure S6, the absorption of O—H
(3410 cm™) and N—H (3161 cm™) vibrations increase
significantly after reduction, whereas the vibrational absorption
of C=0 at 1665 cm™" and C=N at 1625 cm™' decrease
greatly. Meanwhile, the XPS results in Figure S7 also confirm
such changes. For instance, after reduction, the C=0/C=N
peak at 288.1 eV decreases in intensity whereas the peaks of
C—N and C—O exhibit an increasing change. It is obvious that
the variation of surface states results in the optical changes of R-
CDs. In Figure 4c, the absorption spectrum of the reduced
samples exhibits a significant decrease in the visible range,
indicatin§ that many surface groups like C=0O and C=N were
reduced.”” Correspondingly, the maximum emission peak blue-
shifts to 595 nm, as shown in Figure 4d, confirming that the
surface states play a main role in modulating the PL properties
of our R-CDs.**7*° However, the QY of the reduced R-CDs is
still as high as 45% when excited with 540 nm light, which is
consistent with other NaBH,-reduced CDs.*” Therefore, the
nitrogen-derived structures in carbon cores, especially the
pyrrolic N, also influence the emission efficiency of our R-CDs
samples significantly.

When the R-CDs are dispersed into water, the UV—vis
absorption spectra of the R-CDs display the similar absorption
features to that in formamide. A slight blue-shift of 13 nm is
observed in Figure S8a, which is ascribed to the increase of
dielectric constant from formamide to water."> A blue-shift of
PL peak by 10 nm also occurs with the similar PL emission
profiles (Figure S8b), but the QY of R-CDs drops to 24% in
water, which may be ascribed to the nonradiative PL quenching
induced by the newly formed hydrogen bonds between oxygen-
related groups and water molecules.”’ ™>* Such a phenomenon
was also observed when highly luminescent CDs were

transferred from ethanol (QY = 32.5%) to water (QY =
10.8%) recently.”* Our samples exhibit the higher QY in both
solvents because the higher N doping contents of about 30%
are realized in the present research. Hence, according to our
present study and other researches in the literature,”> we
think the nitrogen- and oxygen-related surface states and the
nitrogen-derived structures in carbon cores are responsible for
the strong red fluorescence of the present R-CDs.

Before biological imaging, the luminescence stability of the
R-CDs aqueous solution was tested under different conditions,
such as changing pH values, continuous UV irradiation, and
increasing the ionic strength of the solutions (Figures S11—
S14). These results confirmed the high luminescence stability
of R-CDs in bioimaging environments. At first, the cytotoxicity
toward HeLa cells was conducted by the standard MTT assays.
The results in Figure 6 show that over 80% of HeLa cells are
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Figure 6. Viability of HeLa cells after 48 h of incubation with different
concentrations of R-CDs.

still alive after incubation with 1000 pg/mL of R-CDs for 48 h,
which indicates the R-CDs exhibit much lower cytotoxicity than
many other inorganic nanoparticles.**™>* Then, 50 pg/mL of
the R-CDs was incubated with the HeLa cells for different time
periods (0.5—2 h), followed by observation under a confocal
laser scanning microscope (CLSM). It is clear that the R-CDs
gradually accumulate in the cytoplasm (Figure 7a—c) with
incubation time increasing, which is a typical phenomenon of
passive diffusion.”” Meanwhile, temperature-dependent cellular
uptake was also investigated to elucidate the mechanism behind
the transport of carbon dots. The results in Figure 7d—f
revealed that the uptake of CDs by HeLa cells accelerated as
the incubation temperature increased, which indicates that the
energy-dependent active endocytosis also participated in this
process.”’ These results suggested that both energy-dependent
endocytosis and passive diffusion involved in the cellular uptake
of CDs, just like many other nanoparticles.’’ Finally, the mouse
imaging was also performed in vivo. In Figure 7h, a strong
fluorescence signal at the injection site can be observed with an
excitation light of 535 nm and an emission filter of 600 nm,
implying that the red fluorescence of R-CDs is able to penetrate
mouse skin and tissues efficiently. All these results confirm that
our R-CDs can be used as an effective luminescence probe for
bioimaging both in vitro and in vivo.

4. CONCLUSIONS

We have successfully prepared highly efficient red-emitting CDs
on a gram scale via a facile solvothermal method and a fast
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Figure 7. (a—c) CLSM images of HeLa cells incubated with S0 tg/mL of the R-CDs for 0.5, 1, and 2 h, respectively. (d—f) CLSM images of HeLa
cells incubated for 2 h at 4, 25, and 37 °C, respectively. The excitation wavelength is 514 nm. PL images of a mouse (g) before and (h) after
subcutaneous injection of 50 uL of the R-CDs aqueous solution (1 mg/mL). The scale bar represents S0 ym.

purification process. The as-prepared R-CDs exhibit strong
absorption and emission in the visible region, high PL stability,
and low cytotoxicity and thus are successfully used as a
nontoxic fluorescent probe for bioimaging. In addition, detailed
characterizations proved that the nitrogen- and oxygen-related
surface states of R-CDs and the nitrogen-derived structures in
the carbon cores are responsible for such intense red
luminescence. Our present work provides a straightforward
and fast approach to synthesize red emissive CDs with a high
production yield, an excellent emission efficiency, and stable
optical quality as well as good biocompatibility, so as to make a
significant contribution to the related fields.
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