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Carbon dots (CDs) with tunable photoluminescence (PL)
and a quantum yield of up to 35% in water were hydrothermally synthesized
in one pot and separated via silica column chromatography. These
separated CDs emitted bright and stable luminescence in gradient colors
from blue to red under a single-wavelength UV light. They exhibited high
optical uniformity; that is, every sample showed only one peak in the PL
excitation spectrum, only one peak in the excitation-independent PL
emission spectrum, and similar monoexponential fluorescence lifetimes.
Although these samples had similar distributions of particle size and
graphite structure in their carbon cores, the surface state gradually varied
among the samples, especially the degree of oxidation. Therefore, the
observed red shift in their emission peaks from 440 to 625 nm was ascribed
to a gradual reduction in their band gaps with the increasing incorporation
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of oxygen species into their surface structures. These energy bands were found to depend on the surface groups and
structures but not on the particle size, not as in traditional semiconductor quantum dots. In addition, because of their
excellent PL properties and low cytotoxicity, these CDs could be used to image cells in different colors under a single-
wavelength light source, and the red-emitting CDs could be used to image live mice because of the strong penetration

capability of their fluorescence.

carbon dots, full-color luminescence, luminescence mechanism, surface states, bioimaging

ecause of their outstanding merits in terms of
luminescence, stability, biocompatibility, and low cost,
carbon dots (CDs) have been intensively studied over

the past decade for potential applications in fluorescent probes,
light-emitting devices, and biosensors." ™ Thousands of raw
materials and hundreds of approaches have been reported for
the synthesis of CDs. The reported raw materials vary from
laboratory-produced chemicals to natural products, whereas the
approaches include laser ablation, pyrolysis, electrochemical
oxidation, hydrothermal reactions, and microwave treat-
ment.*”® In most studies, the photoluminescence (PL)
emission spectra of such CDs have been broad, with maxima
in the blue region, and their absorption curves have shown
gradual attenuation without significant absorption bands, ™"
implying that conventional CDs are produced in complex
mixtures and that a complete isolation of products is strongly
desired. Several separation techniques have been reported for
this purpose that offer high separation efficiency, such as high-
performance liquid chromatography (HPLC)"'~" and poly-
acrylamlde gel electrophoresis (PAGE).'® However, only tiny
amounts of products can be obtained using these techniques,
which limits their further application. In addition, conventional
CDs cannot be effectively used to image animals because of
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their low quantum yield (QY) in both the red and near-infrared
regions.'”'® Underlying the great difficulty encountered in
controlling CD fluorescence is the fact that the luminescence
mechanisms of CDs remain unclear.'”*’ Because CDs are
prepared using numerous ingredients and various approaches
and contain multiple complicated components and structures, it
is extremely difficult to compare the results available in the
literature to formulate a unified theory.”' ~>* Therefore, a study
of the tuning of CD fluorescence under controlled, comparable
conditions would be beneficial for determining the lumines-
cence mechanisms of CDs and, consequently, for obtaining
CDs with strong red emission.

To date, there have been only a few successful reports of
CDs with tunable PL from blue to red. For example, Hu et al.
produced a series of CDs by varying the reagents and
concluded that epoxides or hydroxys on their surfaces were
predominantly responsible for the resulting PL red shift."” Lin
et al. synthesized three types of CDs with blue, green, and red
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emission by solvothermally treating different carbon sources
and ascribed the observed PL red shift to quantum size effects
and the nitrogen content of the CDs.”* Pang and colleagues
prepared a series of CDs by modifying the reaction conditions
and ascribed the PL red shift to both quantum size effects and
surface states.”” Although CDs with tunable PL have been
successfully obtained, the conclusions regarding the corre-
sponding mechanisms are controversial and even contradictory.
When different samples with complex compositions were
studied together, the derived PL mechanisms were not
convincing because there were too many factors influencing
the luminescence processes, particularly the different synthesis
conditions used.”*”*° Furthermore, most reported red-emitting
CDs have suffered from QYs of less than 5% in water, thereby
limiting their further application in animal imaging.

Herein, we report the first one-pot syntheses of full-color
light-emitting CDs. The QY of the red-emitting CDs is
approximately 24%, as accurately measured using an integration
sphere, which is the highest value yet recorded for CDs in
water. The fully purified CDs exhibit excitation-independent
luminescence from blue to red, characterized by a single
excitation peak and a monoexponential lifetime. Their PL red
shift shows a direct relationship with the degree of surface
oxidation of the CDs, excluding quantum size effects; on the
basis of this finding, we propose a reasonable PL mechanism.
Our CDs can be successfully applied for bioimaging, both in
vitro and in vivo, by virtue of their high QY, stable PL, and low
toxicity.

RESULTS AND DISCUSSION

Many reagents were experimentally tested in pairs under
hydrothermal conditions, and the products were observed
under UV light to judge whether they merited further
investigation. In most cases, the as-prepared solutions emitted
blue-green fluorescence (Figure S1). Urea and p-phenylenedi-
amine were ultimately selected because their products yielded
yellow-red fluorescence, indicating that red-emitting CDs were
dominant. Afterward, the mass ratio between urea and p-
phenylenediamine was adjusted in parallel reactions, and a ratio
of 1:1 was found to be optimal for the strongest fluorescence
(Figure S2). Similarly, the optimal temperature and reaction
time were determined to be 160 °C and 10 h, respectively
(Figure S3). The as-prepared products were actually mixtures
of CDs with different colors of fluorescence, which could be
critically separated via silica column chromatography because
they had different polarities. Interestingly, the quantitative
ranking of their polarities precisely coincided with their
ordering in terms of a gradual color change from blue to red.
Finally, eight samples with distinct fluorescence characteristics
were successfully collected and found to exhibit a gradient of
colors under a single-wavelength UV light (Scheme 1). It
should be noted that the operation of the silica column
chromatography apparatus required great patience and
attentiveness. Complete fractionation required more than 10
h because it was necessary to maintain a slow flow rate to avoid
cross-contamination of different CDs, whereas the polarity of
the eluting solvents needed to be gradually increased for each
fraction throughout the entire process. The obtained CDs were
separately freeze-dried and dispersed in water for use. Four
typical samples exhibiting blue, green, yellow, and red
fluorescence were selected for further characterization; these
samples were labeled as samples A, B, C and D, respectively.
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“(A) One-pot synthesis and purification route for CDs with distinct
fluorescence characteristics. (B) Eight CD samples under 365 nm UV
light. (C) Corresponding PL emission spectra of the eight samples,
with maxima at 440, 458, 517, 553, 566, 580, 594, and 625 nm.

The UV—vis absorption spectra of the four selected samples,
as shown in Figure 1, display analogous absorption in the UV
region of 200—350 nm but different behaviors in the lower-
energy region. In the UV region of each curve, a single peak is
observed at 255 nm with a shoulder at 282 nm, corresponding
to the zm—x* transitions of C=C and C=N bonds,
respectively, in the aromatic rings, which do not typically
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Figure 1. Top images are photographs of samples A, B, C, and D in
aqueous solution under daylight (left) and UV light (right). The
bottom four graphs show their absorption curves (Abs) and their
PL emission spectra (Em) under excitation with light of different
wavelengths (see the inset legends).
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0-32 .
generate fluorescence.’* 3> However, in the lower-energy

region, the four spectra exhibit distinct absorption bands at
383, 410, 488, and 528 nm, indicating that these samples
possessed different surface states.”””> Unlike many other
reported CDs,**** the PL emission peaks of our samples did
not shift when different excitation wavelengths were applied.
Moreover, the corresponding PL excitation curve of each
sample was found to have only one peak (Figure S4), with a
position quite close to that of the absorption band in the lower-
energy region. These results confirm the uniformity of our
samples in terms of their optical features; that is, the CDs in
each sample had identical absorption structures and lumines-
cent centers. The PL emission of each sample clearly originated
from the absorption in the lower-energy region. Furthermore,
the time-resolved photoluminescence (TRPL) spectra of these
samples were measured, and the results indicated similar
monoexponential lifetimes of approximately 9 ns, implying that
all of the CDs underwent similar luminescence processes
(Figure S5 and Table $4).>° The optical uniformity of these
samples facilitated a deep investigation of their luminescence
mechanisms based on a comparison of their compositions and
structures.

The transmission electron microscopy (TEM) images
presented in Figure 2 reveal that the samples were well-

SRR

Figure 2. TEM and HRTEM (inset) images of the four selected
samples. The scale bars in the insets represent 2 nm.

dispersed, with similar average particle sizes of approximately
2.6 nm (Figure S6). The high-resolution (HR) TEM images
provided in the insets show that all of the CDs exhibited
identical well-resolved lattice fringes with a spacing of 0.21 nm,
corresponding to the (100) in-plane lattice of graphene.’’
Interestingly, after critical separation, the particle size
distributions of these samples remained so broad that their
differences in fluorescence cannot be obviously ascribed to
differences in particle size. The TEM data clearly demonstrate
that the PL emission red shift of the samples from A to D is not
due to quantum size effects. The Raman spectra of these CDs
(Figure S7) reveal a D band at 1352 cm™ and a G band at 1595
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cm™!, which correspond to disordered structures and graphitic
structures, respectively, of carbon materials.**~*° The intensity
ratio Ip/Ig was found to increase from 0.87 to 1.13 for sample
A to sample D, suggesting that the amorphous structures of the
CDs were closely related to the red shift of the PL emission.
The Fourier transform infrared (FTIR) spectra shown in
Figure 3 reveal that all CD samples possessed abundant
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Figure 3. FTIR spectra of the four selected CD samples.

hydrophilic groups such as O—H (3425 cm™"), N—H (3200
cm™'), C—0 (1258 cm™), and COOH (1759 cm™) on their
surfaces, thereby ensuring their good solubility in water."'
Moreover, stretching vibrations of C=C (1524 cm™'), C=N
(1642 cm™), and C—N= (1427 cm™") bonds were observed
for each sample, indicating the formation of polyaromatic
structures in the CDs during the reaction process.””* A
comparison of the FTIR spectra of the four samples reveals two
important observations. One is an enhancement of the typical
stretching vibration of COOH bonds at 1759 cm™ from
sample A to sample D, indicating an increase in the degree of
oxidation accompanying the PL red shift of the CDs.”” The
other is that the O—H vibration bands at approximately 3420
cm™" are sharp and discrete for samples A and B but broad and
integrated for samples C and D. In general, a broad O—H band
indicates multiple structures of hydroxyl groups on the
nanoparticle surfaces, resulting in higher polarity and hydro-
philicity of samples C and D compared with samples A and B.**

X-ray photoelectron spectroscopy (XPS) findings were used
to further investigate the surfaces of these samples. The full
spectra presented in Figure S8 show three typical peaks: C 1s
(285 eV), N 1s (400 eV), and O 1s (531 eV). These findings
indicate that the samples consisted of the same elements.*’ In
the high-resolution spectra (Figure 4), the C 1s band can be
deconvoluted into four peaks, corresponding to sp® carbons
(C=C, 284.5 eV), sp> carbons (C—O/C-N, 286.1 eV),
carbonyl carbons (C=O0, 287.8 eV), and carboxyl carbons
(COOH, 289.0 eV).* The N 1s band can be deconvoluted into
three peaks at 3984, 399.1, and 4002 eV, representing
pyridinic N, amino N, and pyrrolic N, respectively. The O 1s
band contains two peaks at 531.6 and at 533.0 eV for C=0
and C—O, respectively.””** The XPS intensity at 289.0 eV
gradually increases from sample A to sample D, implying a
corresponding increase in the content of carboxyl groups in the
CDs (Table 1), consistent with the FTIR results. The atomic
ratio between oxygen and carbon increases from 0.05 to 0.21 as
the O content increases from 6.00 to 20.20% for sample A to
sample D (Tables SS and S6), reflecting the same tendency in
the degree of oxidation enhancement of the CDs. The above
data, including the Raman, FTIR, and XPS results, clearly
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Figure 4. High-resolution XPS C 1s, N 1s, and O 1s spectra of the four selected samples. Each band was deconvoluted following the literature.

Table 1. XPS Data Analyses of the C 1s Spectra of Four
Typical CD Samples

sample C=C/C-C C-N/C-0 C=0 COOH
A 76.19% 17.52% 3.21% 3.08%
B 73.76% 19.12% 2.88% 4.24%
C 70.11% 21.07% 2.45% 6.37%
D 67.05% 21.75% 2.90% 9.30%

exhibit that our CDs consisted of 7-conjugated domains in their
carbon cores and amorphous regions on their surfaces and that
the degree of oxidation of these CDs increased concurrently
with the PL red shift.

Although the PL mechanisms for CDs remain unclear, the
amazing PL of CDs continues to motivate scientists to conduct
deeper explorations. Two popular PL models have been
proposed for CDs: one is based on the band gap transitions
in conjugated 7-domains, and the other is related to surface
defects on the CDs.*”*~* In accordance with the former
mechanism, several reports ascribed the PL red shift of CDs to
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quantum size effects.”*>> However, in our case, we believe
surface states to be the dominant factor controlling the PL
variations because all of our samples exhibited similar particle
sizes with broad size distributions. Meanwhile, structural
characterizations confirmed that both the carboxyl contents
and oxidation degrees of the CD surfaces increased with the red
shift of the PL. It has been reported that surface defects, which
are primarily created through surface oxidation, serve as capture
centers for excitons, thus giving rise to surface-state-related
fluorescence.” A higher degree of oxidation on the CD surfaces
implies more surface defects.”> Another report by Chen et al.
has noted that the carboxyl groups on sp>-hybridized carbons
could induce significant local distortions, resulting in a
narrower energy gap; this finding was based on density
functional theory.”” In the present work, the fluorescence can
undoubtedly be attributed to the surfaces of the CDs, and the
surface states control the PL features. Because the PL features
of our CDs behave similarly to certain types of molecular
fluorescence,”" we hypothesize that the luminescent centers on
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the CD surfaces are predominantly composed of conjugated
carbon atoms and bonded oxygen atoms. The band gap of such
a structure between the highest occupied molecular orbital
(HOMO) and the lowest unoccupied molecular orbital
(LUMO) strongly depends on the incorporated oxygen
species.'” The band gap is reduced as an increasing number
of oxygen atoms join the structure; that is, a PL red shift arises
as a result of the increase in the degree of surface oxidation
(Figure S). To further confirm that the tunable PL originated
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Figure 5. Model for the tunable PL of CDs with different degrees of
oxidation.

from the surface states, the pH-dependent behavior of the red-
emitting CDs was investigated. In Figure S9, the red emission
of the CDs is shown to decay in both acidic and basic
environments, and the PL peak significantly red shifts as the pH
value decreases. These results may be attributed to changes in
the surface charge induced by protonation—deprotonation,
similar to the observed performance of other carboxyl-grafted
carbon dots in the literature.*>**~>* It should be noted that the
photoluminescence intensities for pH values of 5—11 exhibited
no obvious decay, which is beneficial for practical applications
in in vivo environments.”

Before the application of our CDs as fluorescent probes, the
luminescence stability of these CDs was tested using a UV lamp
of 500 W under 1 h of irradiation, and almost no PL
attenuation was observed (Figure S10). Then, standard MTT
(3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide)
assays were conducted using HeLa cells, revealing that these
CDs are effectively nontoxic at concentrations of up to 200 ug/
mL (Figure S11).>° This high PL stability and low cytotoxicity
confirm the suitability of these CDs for bioimaging applications.
Figure 6 shows that after incubation at a CD concentration of
40 pug/mL for 2 h, the HeLa cells emitted strong blue, green,
yellow, and red fluorescence, predominantly in the cytoplasm,
under illumination at a single wavelength of 405 nm. In
addition to in vitro cell imaging, in vivo mouse imaging was
tested using sample D. Figure 7A shows the clear fluorescence
observed in a nude mouse that was subcutaneously injected
with 100 uL of sample D solution (175 ug/uL). To obtain
Figure 7B, the same dosage of sample D was intravenously
injected into a nude mouse through the tail vein, and after 30
min of circulation, strong fluorescence was observed in the
bladder, indicating that the CDs could be rapidly excreted via
urination.”” The mice experiments were successfully performed
using a Bruker in vivo imaging system with 510 nm excitation
light and a 700 nm emission filter, thereby confirming that the
red PL of sample D could efficiently penetrate mouse skin and
tissues. Furthermore, all mice remained healthy after the
injections, demonstrating the excellent biocompatibility of our
CDs.
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Figure 6. Confocal fluorescence images of HeLa cells incubated
with 40 pg/mL of samples A, B, C, and D for 2 h. All images were
obtained under excitation at 405 nm, but the emissions were
recorded in different ranges: (A) 420—510 nm, (B) 490—560 nm,
(C) 540—590 nm, and (D) 590—750 nm. Each scale bar represents
25 pm.
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Figure 7. In vivo fluorescence images of nude mice treated with (A)
subcutaneous injection and (B) intravenous injection of 100 uL of
an aqueous solution of red-emitting CDs. The color bars represent
the fluorescence intensity.

We report a facile approach to the preparation of CDs in water
with full-color emission that is independent of the excitation
wavelength and the successful application of samples prepared
in this manner for bioimaging, both in vitro and in vivo. The key
step of preparation was the critical separation of the CDs via
column chromatography following the hydrothermal treatment
of carefully selected raw materials, which was also beneficial for
exploring the PL mechanisms of CDs because the samples
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differed only with regard to their surface states. Detailed
characterizations proved that different surface states of the CD
samples resulted from different degrees of oxidation on their
surfaces, ultimately determining the colors of their PL. We
propose a new model of the PL mechanism for CDs, which
suggests a method of controlling the PL features of CDs
through the incorporation of heteroatoms. The full-color light-
emitting CDs with high photostability and biocompatibility that
are prepared in this manner, particularly those with strong red
fluorescence, have promising applications in multicolor displays
and biomedical probes.

METHODS

Chemicals. Urea, p-phenylenediamine, ethyl acetate, and ethanol
were obtained from Sinopharm Chemical Reagent Co. (China).
Dulbecco’s modified Eagle’s medium (DMEM, High Glucose), fetal
bovine serum (FBS), and trypsinase were acquired from Gibco BRL
(USA), and 3-(4,S-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bro-
mide (MTT) was obtained from Sigma-Aldrich. All chemicals were
used as received. Ultrapure water (Milli-Q water) was used in all
experiments.

Synthesis of CDs. First, 02 g of urea and 02 g of p-
phenylenediamine were dissolved in S0 mL of water; then, the
solution was transferred into a poly(para-phenol)-lined stainless steel
autoclave. After being heated at 160 °C for 10 h and then cooled to
room temperature, the obtained solution was purified via silica column
chromatography using a mixture of ethyl acetate and ethanol as the
eluent. Afterward, the obtained CD samples with different fluorescence
were redispersed in water. The detailed characterizations and
bioimaging experiments that were performed are described in the
Supporting Information.

MTT Assays. HeLa cells were seeded into a 96-well cell culture
plate in DMEM at a density of 5 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 uL of DMEM containing different doses of
CDs, and the cells were cultured for another 48 h. Then, 20 uL of 5
mg/mL MTT solution was added to each well. The cells were
incubated for a further 4 h, followed by the removal of the culture
medium with MTT; 150 L of DMSO was then 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 CDs were
also performed. Each experiment was conducted five times, and the
data were averaged.

Cell Imaging. Cellular fluorescence images were recorded using a
Leica TCS SPS 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 CDs (40 pg/mL)
in DMEM was added to each well for 2 h of incubation. Finally, the
cells were washed twice with phosphate buffer solution to remove
extracellular CDs and subsequently fixed with 4% paraformaldehyde.

QY Measurements. The quantum yield was tested using an F-
3018 quantum yield accessory, which included an integrating sphere
that was attached to a Horiba Jobin Yvon FluoroMax-4 spectro-
fluorometer. First, an aqueous solution of blue-emitting CDs was
diluted to an absorption intensity of below 0.1 at the optimal excitation
wavelength of 371 nm. Subsequently, this aqueous solution was added
to a 10 mm fluorescence cuvette, placed in the integrating sphere and
excited with monochromatic light at 371 nm. The fluorescence spectra
were recorded in the ranges of 361—381 and 386—720 nm. The
fluorescence spectra of pure water were also recorded under identical
conditions. Finally, fluorescence software was used to calculate the
QYs based on the spectra of both the sample and the water. Each
experiment was performed three times in parallel to obtain the average
QY value. Moreover, the QYs of the other CD samples were measured
using similar procedures, differing only in the optimal excitation
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wavelengths and the ranges in which the PL emission was recorded
(Table S2).

Characterizations. A JEM-2010 transmission electron microscope
operating at 200 kV was used to obtain high-resolution transmission
electron microscopy images. The UV—vis absorption spectra were
measured on a Unico UV-2802 PC spectrometer. The fluorescence
spectra were recorded using a Horiba Jobin Yvon FluoroMax-4
spectrofluorometer. The FTIR spectra were recorded on a Nicolet
Nexus 470 FTIR spectrometer. The Raman spectra were recorded
using an XploRA Raman spectrometer at an excitation wavelength of
785 nm. The X-ray photoelectron spectra were recorded using an
AXIS Ultra DLD spectrometer. Time-resolved fluorospectroscopy was
performed using an FLS 920 spectrometer.
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