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ABSTRACT: A facile and rapid strategy was developed for
the synthesis of ultrabright luminescent carbon nanodots
(CDs) with tunable wavelength from 464 to 556 nm by
introducing glutaraldehyde into the precursor solution under
microwave irradiation. The fluorescence properties, including
excitation and emission wavelength, quantum yield, and size of
the CDs, were adjusted by changing the amount of
glutaraldehyde and poly(ethylenimine). Several methods such as high-resolution transmission electron microscopy, X-ray
photoelectron spectroscopy, and dynamic light scattering, UV−vis, fluorescence, and Fourier transform infrared spectroscopy
were employed to study the morphology and the properties of CDs. The luminescence mechanism was also discussed. In
addition, confocal microscopy imaging revealed that the as-prepared CDs could be used as effective fluorescent probes in the cell
imaging without obvious cytotoxicity. Moreover, a novel sensor for the detection of Co2+ was proposed on the basis of Co2+-
induced fluorescence quenching. These superior properties demonstrated the potential application of the CDs in cellular imaging
and ion sensing.
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1. INTRODUCTION

Carbon nanodots (CDs) represent a novel species of zero-
dimension carbon nanomaterials of nearly spherical geometry.1

As a rising star in the field of luminescent nanomaterials, CDs
have attracted increasing attention due to their appealing
properties, for instance, bright luminescence, good solubility,
high chemical inertness, excellent biocompatibility, easy
functionalization, and low toxicity.2−6 These superior features
make CDs promising alternative probes for bioimaging and
bioassay.7−12 So far, various methods have been explored to
prepare CDs, including arc discharge,13 laser ablation of
graphite,14 electrochemical synthesis,15 chemical oxidation,16

supported synthesis,17 ultrasonic methods,18,19 and thermal
oxidation.20 However, most of these methods may involve an
expensive carbon source, complex reactions, time-consuming
processes, and post-treatment procedures, which limit the
applications. Thus, simple, environmentally viable, and
sustainable synthetic routes for large-scale production of high-
quality fluorescent CDs are in high demand. Moreover, tunable
photoluminescence (PL) emissions and substantially high
quantum yields (QY) are required in order to ensure good
performance in light emitting diodes and bioimaging
applications. Therefore, it is potentially promising to explore
alternative approaches to synthesize CDs with tunable
emission. Nevertheless, to the best of our knowledge, efficient

strategies for acquiring CDs with tunable emission are still
scarce and highly worthy.
Microwave-assisted technique was an effective route for

gaining nanoparticles.21−24 It provides rapid and uniform
heating to the reaction medium, thereby dramatically short-
ening the reaction time and greatly improving the product yield
and purity.25−27 Compared to conventional methods, the
microwave-assisted approach shows many distinct advantages
in the preparation of nanoparticles, such as nonhazardous,
controllable conditions and rapid reaction rate. Because of such
versatility, it is desirable to explore the microwave approach as a
promising synthetic route of high-quality luminescent CDs with
tunable fluorescence emission wavelength.
Poly(ethylenimine) (PEI) is a harmless, sterile, and

biocompatible cationic polymer containing several amino
groups in its molecular structure.28 Consequently, the use of
PEI as a precursor can induce the production of nanoparticles
with functional amino groups. Meanwhile, glutaraldehyde has
been widely applied in biological area as cross-linker due to its
high activity.29,30 Through aldehyde−ammonia condensation
reaction of the aldehyde groups with the −NH2 of PEI, the
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precursors with various content of oxygen can be obtained.
This provides promising potential to get fluorescent CDs with
tunable wavelength under microwave irradiation.
Herein, a facile, rapid and one-pot microwave-assisted green

synthetic approach was explored to synthesize blue luminescent
CDs (B-CDs). The introduction of glutaraldehyde into the
reaction solution was used to control the fluorescence
properties of CDs. By means of varying the initial molar ratio
of glutaraldehyde to PEI, we prepared luminescent CDs (T-
CDs) with tunable color from blue to yellow (wavelength,
464−556 nm). Furthermore, yellow luminescent CDs (Y-CDs)
were used for cellular imaging on the basis of their good
biocompatibility and excellent cytocompatibility. Besides, it was
also found that Co2+ selectively quenched the fluorescence of
B-CDs.

2. EXPERIMENTAL SECTION
2.1. Chemicals and Materials. Glutaraldehyde (25% in H2O)

and PEI were purchased from Sigma-Aldrich (Beijing, China) and
Shanghai Reagent Co. (Shanghai, China), respectively. Dulbecco’s
modified Eagle’s medium (DMEM), 3-(4,5-dimethylthiazol-2-yl)-2,5-
diphenyltetrazolium bromide (MTT), and fetal bovine serum were
purchased from Nanjing KeyGen Biotech Co. Ltd. (Nanjing, China).
2.2. Apparatus. The UV−vis absorption spectra were acquired

with a Shimadzu 3600 UV−vis spectrometer (Shimadzu, Japan). The
fluorescence measurement and lifetime was carried out using a NF920
fluorescence spectrometer (Edinburgh). The high-resolution trans-
mission electron microscopy (HRTEM) images were recorded with a
JEOL JSM-6340F microscope. X-ray photoelectron spectroscopy
(XPS) was obtained from an ESCALAB MK II X-ray photoelectron
spectrometer. Fourier transform infrared (FTIR) spectroscopic
measurements were conducted on a Bruker model VECTOR22
spectrometer. Atomic force microscopy (AFM) was performed on an
SPI3800 controller (the acquisition frequency and line density were
1.5 Hz and 512.2 × 2 μm scans, respectively). Dynamic light scattering
(DLS) experiments were implemented in water at room temperature
with a 90Plus particle size analyzer from Brookhaven Instruments
Corp. MTT assay was determined by Bio-Rad 680 microplate reader
(Philadelphia, PA). Leica TCS SP5 was used to study the confocal
scanning microscopy experiments.
2.3. Synthesis of B-CDs and T-CDs. In a typical synthesis, PEI

aqueous solution (20 mL, 5 mg mL−1) was stirred vigorously and then
transferred into the CEM Instruments (CEM Discover synthesis
system, Matthews, NC). The reaction was carried out under
microwave irradiation (200 W) at 180 °C. High-quality B-CDs were
obtained after 15 min. For the preparation of T-CDs, 0−800 μL of
glutaraldehyde was added to the freshly prepared PEI aqueous solution
(20 mL, 5 mg mL−1). The mixture was first stirred vigorously in order
to turn it into a transparent homogeneous solution, and then it was
transferred into the CEM instruments at controlled reaction
temperature of 180 °C for 0.5 h. The final product solution of B-
CDs and T-CDs was obtained by dialyzing for 5 days using a dialysis
bag with 1000 Da molecular weight.
2.4. Quantum Yield Calculations. QY was calculated by

counting the integrated PL intensities (excited at 340 nm) and the
absorbance value (at 340 nm) of CDs using quinine sulfate as a
reference.31 Quinine sulfate was dissolved in 0.1 M H2SO4 (QY 54%).
The absorption of samples was kept below 0.1. The quantum yield was
calculated by the following equation:
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where the subscripts CDs and ST stand for carbon nanodots and
quinine sulfate, respectively, ϕ is QY, A is the absorbance, and I is the
refractive index of the solvent.
2.5. Cell Culture and Confocal Microscopy Imaging. Human

cervical carcinoma HeLa cells were maintained in DMEM medium

including 10% fetal calf serum, 100 μg mL−1 penicillin, and 100 μg
mL−1 streptomycin at 5% CO2 and 37 °C. The cells were seeded onto
a well plate for 24 h after the concentration reached 5 × 105 cells
mL−1. Then, the cells were incubated with 100 μg mL−1 CDs for 2 h
and then washed with phosphate buffer solution (PBS) three times.
Finally, the imaging experiments were conducted (20× objective).

2.6. Cytotoxicity Assay. The cytotoxicity was calculated by MTT
assay on HeLa cells.32 First, HeLa cells were seeded in 96-well plates at
5 × 103 cells/well. After 12 h, they were seeded with medium
including different concentrations of B-CDs and T-CDs (0, 10, 20, 50,
100, 200, and 400 μg mL−1). Twenty-four hours later, 10 μL of MTT
(5 mg mL−1) was added and incubated for another 4 h. Then, the
medium was removed and 100 μL of DMSO were added. The
absorbance of each well was collected. The cytotoxicity was calculated
by the following equation:

= ×A Acell viability (%) / 1001 2

where A1 is the absorbance of the well in which the cells were exposed
to the CDs, while A2 is the absorbance of the well in which the cells
were not exposed to the CDs. Six replicate wells were used for each
control and test concentration per well. Results are presented with
their standard deviations.

3. RESULTS AND DISCUSSION
3.1. Synthesis of the CDs. The synthetic pathway of the

CDs is illustrated in Scheme 1. The fluorescent B-CDs were

prepared in PEI solution under microwave irradiation within 15
min. The fluorescence intensity of B-CDs is influenced by the
concentration of PEI, reaction temperature, and irradiation
time. Thus, the evolution of quantum yield was studied to
optimize experimental parameter. We optimize the PEI
concentration first. The experimental data showed that a
considerable increase of QY with the concentration of PEI
between 0.5 and 5.0 mg mL−1 was obtained (Figure 1a). The
reason is that the nucleus of carbon nanodots increased as the
concentration of PEI increased. Hydrogen atoms of PEI
molecules could react with hydroxyl groups of water. Moderate
PEI could speed up the dehydration reaction. After that, QY
decreased because overmuch PEI could dilute the concen-
tration of water, which results in an incomplete reaction.
Furthermore, the dynamic viscosity of PEI solution increased as
the concentration of PEI increased. Extra viscosity will hinder
the formation of carbon nanodots. As a result, 5.0 mg mL−1 of
PEI was chosen. The effect of reaction temperature on QY is
also exhibited in Figure 1b. A significant increase of QY was
obtained between 100 and 180 °C. Conversely, when the
temperature increased from 180 to 200 °C, we could not find a
substantial enhancement of the QY. Besides, the influence of
the reaction time on QY was investigated. As shown in Figure
1c, QY gradually increased with increasing irradiation time and
starts to level off after 15 min. Furthermore, at the beginning,
the solution is colorless, and no absorption is observed. After
microwave irradiation, a maximal absorption peak at 360 nm of
the solution could be observed. The absorption intensity
increased with increasing irradiation time. As a result, 15 min

Scheme 1. Schematic Illustration of the Synthetic Pathway
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was selected as the optimal reaction time. To confirm the effect
of microwave irradiation on the reaction rate, we compared the
emission of B-CDs prepared by hydrothermal route and
microwave method. The experimental data exhibited that the
fluorescence intensity of B-CDs with hydrothermal route was
2.1 times lower than that of microwave method. Furthermore,
the T-CDs with tunable color from blue to yellow were
observed by adopting glutaraldehyde as cross-linking reagent, as
shown in Scheme 1. Similarly, we studied reaction temperature
and reaction time to find the optimal synthesis conditions for
T-CDs. In Figure 1e,f, the optimal temperature and microwave
irradiation time are 180 °C and 30 min, respectively. Clearly,
microwave irradiation could shorten the reaction time and
simplify the synthetic procedure enormously, while the
fluorescence properties are tuned by the introduction of
glutaraldehyde.
3.2. Optical Characterization. The optical properties of

B-CDs and T-CDs were explored by PL and UV−vis spectra
(Figure 2). The B-CDs aqueous solution exhibits blue
fluorescence under UV lamp (Figure 2a), and a typical
absorption peak at 360 nm (Figure 2c). The B-CDs also
display an excitation-dependency PL behavior. The PL peak of
B-CDs shifts to longer wavelength with the excitation
wavelength ranging from 300 to 520 nm. The PL spectrum
also exhibits that the optimal emission wavelength is 464 nm
while the excitation is at 347 nm. Two distinct excitation peaks
appeared at 347 and 265 nm (Figure 2b), which correspond to
360 nm absorption band of B-CDs and the strong background
adsorption from π−π* transition, respectively. After gluta-
raldehyde was added into the reaction solution, the
fluorescence properties of the CDs, such as emission
wavelength and QY, changed. With different molar ratios of
glutaraldehyde to PEI, T-CDs were prepared with tunable
wavelength ranging from 464 to 556 nm and color varying from
blue to yellow (Figure 2a,f). A typical CD sample (Y-CDs) was
studied to explore the optical properties of CDs following the

addition of glutaraldehyde. As shown in Figure 2a, the Y-CD
aqueous solution exhibits yellow fluorescence under UV lamp.
The PL spectra of Y-CDs also show a similar wavelength
excitation-dependency feature. The PL peaks shift to longer
wavelength, and the excitation wavelength increases from 340
to 520 nm. The optimized emission and excitation peak is at
520 and 358 nm. The PL excitation spectra show tiny
differences: a red-shifted peak at 358 nm can be observed in
Figure 2b. In addition, the QY values of B-CDs and Y-CDs
were found to be 10 and 8%, respectively, which were
calculated using quinine sulfate as a reference.11 The
fluorescence lifetime of B-CDs and Y-CDs was also studied.
All the fluorescence emissions exhibited well fitted biexponen-
tial functions, as shown in Figure 2 and Figure S2 Supporting
Information. The observed lifetimes of B-CDs and Y-CDs are
summarized in Table 1. The lifetime of B-CDs increased from
the initial value of 5.7 to 8.4 μs after the addition of
glutaraldehyde. As far as we know, this is the longest lifetime
reported ever for CDs.

3.3. Structural Characterization. The size of nano-
particles is important for bioapplications. On one hand, it
should be large enough to deny rapid leakage into blood
capillaries. On the other hand, it should be small enough to
escape capture by fixed macrophages lodging in the
reticuloendothelial system.33 To characterize the morphology
and the size of the CDs, we used HRTEM, DLS, and AFM. In
Figure 3a,b, the CDs show high crystallinity and monodisper-
sity. The distribution of the B-CDs diameter ranges from 2 to 7
nm, with an average size of 5 nm. After the addition of
glutaraldehyde, the average size of Y-CDs increases to 10 nm.
Furthermore, representative AFM images of B-CDs and Y-CDs
are shown in Figure 3c,d. The particle size observed in AFM
images is consistent with that obtained through analysis of
HRTEM micrographs. However, the corresponding hydro-
dynamic diameter of B-CDs and Y-CDs measured by DLS is
equal to 10 and 15 nm, respectively, which is larger than that

Figure 1. Effects of (a) concentration of PEI, (b) reaction temperature, and (c) reaction time on the normalized quantum yield. (d) UV−vis spectra
of B-CDs with the duration of microwave irradiation. (e) Fluorescence spectra of T-CDs from samples with different reaction temperature. (f)
Fluorescence emission spectra of T-CDs from samples with different irradiation time.
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found through TEM and AFM analysis, due to the hydration
effects present in aqueous solution. This discrepancy may be
explained by the fact that the polymer chains surround the core.

The diameter of the CDs was measured by TEM and AFM
after they were dried on the surface, while DLS was used to
determine the diameter of CDs in aqueous solution when they
were hydrated and consequently in a more “swollen” state.
Thus, the size of CDs is suitable for biological systems.
Furthermore, FTIR experiments were carried out to identify

functional groups modified on the surface of CDs.34,35 As
shown in Figure 4a,b, the CDs show a new peak at 1645 cm−1

and three strong peaks at 1570, 1472, and 1309 cm−1, which
correspond to CO, N−H, CH2, and C−N, respectively. The
broad band at 3360−2500 cm−1 indicates the presence of −OH
and N−H. The difference between PEI and CDs is the
absorption at 1645 and 1570 cm−1. The above results
demonstrate that polymer chains were retained on the CDs.
Furthermore, XPS was used to analyze the surface composition
and the structure of the CDs. The spectra of B-CDs and Y-CDs
show three peaks at 284.0, 400.0, and 530.6 eV, which
correspond with C1s, N1s, and O1s, respectively

36 (Figure 4c).
The O peak of B-CDs may come from H2O, O2, or CO2

adsorbed on the surfaces of CDs, and the XPS chamber. The
oxygen content of CDs increases after the glutaraldehyde is
introduced, and such increase coincides with the red-shifted
emission of CDs. High-resolution XPS spectra of C1s for B-CDs

Figure 2. (a) Photographs of the (1, I) PEI, (2, II) B-CDs, and (3, 4 and III, IV) T-CDs solution under (left) visible light and (right) UV light. (b)
PL excitation spectra of (A) B-CDs and (B) Y-CDs. (c) UV−vis spectrum of (black) PEI and (red) B-CDs, and the excitation-dependent PL
behaviors. (d) UV−vis spectrum of Y-CDs and the excitation-dependent PL behaviors. (e) Time-resolved fluorescence decay of (black) B-CDs and
(red) Y-CDs. (f) Normalized PL spectra of T-CDs prepared at various volumes of glutaraldehyde: (A) 0, (B) 100, (C) 200, (D) 400, and (E) 800
μL.

Table 1. Fluorescence Lifetime of the B-CDs and Y-CDs

τ1 (μs) τ2 (μs) av τ (μs) Chi

B-CDs 1.28 11.5 5.7 1.486
Y-CDs 1.17 14.29 8.4 1.783

Figure 3. HRTEM images of (a) B-CDs and (b) Y-CDs. AFM images
of (c) B-CDs and (d) Y-CDs.
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and Y-CDs are also shown in Figure 4e,f. The C1s spectrum of
Y-CDs shows four peaks at 284.3, 285.0, 285.8, and 288.6 eV,
which are attributed to C−C, C−N, C−O, and CO,

respectively. Because the experimental data demonstrate that
the oxygen-related states on CDs increased with further
oxidation, the red-shift of the CD emission comes from

Figure 4. FTIR spectra of (a) PEI, B-CDs and (b) Y-CDs. (c) XPS spectra of B-CDs and Y-CDs. C1s high-resolution XPS spectra of (e) B-CDs and
(f) Y-CDs.

Figure 5. Cell viability of (a) B-CDs and (b) Y-CDs with different concentrations and incubation with HeLa cells for 24 h. (c) Confocal
fluorescence, (d) bright-field, and (e) merged images of the HeLa cells after 2 h incubation with Y-CDs.

ACS Applied Materials & Interfaces Research Article

DOI: 10.1021/am508994w
ACS Appl. Mater. Interfaces 2015, 7, 4913−4920

4917

http://dx.doi.org/10.1021/am508994w


oxygen-related states instead of size effect.37 The behavior of
CDs after oxidation was the same as that of silicon nanocrystals.
For silicon nanocrystals, the red-shift fluorescence comes from
the surface state of silanone and siloxane groups; the higher the
surface oxidation, the greater the amount of surface defects.
These defects can trap excitons, resulting in a red-shift of the
emission wavelength.
3.4. Cell Imaging. First of all, the use of CDs in cell

imaging was investigated. In order to explore the application of
B-CDs and Y-CDs in biolabeling, some preliminary tests were
carried out. As it is important to test the stability of B-CDs and
Y-CDs under physiological conditions, the influence of pH on
the fluorescence intensity was investigated (Figure S3A,
Supporting Information). The PL intensity of B-CDs decreases
with the increase of the pH value. Yet, the intensity is enough
to make them attractive for biorelated applications. The
maximum intensity of Y-CDs is obtained at pH 7.4 (Figure
S4A, Supporting Information). Besides, B-CDs and Y-CDs
show ionic strength-resistant optical properties. This is superior
to other CDs reported previously because of their ionic
strength-dependent optical properties.38,39 Furthermore, these
CDs were stable for one month in aqueous solution with no
decrease in optical performance. All of these results indicate
that B-CDs and Y-CDs possess high stability. Additionally, the
photostability of B-CDs and Y-CDs was also studied. As shown
in Figures S3C and S4C (Supporting Information), upon
extended UV irradiation, the PL intensity is decreases as a
result of the degradation of the retained polymer chains. The
cytotoxicity of B-CDs and Y-CDs was evaluated with MTT
viability assay. Figure 5a,b shows the cell viability after
incubation with B-CDs and Y-CDs at concentrations of 10,
20, 50, 100, 200, and 400 μg mL−1 for 24 h. It is worth noting

that both of them possess low cytotoxicity even at 200 μg mL−1

after 24 h. Moreover, the cytotoxicity of Y-CDs is lower than
that of B-CDs. This means that the CDs have better
biocompatibility after incorporating glutaraldehyde by cross-
linking strategy. Thus, Y-CDs show more potential for single
molecular imaging and tracking in living cells. To explore this
application, we studied confocal fluorescence images. In Figure
5c, a bright yellow area inside HeLa cells can be seen, indicating
successful translocation of Y-CDs through the cell membrane
and effective labeling on the cell membrane and nucleus. These
preliminary results demonstrate that Y-CDs are suitable
candidates for cell imaging, biosensing, and drug delivery.

3.5. Detection of Co2+. Cobalt is an essential element of
the organism, and its toxicological effects include vasodilatation,
flushing, and cardiomyopathy in humans and animals.40 As a
consequence, selective monitoring of Co2+ in environmental
and food samples is particularly sought after. Conventional
metal-based quantum dots have been successfully used as
optical probe in this type of assay.41 However, the toxicity of
heavy metal elements limited their application. For this reason,
it is highly demanded to find nontoxic nanomaterials for Co2+

sensing. Due to their excellent fluorescence properties, B-CDs
were adopted in this application.
To explore the suitability of B-CDs, fluorescence intensity of

B-CDs solutions was studied in the presence and absence of
Co2+. B-CDs exhibited strong fluorescence in the absence of
metal ions, while the existence of Co2+ led to a significant
decrease of fluorescence intensity. This phenomenon shows
that B-CDs could be used to detect Co2+. Considering the
physiological buffer system, pH 7.4 was taken. Lower
concentrations of fluorescent probe showed higher sensitivity,
while higher concentrations exhibited a broader detection

Figure 6. (a) Fluorescence responses of B-CDs to 16 metal ions (1 mM). (b) Time-dependent fluorescence response of the B-CDs to 0.5 mM Co2+;
(inset) plot of (F − F0)/F0 versus time in the presence of 0.5 mM Co2+. (c) Fluorescence emission spectra of B-CDs in the presence of different
concentrations of Co2+. (d) Relationship between the fluorescence intensity of B-CDs and the logarithmic concentration of Co2+.
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range. Hence, the concentration of B-CDs was optimized. The
results showed that the optimal concentration of B-CDs is 400
nM.
The selectivity of the proposed system was evaluated by

determining the PL intensity in the presence of metal ions
including Zn2+, Ba2+, Mg2+, Mn2+, K+, Cd2+, Na+, Ca2+, Sr2+, and
Pb2+. As shown in Figure 6a, the fluorescence of B-CDs was
almost completely quenched upon the addition of Co2+. In
contrast, no obvious decrease was obtained after adding other
ions. Thus, this system has high selectivity toward Co2+.
Furthermore, the relationship between PL intensity and time
was also studied, as shown in Figure 6b. The fluorescence
intensity was completely quenched within 1 min, indicating that
this sensing system responds rapidly. Next, we also evaluate the
sensitivity by monitoring the PL intensity upon adding Co2+ for
1 min. As shown in Figure 6c, the PL intensity of B-CDs
gradually decreases with increasing the concentration of Co2+.
Two good linear relationships exist between the PL intensity of
B-CDs and the logarithm of the concentration of Co2+ ranging
from 1 nM to 100 μM. The detection limit is 0.3 nM, with the
signal-to-noise ratio (S/N) equal to 3.

4. CONCLUSION
Herein, CDs were synthesized by a microwave-assisted method.
For this tunable fluorescence system, glutaraldehyde was
adopted as cross-linking reagent. The fluorescence emissions
of CDs were adjusted in the wavelength range of 464−556 nm,
depending on the amount of glutaraldehyde. The synthesized
CDs show excellent fluorescence properties, low toxicity, good
stability, and water solubility. Hence, this method is simple,
easily controllable, and readily scalable to an industrial level.
Furthermore, the fluorescent CDs can be used as fluorescence
probes for cell imaging and Co2+ sensing. Therefore, the
obtained CDs are promising for applications in biosensing and
cell imaging in the future.
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