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Photoluminescent carbon dots (C-dots) were prepared directly by a simple hydrothermal
treatment using polyethylene glycol with different molar weight (400-6000 gmol ") as
the sole carbon source. The synthesized C-dots with tunable diameters of 2-4 nm exhibit
excitation-dependent photoluminescent behavior. In contrast to previous methods, neither

strong acid treatment nor further surface modification is necessary for this one-step pro-

cess. The C-dots with well-defined surface chemistry and properties were well-dispersed

in aqueous media and showed high photostability indicating they are suitable for use in
different pH and NaCl aqueous solutions. The C-dots possessed low cytotoxicity, good
photostability and can enter the cancer cells, making them suitable candidates for two-

photon cellular imaging and labelling.

© 2014 Elsevier Ltd. All rights reserved.

1. Introduction

Fluorescent nanoparticles have been paid more and more
attention due to their abundant optical properties and their
myriad applications in biology, chemistry and so on [1-3]. To
date, typical photoluminescent particles have been developed
from compounds of lead, cadmium, gold, silver and silicon [4-
7]. But these materials also have raised concerns over poten-
tial toxicity, environmental harm and highly valued [8,7].
Therefore, it is very desirable to develop a simple, inexpensive
method for the synthesis of highly fluorescent nanoparticles
with good photostability and low toxicity.

In recent years, carbon dots (C-dots) have attracted great
interest due to their low cost, versatile surface chemistry, sta-
ble photoluminescent (PL) properties, and good biocompati-
bility [9-12]. Top-down approaches, including laser ablation
[13-15], electrochemical oxidation [16], confined combustion
[17], and chemical oxidation using nitric acid [18-20] are
currently regarded as state-of-the-art methods to synthesize
C-dots. However, these processes involving complex and
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extreme synthesis conditions, are time- and energy-consum-
ing, and require expensive reagents or apparatus. Further-
more, bottom-up approaches such as the carbonization of
chemical precursors (e.g., glucose, sucrose, glycol, glycerol,
citric acids and r-ascorbic acid, etc.) [21-26] have received sig-
nificant attention for the production of fluorescent C-dots.
Typically, these C-dots require further surface oxidation
and/or passivation to render them fluoresce and simulta-
neously hydrophilic surface [27]. Thus, it is a very challenging
goal to develop a simple method for the synthesis of self-pas-
sivated C-dots.

It's been recognized that polyethylene glycol (PEG) can be
used as a passivating agent or solvent to fabricate biocompat-
ible C-dots having bright and excitation-tunable photolumi-
nescence, as it is non-toxic and non-immunogenic and
easily conjugated to other biomolecules using simple chemis-
try methods [13,28-31]. For example, PEG-1500 N was used as a
surface passivation agent to synthesize PEG-1500-passivated
C-dots [30]. Du et al. have reported an effective method for
the synthesis of fluorescent C-dots by laser irradiation of a

E-mail addresses: zhangyanmed@126.com (Y. Zhang), anhuilu@dlut.edu.cn (A.-H. Lu).
0008-6223/$ - see front matter © 2014 Elsevier Ltd. All rights reserved.

http://dx.doi.org/10.1016/j.carbon.2014.01.016


http://crossmark.crossref.org/dialog/?doi=10.1016/j.carbon.2014.01.016&domain=pdf
http://dx.doi.org/10.1016/j.carbon.2014.01.016
mailto:zhangyanmed@126.com
mailto:anhuilu@dlut.edu.cn
http://dx.doi.org/10.1016/j.carbon.2014.01.016
http://dx.doi.org/10.1016/j.carbon.2014.01.016
http://dx.doi.org/10.1016/j.carbon.2014.01.016
www.sciencedirect.com
http://www.elsevier.com/locate/carbon

88 CARBON 71 (2014) 87-93

carbon suspension in an organic solvent [32]. Synthesis and
surface modification of the C-dots were believed to occur
simultaneously. Yang et al., have presented an easy, econom-
ical microwave pyrolysis approach to synthesize fluorescent
carbon nanoparticles using saccharide as the carbon precur-
sor and PEG-200 as passivating agent [33]. More recently, Jai-
swal et al. have reported a simple microwave mediated
method for synthesizing C-dots using PEG as both carbon pre-
cursor and passivating agent [34]. Irradiation of the aqueous
PEG-200 solution by microwaves in a 900 W domestic micro-
wave oven for 10 min resulted in the formation of C-dots.
However, experiments with polymers with a molecular weight
higher than 600 did not yield any discernable C-dots.

Here, we have established a one-step hydrothermal route
to prepare fluorescent C-dots from non-conjugated polymers
PEG (400-6000 g mol~?) without further surface modification.
Compared with the previous works using PEG to prepare C-
dots, our devised method does not need additives (acid, base
and/or salt), organic solvent, and further surface passivation.
Moreover, the synthesis was conducted at mild reaction con-
ditions. Remarkably, the as-synthesized C-dots with defined
surface chemistry and properties can be dispersed well and
show excitation tunable luminescence, high photostability
and are suitable for use in different pH and NaCl aqueous
solutions. Coupled with the characteristic PL properties and
enhanced colloidal stability in salt conditions, the as-synthe-
sized C-dots are promising candidates for cellular imaging.
Besides, this one-step preparation process of C-dots from
the mixture is simple and effective, and has potential for
large-scale production.

2. Experimental
2.1.  Synthesis of C-dots

PEGs with different molecular weights (PEG-400, PEG-1500
and PEG-6000) were purchased from the Sinopharm Chemical
Reagent Co., Ltd. and used without further purification.

The PEG (3 g) was dissolved in deionized water (10 mL) in
a glass beaker. The solution was transferred into a 50 mL
Teflon-lined stainless steel autoclave and heated at 120°C
for 72 h and then cooled to room temperature naturally. Sub-
sequently, the aqueous solution was subjected to dialysis
(3 days, changing the deionized water every 4 h). Finally, a
yellow aqueous solution containing C-dots was obtained
and named C-n (where n indicates the molar weight of the
PEG).

2.2. Characterization

Transmission electron microscopy (TEM) analyses were car-
ried out using a Tecnai G*20S-Twin instrument operating at
200 kV. The samples for TEM analysis were prepared by drop-
ping an ethanol droplet of the products onto carbon-coated
copper grids and drying at room temperature. Fluorescence
spectroscopy was performed with a Hitachi F-7000 spectro-
photometer at different excitation wavelengths ranging from
325 to 500 nm. UV-vis absorption spectra were obtained using
a TECHCOMP UV-vis 2300 spectrophotometer. Fourier trans-
form infrared spectroscopy (FTIR) spectra were measured

with a Thermo Nicolet 6700 spectrometer ranging from 650
to 4000 cm ™. Time-resolved fluorescence intensity decay of
the C-dots was recorded using a FL900 spectrofluorimeter
(Edinburgh Instrument). The sample was excited by a
405 nm laser, and the signal was monitored at 480 nm. Fluo-
rescence imaging studies were performed with an Olympus
FV1000 inverted fluorescence microscope, where the cells
were excited with 800 nm two-photon laser pulses.

2.3. Quantum yield measurements

The quantum yield of the C-dots was calculated using follow-
ing equation:

2
& =Py x é X % X Z—%

The quinine sulfate (¥ =0.54) was dissolved in 0.1M
H,S0, (refractive index (i) of 1.33) and C-dots were dissolved
in deionized water (7 = 1.33). Where, ¢ and I are the quantum
yield and integrated emission intensity, n and A are the
refractive index and optical density. The subscript R refers
to the reference fluorophore of known quantum yield. In or-
der to minimize re-absorption effects, absorbance in the
1cm quartz cuvette was kept below 0.10 at an excitation
wavelength of 360 nm.

2.4.  Cytotoxicity experiment

The in vitro cytotoxicity was assessed using the 3-[4,5-
dimethylthiazol-2-yl]-2,5-diphenyltetrazolium bromide (MTT)
assay in Hep G2 cells. Initially, cells were seeded into a
24-well cell-culture plate (Corning) at ~4 x 10* per well in
a RPMI 1640 medium supplemented with 10% newborn calf
serum (NCS) and 1% penicillin-streptomycin solution. After
incubation for 20 h at 37 °C under 5% CO,, RPMI 1640 solu-
tions of C-400 (1 mL per well) with several concentrations
(0, 50, 100, 200 and 400 mg mL~') were added to each well.
The cells were further incubated for 24 h at 37 °C under 5%
CO,. Subsequently, 1mL RPMI 1640 and 0.1mL MTT
(5mgmL~" in PBS solution) were added to each well. Fol-
lowing incubation for an additional 4 h, the medium was
removed and 0.75 mL dimethyl sulfoxide (DMSO) was added
to each well. After 15 min, the solution of each well was
centrifuged, and then supernatants were transferred to a
96-well plate. Finally, the optical density (OD) at 570 nm
of each well was measured on a Synergy H1 Hybrid mul-
ti-mode microplate reader. The cell viability was assessed
by the ratio of OD values from each group and control

group.
2.5.  Cellular imaging

MCF-7 cells (human breast cancer) were maintained in
Dulbecco’s modified Eagle medium (DMEM) supplemented
with 10% fetal bovine serum, 100 units/mL penicillin and
100 mg/mL streptomycin. The cells were incubated at 37 °C
in 5% CO,. Two days before imaging, cells were plated on
tissue culture plates, and then incubated in fresh media at
37 °C, 5% CO,. The cells were then incubated with the C-dots
in the DMEM medium for 3 h, and the medium was removed
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and the cells washed with PBS 3 times. Finally, 1 mL of PBS
was added to the plate and the cells were observed under in-
verted fluorescence microscopy.

3. Results and discussion

3.1.  The synthesis and characterization of C-dots

PEG, as a biocompatible non-conjugated polymer, was used as
both carbon source and passivating agent to synthesize car-
bon dots. The PEG solution itself is a colorless and transpar-
ent liquid and non-emissive in the visible region under UV
light. After hydrothermal reaction, the solution changed from
colorless to yellow, where the present C-dots freely disperse
in water with transparent appearance without further
ultrasonic dispersion. The pH value of the fresh C-dots was
ca. 3 because of the formation of carboxyl groups. Herein,
PEG-400, PEG-1500 and PEG-6000 were used as the sole carbon
source to fabricate C-dots. Typical products synthesized using
PEG-400, 1500 and 6000 have been accordingly named C-400,
C-1500 and C-6000.

As shown in Fig. 1, the three samples consist of well-
dispersed nanoparticles with very narrow size distributions.
According to TEM observation (Fig. 1), the statistical particle
size distributions of C-400, C-1500 and C-6000 are mainly in
the range of 2-4 nm and have average diameters of 3.0, 3.3
and 3.5 nm, respectively (over 100 random nanoparticles were
measured per sample). Results show that, C-dots derived
from PEG with larger molecular weight give a slightly larger
particle size and a relatively wider size distribution. Although
three PEG with different molecular weight have been used for
the synthesis of carbon dots, the obtained products show
almost identical morphology. The major formation path of
the C-dots is the dehydration and carbonization mechanism
during hydrothermal synthesis. In addition, lots of peroxyl
radicals (HOO) can be generated during a hydrothermal
process, which can react with the carbon chain of the PEG
[9,10,36].

Fig. 2a shows the absorption and emission spectra of the
as prepared C-400. The absorption spectrum shows an edge
at ca. 330 nm and a peak at 256 nm which is ascribed to the
n-n" transition of nanocarbons [35,36]. The PL spectrum shows

Fig. 1 - TEM images of C-400 (a), C-1500 (b) and C-6000 (c). The overlays are the corresponding particle size distribution
histograms. (A color version of this figure can be viewed online.)
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Fig. 2 - (a) UV absorption and PL emission spectra (i.x = 360 nm) of C-400, Inset: optical images under daylight (left) and UV
light (right). (b) Emission spectra of C-400 recorded for progressively longer excitation wavelengths with 25 nm increments
from 325 to 500 nm. (c) FTIR spectra of PEG-400 and C-400. Fluorescence intensity of sample C-400 in (d) NaCl solutions with
PH = 3, and (e) a solution with different pH. (f) The fluorescence decay profile and the parameter generated by the exponential
fitting (inset) (fex = 405 nm and Zem, = 480 nm) of C-400 aqueous solution. (A color version of this figure can be viewed online.)
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Table 1 - Quantum yield of the G-dots samples.

Substance Area Abs. at 360 nm Refractive index QY (%)
Quinine sulfate 236930 0.100 1.33 54
C-400 8181 0.054 1.33 3.5
C-1500 5394 0.049 1.33 2.5
C-6000 5304 0.052 1.33 23

an optimal emission peak at 435 nm when excited at 360 nm
(Fig. 2a). The full width at half maximum (FWHM) is ca.
100 nm, which is approximately equal to that of most re-
ported C-dots [37,38]. The inset in Fig. 2a shows the optical
images of the C-dots under the illumination of sunlight and
UV light (365 nm, center), respectively. The bright blue PL of
the C-dots is strong enough to be easily seen with the naked
eyes. Using quinine sulfate as a reference, a PL quantum yield
(QY) of 3.5% was measured (Table 1). The strong fluorescence
exhibited by the C-dots may be attributed to the quantum
confinement of the passivated surface energy traps [13]. As
seen in Fig. 2b, with an increase in the excitation wavelength
from 325 to 500 nm, the emission from C-400 gradually shifts
to higher wavelengths accompanied by a decreased fluores-
cence intensity. This is mainly attributed to the different par-
ticle size and a considerable distribution of emissive trap sites
on each C-dot [13,33].

To gain further insight into the structure of the C-dots,
FTIR spectra were acquired to determine the surface proper-
ties of samples C-400 and PEG-400; the results are shown in
Fig. 2c. Compared with PEG-400, the FTIR spectrum of C-400
shows a new band at 1723 cm™" corresponding to the stretch-
ing vibration of C=0, whereas the bands at ca. 1745 and
1060 cm ™! are ascribed to the carboxylic groups. The bands
at ca. 2963 and 1630 cm ™! correspond to the C=C stretching
modes of polycyclic aromatic hydrocarbons. It is clear that
the surfaces of the C-dots were partially oxidized, and hydro-
xy groups were transformed to carboxylate groups. However,
surface hydrophilic groups could stabilize the C-dots in aque-
ous solution and provide the means of hydrophilic reactions.
Meanwhile, the carbonization of PEG occurred during the
hydrothermal treatment. The bands appearing at 800-
900 cm~! correspond to aromatic C-H bond vibrations
[14,39,40].

The as-obtained C-dots possess excellent solubility in
water without any further surface passivation, which may
originate from the -OH groups of the PEG. The fluorescent
property of the C-400 at different ionic strengths was moni-
tored while increasing the concentration of NaCl solution
from 0 to 2.0 M. As shown in Fig. 2d, there were no changes
in either the PL intensities or the peak characteristics, which
is of benefit for the use of C-dots in NaCl solutions. The stabil-
ity of the C-dots in high-salt conditions ensures their applica-
tions in more complicated and harsh conditions. Another
interesting phenomenon is the pH-dependent PL behavior
that PL intensities decrease in solutions with higher or lower
pH than ca. 5 and C-400 giving the highest PL intensity
(Fig. 2e). Fluorescence lifetime is the characteristic period that
the C-dot remains in its excited state prior to returning to its
ground state. Typically measured in nanoseconds, fluorescent

lifetime is an intrinsic property of C-dots that depends on the
nature of the fluorescent sites and the environment. The fluo-
rescence lifetime (z) of C-dots was assessed by time-resolved
photoluminescence measurements. As seen in Fig. 2f, the de-
cay trace was fitted using biexponential functions Y(t) based
on a non-linear least squares analysis using the following
equation: Y(t)=A,exp(—t/t1)+Asexp(—t/1;), where A; and A,
are the fractional contributions of time-resolved decay life-
time of 7; and 7,. The biexponential behavior of the lifetime
suggests that two different emissive sites are present. This
implies the fluorescence state is due to the graphite center
(or conjugated structures) and surface traps. Further, we
calculated the average lifetime (taverage) Of C-400 using
Taverage = (A171° + Agto?)/ (A1 + Agty), as  6.76ns  (z> < 1.21),
which is comparable to other reported values [9,32].

The UV absorption and PL emission spectra of C-1500 and
C-6000 were also studied, and found to be similar to those of
C-400 (Fig. 3). The PL spectra in Fig. 3a and c show optimal
emission peaks at 453 and 445 nm when excited at 360 nm.
This is due to the fact that the PL behavior also depends on
the synthesis process, such as the passivation conditions
and carbon source. We also calculated the QY of C-1500 and
C-6000 as 2.5% and 2.3% respectively (Table 1). In addition,
the two C-dots (C-1500 and C-6000) also exhibited
excitation-dependent PL behavior. As they were excited at
wavelengths from 325 to 500 nm, the PL peak shifted from
450 to 550 nm and the PL intensity decreased remarkably
(Fig. 3b and e). Such excitation-dependent PL behavior makes
the as-prepared C-dots appropriate candidates for extensive
applications such as bioimaging, biolabeling and develop-
ment of optoelectronic devices. Moreover, we also measured
the fluorescence lifetime (r) of sample C-1500 and C-6000.
As seen in Fig. 3c and f, the decay traces were both fitted
biexponential function, which also indicated two different
emissive sites.

3.2.  Two-photon cellular imaging of C-dots

Two-photon fluorescence imaging with advantages such as a
larger penetration depth, minimized tissue autofluorescence
background, and reduced photo damage in biotissues has re-
ceived much attention for its promising applications in both
basic biological research and clinical diagnostics [41,42]. As
a ‘proof-of-concept’, we carried out an in vitro two-photon
bioimaging study of C-400 using human breast cancer cell
lines (MCF-7) by a fluorescence microscope. After incubation
with the C-400 at 37 °C for 3 h, the MCF-7 cells under living
conditions became brightly illuminated when imaged under
the microscope with excitation at 800 nm. The obtained
images clearly visualize the bright field image of MCF-7 cells
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Fig. 3 - UV absorption and PL emission spectra (1ex = 360 nm) of (a) C-1500 and (d) C-6000, Inset: optical images under daylight
(left) and UV light (right). Emission spectra of (b) C-1500 and (e) C-6000 recorded for progressively longer excitation
wavelengths with 25 nm increments from 325 to 500 nm. The fluorescence decay profile and the parameter generated by the
exponential fitting (inset) (lex = 405 nm and /ey, = 480 nm) of (c) C-1500 and (f) C-6000 aqueous solution. (A color version of
this figure can be viewed online.)

Jolgm g d
%60- % % % i
w1l
A H H

0

50 100 200 400
C-dots/ pg mL""

Fig. 4 - Two-photo cellular imaging under (a) bright field and (b) 800 nm excitation. (c) The merged image of a and b. (d) Cell
viability of Hep G2 cells after 24 h treatment with C-400 calculated from MTT assay. (A color version of this figure can be
viewed online.)

(Fig. 4a), high contrast fluorescence image of C-400 distributed two-photon fluorescence and good stability in the

around cytoplasm (Fig. 4b), and the merged image of cell with
the bright field and the green fluorescence images (Fig. 4c),
displaying that the C-dots can label both the cell membrane
and the nucleus of MCF-7 cells. Besides the strong

physiological conditions, the C-dots also show quite low
cytotoxicity as shown in Fig. 4d. Evaluation of in vitro toxicity
of the C-400 was conducted using Hep G2 cells as representa-
tive cell lines. It was found that more than 90% of the cells



92 CARBON 71 (2014) 87-93

were viable when incubated with 100 ygmL~* or lesser C-
dots. Moreover, nearly 49% of the cells were viable even at a
concentration of 400 ug mL™". The efficient cellular uptake,
nontoxicity, and strong two-photon fluorescence show that
the obtained C-dots can be used as excellent two-photon
probes for high contrast bioimaging.

4. Summary

We have developed a simple method for the one-step
hydrothermal synthesis of PL C-dots with small size of
2-4nm. The dots are directly fabricated derived from PEG
with different molar weight (400 to 6000 g mol™?), a biocom-
patible non-conjugated polymer, as the sole source of carbon
and passivating agent. The as-synthesized C-dots have well-
defined surface chemistry and properties. They were dispers-
ible in water and showed excitation tunable luminescence,
high photostability and are suitable for use in different pH
and NaCl aqueous solutions. They also possessed excellent
biocompatibility and low toxicity, and can be used as
excellent two-photon probes for high contrast bioimaging.
Coupled with the characteristic PL properties and enhanced
colloidal stability of the C-dots, they are promising candidates
for biological and biomedical applications.
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