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Abstract A jelly-like form of carbon dots (C-dots) was pre-
pared by microwave-assisted synthesis from citric acid in the
presence of tetraoctylammonium bromide. The effect of the
concentration of tetraoctylammonium bromide was examined.
The synthesized carbon dots were characterized by UV–vis,
XRD, FTIR, fluorescence and HR-TEM. Fluorescence ex-
tends from 350 to 600 nm, and the corresponding excitation
wavelengths range from 300 to 460 nm. Quantum yields are at
around 0.11. A cytotoxicity study showed carbon dots to be
cell permeable and biocompatible which renders them appro-
priate for imaging applications. The dots were used to image
HeLa cell lines via the blue fluorescence of the dots.
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Introduction

Since the discovery of carbon dots about a decade ago, carbon
dots have received considerable attention due to their distinc-
tive chemical, optical, thermal, mechanical, and electronic
properties [1]. Particularly, the desirable properties of chemi-
cal stability [2] and biocompatibility [3, 4] are ideally suited
for carbon dots to be feasibly applied in the fields of material
science, biochemistry, and biomedicine. Due to the strongly
fluorescent, color-tunable [5], readily water soluble, and non-
toxic properties, immense applications from this material has
boosted. Such as the fields in catalysis [6, 7], bio sensing [8],
theranostics [9], and bio imaging [10–14].

Unlike quantum dots prepared from other materials such as
CdSe, InAs, and so forth, other advantages of carbon dots are
their high quantum yields [15] and non-blinking fluorescent fea-
tures [16]. To solve the blinking issue for these materials, many
attempts have been made to control the photoluminescence fluc-
tuations; the most adopted strategy is the shell engineering of the
hetero-structured core/shell configuration of the nanodots [17].
Even then the treatment is strenuous and the technical expertise is
required. Therefore, the non-blinking feature of carbon dots is
important for the applications in chemical analysis and bio-
analysis as the blinking may result in signal loses while
performing real-time tracking in living cells [10]. In this respect,
carbon dots possessed an obvious advantage over other
materials.

General synthetic methodologies of carbon dots can be
categorized as top-down and bottom-up protocols [16, 18].
The top-down approach consists of laser ablation, arc dis-
charge, acid dehydration, and electrochemical oxidation from
carbon source [19]. On the contrary, thermal carbonization,
microwave or ultrasonic treatments from precursors belong
to bottom-up approach [20]. Some of the methodologies re-
quired delicate instrumentation or are tedious in procedures or
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harmful chemical reagents are unavoidable, making the syn-
thesis technically unfeasible to perform in general laborato-
ries. Among all the available protocols, microwave-assisted
methods are efficient, time-saving, cost-effective, environ-
ment-friendly, and narrow size-distributed through the homo-
geneous heating [21, 22]. Therefore, microwave-assisted
heating was employed in the synthetic procedure, which was
attempted to provide a facile and feasible route of preparing
carbon dots without surface passivation or heteroatom doping.

Tetraoctylammonium bromide (TOAB) has been applied
as the mediator of biosensors [23], capping reagent of
nanomaterials [24–26] and utilized in micro-emulsion synthe-
sis of nanocrystals [27, 28]. We presented the application of
TOAB in the synthetic procedure of carbon dots, the forma-
tion of carbon dots from precursor citric acid under
microwave-assisted heating occurred and encapsulated inside
the micelles of TOAB [29]. The synthesized products exhib-
ited narrow size distribution of the particles which has advan-
tages over than other synthetic methods as no post treatments
required for the synthesis.

The preparation protocol of carbon dots the authors pre-
sented exhibited a jelly form of carbon dots, which has not
been presented to date, to the best of our knowledge.
Cytotoxicity study of the synthesized carbon dots was con-
ducted and it showed low toxicity and hence biocompatible to
cells which is an essential prerequisite as bio-imaging agents
or for bio-analysis practices [30]. In-vitro cellular uptake ex-
periments of the carbon dots were performed in human cancer
cells. The results suggested that the synthesized carbon dots
were prospective for the applications of cell labeling through a
straightforward incubation method.

Experimental section

Materials and methods

Citric acid and ethyl alcohol were purchased from J.T. Baker
(USA; www.jtbaker.com & www.avantormaterials.com).
Tetraoctylammonium bromide (98 %) was purchased from
Sigma-Aldrich (USA; www.sigmaaldrich.com). Quinine
sulphate was supplied by Alfa Aesar (Great Britain; www.
alfa.com). Ultrapure water was provided from a Milli-Q Plus
water purification system (18.2 MΩ cm, Millipore, and
Bedford, MA, USA) and was used for all experiments.

HeLa cell line [BCRC 60005] was purchased from
Bioresource Collection and Research Center [BCRC]
(Taiwan; www.bcrc.firdi.org.tw). The fluorescent
microscope images were obtained by using an inverted
Olympus IX73 fluorescent microscope with a barrier
filter 420 nm for an excitation wavelength between
330 and 385 nm.

Synthesis of carbon dots

Five grams of citric acid was accurately measured as the pre-
cursor molecule of carbon dots. 0.1 M TOAB aqueous solu-
tionwas prepared and 2, 4, 6, and 8mL of TOAB solutionwas
transferred into the aforementioned citric acid individually
(which is denoted as C-dots I, II, III, and IV, respectively).
The solutions were heated with a domestic microwave oven
(at maximum 500 watt). The solution was heated and the
volume decrease was visually observed along with the color
turning from transparent to yellowish-red. The optimization of
reaction time in the microwave-assisted heating was per-
formed. The results suggested that carbon dots can be synthe-
sized for the duration of 2–3 min. After 3 min yellowish color
was clearly observed in all concentrations of carbon dots. To
confirm the formation of carbon dots the product was UV-
light illuminated at 365 nm and the characteristic blue
color fluorescence of carbon dots was demonstrated. A
jelly type of carbon dots was obtained which is a dis-
tinctive variety from the C-dots from previous published
literatures. Liquid form of carbon dots was used for the
characterization of carbon dots in UV and fluorescence
measurements; it was dissolved in ethyl alcohol and
diluted with DI (deionized) water. The gel form of C-
dots which we prepared is freely soluble in minimum
quantity of ethyl alcohol and the volume was made up
by diluted with DI water. The yellowish mixture of C-
dots was isolated by centrifugation at 12,000 rpm (17,
226 g) for 10 min. It was further purified by dialysis against
Milli-Q water for 20 h under constant stirring condition. The
product was collected and the solution was concentrated
in a rotary vacuum evaporator (Büchi, Germany; www.buchi.
com) and frozen dried further for the quantification of C-dots.

Characterization of carbon dots

The morphology and uniformity of C-dots were measured by
a high resolution transmission electron microscopy (HR-
TEM) (JEOL, Japan). Spectral properties of C-dots were stud-
ied by a UV–vis spectroscopy (Thermo, Evolution 201, and
USA). Fluorescence spectroscopy (Hitachi-2700, Japan) was
used to examine the fluorescence property of C-dots at differ-
ent excitation wavelengths; a standard quartz cuvette having a
path length of 1.0 cm was used. Functional groups on the
surface of C-dots were studied using a Fourier transform in-
frared spectrometer (FT-IR) (Perkin Elmer, USA). The crys-
tallinity of C-dots was studied using an X-ray diffraction
(XRD) (Philips, the Netherlands). A green argon laser
with excitation wavelength 514 nm (Photon energy
2.41 eV) was applied to conduct the photoluminescence
(PL) study of C-dots prepared from various contents ranging
from 2 to 8 mL of TOAB.
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Quantum yield measurement

The quantum yield (Q) of the C-dots has been calculated using
the following equation, Eq. 1. Quinine sulphate (Q is 0.54)
was chosen as a reference to determine Q. Where Q denotes
for quantum yield, I represents measured integrated emission
intensity, n denotes the refractive index, and E is the optical
density. R represents the fluorophore of known quantum yield
for reference [31].

Q ¼ QR
I

IR

ER

E

n2

n
2

R
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Cell labeling and cytotoxicity studies

HeLa cells were cultured in Dulbecco’s Modified Eagle’s
Medium (Sigma, St. Louis, Missouri, USA) with 10 %
fetal bovine serum (Gibco, Grand Island, New York,
USA), 1 % non-essential amino acids (Biosource,
Camarillo, California, USA), 1 % penicillin/streptomycin
(Sigma, St. Louis, Missouri, USA), 1 % sodium pyruvate
(Sigma, St. Louis, Missouri, USA), and 1.5 g L−1 sodium
bicarbonate (Sigma, St. Louis, Missouri, USA) in 5 %
CO2 at 37 °C.

The cells were trypsinized and seeded in tissue culture
plates at an initial cell density of ~106 cells/well. The cells
were treated with C-dots at a final concentration of
0.1 mg mL−1. After incubated at 37 °C for 24 h, the cells were
washed three times with fresh media and imaged with an
inverted Olympus IX73 fluorescent microscope with excita-
tion wavelength of 330–385 nm for blue region images
collection.

Cytotoxicity study was performed by the Trypan blue
staining assay. HeLa cells were staining by Trypan blue dye
[32]. HeLa cells were trypsinized and re-suspended in culture
medium. The cells were seeded to a tissue culture plate with
0.5 mL full of medium and kept for overnight at 37 °C and
5 % CO2. The C-dots solution of different amounts was load-
ed to each well. After incubation for 24 h, 0.4 % Trypan blue
was added to each well and after 5 min, stained cells is count-
ed to determine the cell viability. Unstained cells are counted
as living cells and blue stained cells were counted as dead
cells.

Results and discussion

A simple, straightforward microwave-assisted synthesis of
carbon dots from the carbon source citric acid and micellar
template of TOAB was employed, as shown from the sche-
matic illustration in Fig. 1. A jelly-like form of carbon dots
were obtained from this approach, which has a distinctive

appearance than other published synthetic methods. The syn-
thesized carbon dots were characterized by FT-IR, fluores-
cence, PL, UV–vis, and XRD measurements as well as HR-
TEM micrographs.

In Fig. 2a, UV–vis spectra of carbon dots exhibited strong
absorbance below 400 nm, which attributes to the overlap of
n-π* transition of C=O and π-π* transition of C=C function-
al groups, can be validated from the analysis of FT-IR spectra
in later discussion. For the cases of C-dots III and IV, the
absorbance was significant while for C-dots II the weak ab-
sorbance indicated the preparation condition in C-dots II was
unfavorable and negligible absorbance was observed in the
case of C-dots I.

The XRD pattern of carbon dots in Fig. 2b demonstrated a
broad single peak centered at ca. 20° (2θ) which is similar to
those fabricated from other approaches, having highly disor-
dered carbon with a predominantly amorphous structure cor-
responding to an interplanar spacing of 3.55 Å which is larger
than the spacing between (002) planes in bulk graphite
(3.34 Å). From the results of C-dots II, III, and IV, this peak
becomes more observable while for C-dots I the peak is not
characteristic of carbon dots.

The functional groups on the surface of carbon dots can be
interpreted from the analysis of FT-IR spectra in Fig. 2c. The
intense broad peak around 3300 cm−1 can be assigned to the
O-H stretching and the broadness of the peak suggested a
large number of OH group. The prominent peak near
1750 cm−1 was attributed to the C=O vibration, and the small
shoulder around 1650 cm−1 can be indexed to the C=C or
CONH2 vibration. Moreover, the peak near 1200 cm−1 can
be assigned to the alkoxy C-O-C stretching. The synthesized
carbon dots were highly hydrophilic and good dispersion in
water due to the polar functional groups on the surface.

Strong PL emission of carbon dots with the peakmaximum
at 2.12 eV (585 nm) was observed with UV–vis irradiation, as
shown in Fig. 2d, the C-dots IV showed the most intense PL at
2.12 eV compared to C-dots I, II, and III. Taking this mani-
festation together with the optical photographs from
Fig. 5 it is obviously indicative of the characteristic of
carbon dots. The PL mechanism of carbon dots has
been presented based on the density functional theory
(DFT), which indicates that PL energy of carbon dots
depends on the extent of graphitic or amorphous feature
of the core while the quantum yield depends on the
surface defects and functional groups [33]. However,
the reason and mechanism behind the multicolor lumi-
nescence from a single compound is still unknown to
date and more research and exploration need to be
done.

For the investigation of morphology and average particle
size of carbon dots, HR-TEM micrographs of carbon dots
were shown in Fig. 3. Except the particles converged into
significant clusters for carbon dots I shown in Fig. 3a, the
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synthesized carbon dots II, III, and IV (in Fig. 3b, c, and d,
respectively) revealed a crystalline structure and were well
dispersed in water without aggregation and were practically
spherical in shape with an average diameter of 3 nm, without
any size selection or separation procedure. The results exhib-
ited the average size of carbon dots is in narrow range.

As revealed in Fig. 4c, the fluorescence spectra of carbon
dots displayed fluorescent emission at around 350–600 nmwith
the corresponding excitation wavelength of 300–460 nm with
20 nm increment, which exhibited the wavelength-dependent
nature of carbon dots for excitation and emission spectra. The
maximum intensity of emission observed at 375 nmwas excited
at 300 nm. As the excitation wavelength increased from 300 to
460 nm, the intensity of fluorescence decreased accordingly and

shifted to longer wavelength (red shift). Some suggested the
functional groups on the surface of carbon dots are attributed
to this phenomenon while some suggested it is because of the
defects on the surface. And it is worth to note that the fluores-
cence intensity decreases in reverse order to the excitation wave-
length. Regarding the quantum yield of carbon dots, the quan-
tum yield of C-dots I, II, III, and IV was calculated with refer-
ence to quinine sulphate. The quantum yield of C-dots IV was
calculated as 11%which is the highest yield among carbon dots
I-IV which indicates it has the most intense fluorescence prop-
erty compare to others.

The carbon dots aqueous solution showed colorless transpar-
ent under visible light as shown in Fig. 5a, b, whereas strong
blue fluorescence emitted under UV light irradiation (λex=

Fig. 1 Schematic illustration of
the synthetic procedure of C-dots,
characterization, cytotoxicity and
their applications

Fig. 2 Characterization of C-
dots: a UV-visible spectra, b
XRD pattern, c FT-IR spectra of
C-dots I, II, III, and IV, d PL
spectra of C-dots I, II, III, IV
excited at 514 nm
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365 nm) was observed, as demonstrated in Fig. 5b, d. This
bright fluorescence is the characteristic of carbon dots, combin-
ing with the features of tunable emission, high biocompatibility
and low cytotoxicity making carbon dots as one of the potential

candidates for applications in bio-imaging. Due to their intense
fluorescence, non-toxic and high water solubility C-dots can be
used as biological imaging agents efficiently. However, for cel-
lular targeting and subcellular level the functionalization on the

Fig. 3 HR-TEM images of C-
dots prepared from citric acid
with the diameter (a) I (biger than
10 nm), (b) II (bigger and smaller
than 10 nm), (c) III (<5 nm), and
(d) IV (<5 nm)

Fig. 4 Fluorescence spectra of C-
dots (a) I, (b) II, (c) III, and (d) IV
with different excitation
wavelengths increased from 300
to 460 nm in a 20 nm increment
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surface of C-dots is necessary. Interestingly, we found that small
nano-sized C-dots entered into cells without any further
functionalization. In order to capture the cell images, C-dots
were mixed with cells culture media along with cells, incubated
for 24 h, and the washed cells were then imaged under bright
field and fluorescence mode, respectively. In Fig. 6a, b the im-
ages of cells without C-dots were shown. For comparison, fluo-
rescence images of cells with C-dots in Fig. 6c, d were shown
respectively. Figure 6a, c in left panel indicated cells capturing in
bright field mode and Fig. 6b, d exhibited cells image capturing
in fluorescence mode. The low visibility displayed in Fig. 6b is
due to the absence of C-dots but, by contrast, very intense blue

fluorescence color of cells with C-dots was demonstrated in
Fig. 6d. For being able to be applied for bio-imaging, toxicity
of carbon dots is a definite concern. The most adopted is the
Trypan blue assay of human cancer cells [34]. Shown in Fig. 7 is
the cytotoxicity study of various concentrations of carbon dots
onHeLa cells, the living cells whichwere not colored by Trypan
blue remained a majority while the blue stained dead cells were
in a comparativeminority. The particle size distributions of these
C-dots were revealed in Fig. 8 in the form of histogram. The
study shows the cell viability was more than 95 % after treat-
ment with even 1–5 mg mL−1 carbon dots, which is quite high
concentration applied for imaging studies. The toxicity

Fig. 5 Optical pictures of C-dots
I, II, III, IV in (a) gelly-like form,
(b) solution form under visible
light and the corresponding forms
(c), (d) under UV irradiation

Scale bar: 50µm
a & b: Control with out C-dots

a b

c d

Fig. 6 Fluorescent microscopic
images of HeLa cells labelled
with C-dots IVover 24 h
incubation: a, b HeLa cells
without C-dots and c, d HeLa
cells incubated with C-dots for
24 h; Scale bar: 50 μm

2178 M.L. Bhaisare et al.



evaluation of carbon dots in vivo was considered nontoxic as
well from other report [35]. Furthermore, the stability test of C-
dots was conducted with fluorescence at 375 nm and excited at
300 nm, as shown in Fig. 9. It demonstrated that the C-dots are
highly stable after long term excitation. Therefore, carbon dots
appear to be low toxicity to cells according to various research
reports.

Conclusions

We presented a facile synthesis of carbon dots via microwave-
assisted heating from the carbon source citric acid and the
micellar template of TOAB. The product displayed a jelly-
like form of carbon dots, which has not yet been presented
from the literatures. The synthesized carbon dots without

Fig. 7 Cytotoxicity study of C-
dots IVon HeLa cells at 1, 3, and
5 mg mL−1 of concentration

Fig. 8 Histograms of particle size
distribution of C-dots (a) I, (b) II,
(c) III, and (d) IV
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surface passivation demonstrated water soluble, narrow size
distribution with excellent optical properties, great chemical
stability, and biocompatibility through the characterization.
From HeLa cell imaging, strong fluorescence was observed
after 24 h incubation for intracellular uptake, it presents great
opportunities from experimental research to practical applica-
tions and develops them a promising candidate as fluorescent
imaging agents for the applications in bio-imaging and bio-
sensing.
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