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dots framework, such as –C–S– covalent bond of the thiophene-S and –C–SOx– (x = 2, 3, 4,
sulfate or sulfonate) for S-doped, pyridinic N and pyrrolic N for N-doped, respectively.
Moreover, higher reaction temperature was in favor of the formation of S–N–C-dots with
smaller size, higher S content, and longer wavelength of photoluminescence emissions.
The resulting S–N–C-dots also exhibited good luminescence stability, low toxicity, good biocompatibility, and high solubility. This approach may provide an efficient strategy for synthesizing heteroatom-co-doped carbon dots.
 2013 Elsevier Ltd. All rights reserved.

1.

Introduction

Fluorescent carbon-based materials have attracted tremendous research interest and have been widely applied in various fields, owing to their appealing advantages such as high
aqueous solubility, high chemical inertness, facile functionalization, high resistance to photobleaching, low toxicity and
good biocompatibility [1–3]. These superior properties make
these materials promising alternatives to common toxic metal-based quantum dots (QDs) for numerous exciting applications such as bioimaging, biosensing, drug delivery, and
optoelectronic devices [4–6]. While researchers have reported
a number of fluorescent carbon-based materials, including
fullerenes, carbon nanotubes, nanodiamonds and carbon
nanoparticles, carbon dots (C-dots) have generated especially
high amounts of excitement because of their strong fluorescence with adjustable parameters, as well as facile synthetic
routes with abundant and cheap raw materials [7–16].

Until now, tremendous effort has been spent on developing
synthesis methods for various types of C-dots. These approaches
can be classified into two main groups: top-down [2,7,17] and bottom-up methods [18–20]. Recently, carbon nanomaterials containing heteroatoms have been actively pursued, as they are
considered the most promising candidate to complement carbon
in materials applications because of their tunable intrinsic properties, such as their electronic properties as well as their surface
and local chemical reactivities [21,22]. Particularly, considerable
research efforts have been focused on preparing nitrogen-doped
C-dots. To incorporate nitrogen into the carbon framework, several strategies have been developed, such as electrochemical synthesis [2], ultrasonic synthesis [23], hydrothermal treatment, and
more [14,24,25]. C-dots doped with heteroatoms other than N,
whether alone or with other dopants, have not been widely reported in the literature. Accordingly, developing simple methods
suitable for synthesizing heteroatom-doped or co-doped C-dots
is still a great challenge.

* Corresponding authors: Fax: +86 25 8359 7204.
E-mail address: jrzhang@nju.edu.cn (J.-R. Zhang).
0008-6223/$ - see front matter  2013 Elsevier Ltd. All rights reserved.
http://dx.doi.org/10.1016/j.carbon.2013.07.095

CARBON

6 4 (2 0 1 3) 4 2 4–43 4

On the other hand, nature provides nearly boundless resource, which is widely distributed in nature and easily available to replace conventional chemical reagent [26–29]. Several
reports have explored the preparation of nanomaterials using
natural biomass, which has many potential applications [11–
14,30–33]. For example, C-dots [11] and graphene [33] were
produced from natural precursors with plasma treatments.
As we all know, hair fiber mainly consists of carbon, nitrogen,
oxygen, sulfur and hydrogen elements owing to the proteins
it is made from. Thus, we expect this natural material to be
a promising precursor for synthesizing advanced carbon
nanomaterials. To the best of our knowledge, no reports exist
on synthesizing S–N–C-dots from hair fiber.
In this work, a facile and low-cost strategy is developed for
the synthesis of S–N–C-dots with sulfuric acid carbonization
and etching of hair fiber. Fig. 1 shows the synthesis procedure
(see experimental section details). It is found that both sulfur
element and nitrogen element are doped in carbon dots and
higher reaction temperature is in favor of the formation of
S–N–C-dots with smaller sizes, higher S contents, and longer
emission wavelengths from photoluminescence (PL). The prepared S–N–C-dots also have good luminescence stability, low
toxicity, good biocompatibility, and high solubility. This approach may provide an efficient strategy to synthesize heteroatom-co-doped C-dots.

2.

Experimental section

2.1.

Materials and apparatus

Human hair fiber was obtained from a barbershop. H2SO4
(98%) was purchased from Nanjing Chemical Reagents Factory (Nanjing, China). 3-(4,5-Dime-thylthiazol-2-yl)-2,5-diphenyltetrazolium bromide (MTT) was purchased from Sigma (St.
Louis, MO, USA). Doubly deionized water (18.2 MO*cm at
25 C) prepared by a Milli-Q (MQ) water system was used
throughout all experiments. All other reagents were of analytical grade and used as received without further treatment.
Ultraviolet–visible (UV–Vis) absorption spectra were obtained using a UV-3600 spectrophotometer (Shimadzu). Fourier transform infrared (FTIR) spectra were taken on a
Nicolet 6700 spectrophotometer (Nicolet, USA) using KBr
pressed disks. Atomic force microscopy (AFM) images were
taken in tapping mode using an Agilent 5500. The X-ray photoelectron spectra (XPS) were performed on a Thermo Scien-

Fig. 1 – Representation scheme of carbonization cutting of
hair fiber into S–N–C-dots.
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tific K-Alpha electron energy spectrometer using Al Ka
(1486.6 eV) as the X-ray excitation source. High-resolution
transmission electron microscopy (HRTEM) images were taken using a JEOL 2010 electron microscope at an accelerating
voltage of 200 kV. X-ray diffraction (XRD) measurements were
performed on a Shimadzu XRD-6000 powder X-ray diffractometer, using Cu Ka (k = 1.5405 Å) as the incident radiation.
PL spectra were obtained on a RF-5301PC spectrophotometer
(Shimadzu, Kyoto, Japan) with a xenon lamp as the source
of excitation. Fluorescence lifetime was measured with an
FLS 920 time-resolved spectroscope (Edinburgh). Zeta potential was measured on a nano Z zeta potential analyzer (Malvern Instruments, USA). PL quantum yield (QY) was
determined using a previously published procedure by using
quinine sulfate, a fluorescent dye, as a reference standard
[34]. Confocal images of the cells were obtained using a confocal microscope (TCS SP5 Leica, Germany) with a laser excitation wavelength of 405 nm at room temperature.

2.2.

Synthesis of S–N–C-dots

Clean human hair fiber (0.50 g) was added into concentrated
H2SO4 (100 mL). The solution was sonicated for 30 min and
stirred for 24 h at 40, 100 and 140 C. The product contained
brown, transparent suspended particles and black precipitates. After cooling to room temperature, the mixture was
mildly ultrasonicated for 5 min and then diluted with deionized (DI) water (900 mL). The pH was adjusted to 8 with NaOH
in an ice-bath. The suspension was filtered through a 0.22 lm
microporous membrane to remove large stands of human
hair fiber, yielding a deep yellow solution. The final product
solution was further dialyzed in a dialysis bag (retained
molecular weight: 500 Da) for 6 days (changed deionized
water every 8 h) and the S–N–C-dots were obtained from this
process. The S–N–C-dots prepared at 40, 100 and 140 C are
denoted as S–N–C-dots-40 (yield ca. 9%), S–N–C-dots-100
(yield ca. 16%) and S–N–C-dots-140 (yield ca. 29%).

2.3.

Cellular toxicity test

The cytotoxicity study of as-prepared S–N–C-dots-40 was carried out using the MTT assay on human cervical carcinoma
cells (HeLa cells). The MTT assay was carried out according
to previously reported literature [35]. Briefly, HeLa cells were
seeded in 96-well plates at 1 · 104 cells per well in Dulbecco’s
Modified Eagle’s Medium (DMEM) medium with 10% fetal bovine serum and 100 lg mL1 penicillin/streptomycin and
incubated at 37 C in a humidified atmosphere with 5% CO2.
After incubating the cells for 24 h, the medium was replaced
with 100 lL of fresh medium containing a concentration of
S–N–C-dots-40 (from 0 lg mL1 to 200 lg mL1). At certain
times (24 h or 48 h), the medium was removed, and fresh
medium (100 lL) containing MTT (20 lL, 5 mg mL1) was
added into each well. After incubating the cells for 4 h, the
absorbance of the solution was measured to assess the relative viability of the cells using a Bio-Rad 680 microplate reader. Optical density (OD) was read at a wavelength of 490 nm.
The cell viability was estimated according to the following
equation.
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ODTreated
 100%
ODControl

where ODControl is the optical density in the absence of S–N–Cdots-40, and ODTreated is the optical density in the presence of
S–N–C-dots-40.

2.4.

Cellular imaging

HeLa cells (1 · 104) were plated in a cover-glass–bottom dish in
DMEM supplemented with 10% fetal bovine serum and
100 lg mL1 penicillin/streptomycin. After 24 h incubation,
the cells were incubated with S–N–C-dots-40 at a final concentration of 200 lg mL1 for 4 h. Then, the cells were washed
with phosphate buffered saline (PBS) for three times to remove the excess S-N-C-dots-40. Immediately after the incubation and washing steps, the images were taken by a
confocal laser scanning microscope.

2.5.

QY Calculations

The QY of the S–N–C-dots was found by comparing the integrated PL intensities (excited at 340 nm) and the absorbance
values (at 340 nm) of the S–N–C-dots using quinine sulfate
as a reference [34]. For calculation of QY, five concentrations
of each compound were made, all of which had absorbance
less than 0.1 at 340 nm excitation wavelength. Quinine sulfate
with U = 0.54 [34] was dissolved in 0.1 M H2SO4 (refractive index (g) of 1.33) while the S–N–C-dots were dissolved in water
(g = 1.33). An UV–Vis absorption spectrometer (UV-3600, Shimadzu) was used to determine the absorbance values of the
samples at a 340 nm excitation wavelength. The respective
solvents were used as the references. A quartz cuvette with
a path length of 1.00 cm was used to contain the samples during the UV–Vis and PL experiments. A RF-5301PC spectrophotometer (Shimadzu, Kyoto, Japan) set with an excitation slit
width of 0.3 nm and an emission slit width of 0.3 nm was
used to excite the samples at 340 nm and to record their PL
spectra. The integrated fluorescence intensity is the area under the PL curve in the wavelength range from 360 to 660 nm.
Then, a graph was plotted using the integrated fluorescence
intensity against the absorbance and a trend line was added
for each curve with intercepts of approximately zero.
The QY was calculated using the below equation:
UX ¼ UST ðmX =mST Þðg2X =g2ST Þ
Where U is the QY, m is the gradient from the plot of integrated fluorescence intensity versus absorbance, and g is
the refractive index of the solvent; ST denotes the standard
and x denotes the sample.

3.

Results and discussion

3.1.

Characterization

XPS was used to analyze the elemental composition. Fig. 2a
shows the XPS spectra of S–N–C-dots, which reveals sulfur
(around 164 eV), carbon (around 285 eV), nitrogen (around
398.5 eV), and oxygen (around 531 eV) atoms. The content of
each element is shown in Table 1. In the high-resolution C1s
XPS spectrum of the S–N–C-dots (Fig. 2b), five peaks are

observed with the binding energies of about 284.5, 285.3,
286, 286.5 and 288.2 eV, which are attributed to C–C/C@C, C–
S, C–N, C–O (epoxy and alkoxy) and C@O species, respectively
[36]. The N1s spectrum in Fig. 2c has two peaks at 398.5 and
399.7 eV, which are attributed to the pyridinic N, and pyrrolic
N, respectively [37]. The S2p spectrum in Fig. 2d mainly consists of two peaks centered at 164.0 and 167.6 eV, suggesting
that sulfur exists in two forms. The former peak can be
deconvoluted into two distinct components at 163.5 and
164.6 eV, which agree with the reported 2p3/2 and 2p1/2 positions of the –C–S– covalent bond of the thiophene-S, owing
to their spin–orbit couplings [38]. The latter peak can be fit
with three components at 167.6, 168.5, and 169.3 eV, arising
from a –C–SOx– (x = 2, 3, 4) species, such as sulfate or sulfonate [39,40]. On the other hand, as the S2p XPS peaks of different S–N–C-dots shown (Fig. S1, Supporting Information), the
ratio of the –C–SOx– (x = 2, 3, 4) obviously increases with the
elevation of the reaction temperature. The N contained in
the S–N–C-dots comes from the precursor [13], while the S
comes from the precursor and sulfuric acid [13,41].
FTIR spectra of the S–N–C-dots (Fig. 3a, Fig. S2a, Supporting
Information) show the presence of the same groups. The peak
at 1038 cm1 is ascribed to –SO3, C–O–C, and C–O bonds [41].
The peak at 1195 cm1 is assigned to the C–O, C–N, and C–S
bonds [11]. The peak between 1396–1496 cm1 can be identified as C–N, N–H, and COO groups [42]. The peak at
1638 cm1 is ascribed to the C@O stretching vibration. The
peak at 2343 cm1 is attributed to C–N and S–H bonds. A small
band at 2928 cm1 is the C–H bonds. In addition, the broad
band at 3246–3495 cm1 appears because of O–H and N–H
bonds [43]. Fig. 3b and Fig. S2b are typical XRD profiles of
the S–N–C-dots. The XRD pattern of the S–N–C-dots has a
broader peak at about 2h = 23.4–24.6, revealing an amorphous carbon phase, which is attributed to the introduction
of nitrogen-, sulfur-, and oxygen-containing groups. In the
Raman spectra of the carbon nanostructures, the D band is
attributed to the extent of defects, while the G band arises
from the E2g phonon of sp2 carbon atoms [44]. For the S–N–
C-dots with such a low carbon-lattice-structure content, only
D bands (about 1386 cm1) were obviously detected in the Raman spectra (Fig. S3, Supporting Information).
The TEM images in Fig. 4 show small particle sizes in a relatively narrow size distribution. The statistical particle size
distributions of the S–N–C-dots-40 (Fig. 4a), S–N–C-dots-100
(Fig. 4b), and S–N–C-dots-140 (Fig. 4c) are 4–10 nm, 2–7 nm,
and 2–5 nm, with average diameters of 7.5, 4.2 and 3.1 nm
(100 random nanoparticles were analyzed for all the samples).
However, HRTEM images of the S–N–C-dots do not reveal any
clear lattice fringes, indicating their amorphous nature,
which agrees well with our XRD analysis. AFM is also used
to probe S–N–C-dots deposited on a mica substrate (Fig. 4d,
e and f). These results show that the heights of the S–N–Cdots are in the range of 0.4–1 nm, with average heights of
0.64 nm (S–N–C-dots-40), 0.75 nm (S–N–C-dots-100), and
0.67 nm (S–N–C-dots-140).

3.2.

Optical properties

To further explore the optical properties of the S–N–C-dots,
PL and UV–Vis absorption spectra were studied at room
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Fig. 2 – (a) XPS spectra of different samples of S–N–C-dots. (b–d) High-resolution XPS data of C1s, N1s and S2p of S–N–C-dots.

Table 1 – Elemental compositions of the S–N–C-dots prepared at different temperatures.
Sample

C% (atom%)

N% (atom%)

S% (atom%)

S–N–C-dots-40
S–N–C-dots-100
S–N–C-dots-140

61.22
59.73
60.56

5.43
5.37
5.64

2.14
4.03
5.08

Fig. 3 – (a) FTIR spectra of S–N–C-dots. (b) XRD pattern of S–N–C-dots.

temperature (Fig. 5). Fig. 5a, c and e show the UV–Vis absorption spectra of S–N–C-dots (the concentration of carbon dot is
about 0.13 mg mL1) synthesized at temperatures of 40, 100,
and 140 C. A prominent blue-shift from 323 to 295 nm occurs

as the reaction temperature increases. This result reveals that
reaction temperature can affect the absorption properties of
as-synthesized S–N–C-dots, with lower reaction temperatures
leading to the S–N–C-dots having longer absorption wave-
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Fig. 4 – Morphology of the S–N–C-dots. (a–c) Transmission electron microscopy (TEM) images of S–N–C-dots-40, S–N–C-dots100 and S–N–C-dots-140. Inset images are size distributions. (d–f) Atomic force microscopy (AFM) images of S–N–C-dots-40, S–
N–C-dots-100 and S–N–C-dots-140. Inset images are height distributions.

lengths. As shown in the fluorescence spectra from Fig. 5, the
S–N–C-dots-40 (Fig. 5b) has optimal excitation and emission
wavelengths at 330 nm and 383 nm, respectively. When the
reaction temperature increases to 100 C for the S–N–C-dots100 (Fig. 5d), the excitation and emission wavelengths of
S–N–C-dots-100 are redshift to 353 nm and 450 nm, and the
excitation and emission wavelengths for S–N–C-dots-140
(Fig. 5f) further are redshift to 369 nm and 470 nm,
respectively. Apart from decreasing the diameters of the carbon dots, the increase of reaction temperature can also lead
to the redshift of the maximum excitation and emission
wavelengths. This phenomenon differs from the size depen-

dence of colored C-dots reported previously [18,45]. Under
UV light (365 nm) excitation, the S–N–C-dots-40, S–N–C-dots100, and S–N–C-dots-140 emit purplish-blue, blue, and greenish-blue colors (insets of Fig. 5b, d and f). The colors of the
samples (insets of Fig. 5a, c and e) under daylight also become
gradually deeper with increasing reaction temperature, which
is consistent with previous reports on carbon nanoparticles
derived from candle soot and graphite [18,46]. It is worth to
note that the up-conversion excitation wavelengths also
red-shift from 655 nm in the S–N–C-dots-40, 726 nm in the
S–N–C-dots-100 to 731 nm in the S–N–C-dots-140 (Fig. 5b, d
and f).
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Fig. 5 – The optical properties of (a and b) S–N–C-dots-40, (c and d) S–N–C-dots-100 and (e and f) S–N–C-dots-140 aqueous
solutions. (a, c, e) UV–Vis absorption (ABS) spectra (inset: photographs taken under visible light). (b, d, f) Optimal excitation
and emission PL spectra (inset: photographs taken under 365 nm UV light).

The excitation wavelength depending on emission wavelength and intensity is a common phenomenon observed in
carbon-based fluorescent materials [19,47–52]. This phenomenon allows for multiple colors emitted via PL under different
excitation wavelengths, a property that is important for upconversion bioimaging and biomedical applications, which
can avoid harmful UV or blue excitations [42]. When the excitation wavelength changes from 369 to 489 nm, the corresponding PL emission peak for the S–N–C-dots-140 (Fig. 6e)
shifts from 470 to 535 nm. At the same time, the intensity of
emission peaks becomes weaker. The S–N–C-dots-100
(Fig. 6c) and S–N–C-dots-40 (Fig. 6a) are both similar in this respect to the S–N–C-dots-140. Interestingly, the up-conversion
PL behaviors of the S–N–C-dots are similar to their corre-

sponding down-conversion excitation-dependent PL behaviors. In Fig. 6b, d and f, the emission wavelengths red-shift
with increasing the excitation wavelengths from 600 to
900 nm. There are two kinds of popular mechanisms to
describe the up-conversion emission in carbon dots: the multiphoton active process and anti-Stokes PL [17,53]. Considering that the energy difference between the excitation light
and the emission light in the up-conversion process is not a
fixed value, the multiphoton active process is likely more suitable for explaining up-conversion emission of the S–N–Cdots.
Till now, C-dots emitting various colors via PL, ranging
from visible to near-infrared, have been prepared with various
synthetic approaches. However, studies of the optical
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Fig. 6 – The excitation and up-conversion properties of (a, b) S–N–C-dots-40, (c, d) S–N–C-dots-100, and (e, f) S–N–C-dots-140.
(a, c, e) The excitation-dependent PL behaviors. (b, d, f) The up-conversion PL properties.

properties of C-dots are controversial because the exact
mechanisms of PL responsible have not yet been confirmed
[8,10]. Previous reports confirmed that excitons of carbon,
emissive traps, the quantum confinement effect, aromatic
structures, oxygen-containing groups, free zigzag sites, and
edge defects contribute to fluorescence [34,46,49,52,54–56].
Pang et al. claimed that the wavelength shifts in C-dots are
mainly caused by the particle surfaces rather than by a size
effect based on their electrochemical tuning experiments
[49]. Zhu et al. prepared mGQDs via chemical modification
with alkylamines and found that the emissions generated
by the high N content competed with those of the long carbon
chains, thus tuning defect state emission to intrinsic state
emission [41]. Zhang et al. prepared N-doped C-dots and
found that their optimal excitation and emission peaks
shifted to longer wavelengths with increasing N content
[25]. In this study, the N content is essentially constant, while

the S content increases gradually with increasing reaction
temperature. According to our experimental results, we can
conclude that the particle size of the S–N–C-dots is not the
key parameter that determines their PL properties. We find
that structural changes caused by doping with heteroatoms
can effectively tune the intrinsic properties of the particles,
including electronic properties as well as surface and local
chemical reactivities. This conclusion is supported by the following observations: First, according to the results of XPS
spectra, more S dopes the S–N–C-dots as the reaction temperature increases (Table 1). The emission peaks of the S–N–Cdots with increasing S content shift to longer wavelengths
when excited by the same wavelength (Fig. S4, Supporting
Information). Second, the S–N–C-dots containing different
amounts of S have different excitation spectra monitored at
the maximum emission wavelength (Table S1, Supporting
Information). These results suggest that new emission
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centers are produced with increasing S content. Finally, the
high-resolution XPS spectra of S2p (Fig. S1, Supporting Information) show that more –C–SOx– (x = 2, 3, 4) bonds are produced at higher reaction temperatures, implying that more
and different emission centers probably form as well. These
results agree well with a recent report on boron carbon nitride
nanophosphors, where the light emission of the nanoparticles could be tuned by adjusting their C content [57].
Beyond the excitation-dependent PL behavior of these carbon dots, we further investigate their fluorescent properties
under different conditions. First, the S–N–C-dots are freely
and easily dispersible in water and exhibit good photostability. Their luminescence properties and appearance remain unchanged for 6 months in air at room temperature. The
dependence of fluorescence intensity on the exposure times
under UV irradiation indicates that the S–N–C-dots are highly
resistant to photobleaching (Fig. 7a). Second, their emission
behavior is independent of ionic strength of the medium.
Their fluorescence intensity remains constant with varied
concentrations of NaCl in the aqueous solution (Fig. 7b).
Third, Fig. 7c shows the PL spectra of S–N–C-dots at different
pH values, showing a varying relationship as the pH increases
from 1 to 13. The presence of many N–H and COO groups in
the S–N–C-dots may have caused this relationship; these
groups cause the S–N–C-dots to have properties similar to
amino acids. Amino acids are ampholytes and have varying
isoelectric points and dissociation constants. These properties of amino acids could explain why the PL spectra of the
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S–N–C-dots varied among different pH values. This irregular
pH dependence is further supported by zeta potential analysis
(Fig. S5, Supporting Information). Fourth, Fig. 7d shows that
the PL redshift for the S–N–C-dots is somewhat dependent
on solvent as comparing acetone, tetrahydrofuran (THF),
dimethylformamide (DMF), and water (Fig. S6, Supporting
Information). This solvent effect could be caused by solvent
attachment or the formation of different emissive traps on
the surfaces of the S–N–C-dots [36,58].
The QY of the C-dots varies with the fabrication method
and the surface chemistry involved [8]. In the S–N–C-dots
(Table S2, and Fig. S7, Supporting Information), the highest
QY (S–N–C-dots-40) was measured to be 11.1% (taking quinine
sulfate as standard). In addition, the PL spectrum of C-dots
usually has a full width at half-maximum (FWHM) of about
100 nm [58–65]. In this study, the FWHM of different S–N–Cdots is listed in Table S2 (Supporting Information) and the
FWHM of S–N–C-dots-40 is as small as 51 nm. The luminescence decay profiles of the S–N–C-dots are shown in Fig. S8
(Supporting Information). The decay was recorded for the S–
N–C-dots with excitation and emission wavelengths of 405
and 458 nm at room temperature using a time-correlated single photon counting technique. The fluorescence lifetime
data of S–N–C-dots were well fitted to a multi-exponential
function. The inset of Fig. S8 lists the parameters generated
from iterative reconvolution of the decay using the instrument response function (IRF) for all three samples. The fluorescence lifetimes of the S–N–C-dots-40 are s1 = 1.67 ns and

Fig. 7 – Stability of S–N–C-dots. (a) Effect of time on fluorescence intensity of S–N–C-dots in DI water. (b) Effect of ionic
strengths on the fluorescence intensity of S–N–C-dots (ionic strengths were controlled by various concentrations of NaCl in
aqueous solution). (c) Effect of pH on the fluorescence intensity of S–N–C-dots. (d) Effect of solvents on the fluorescence
intensity of S–N–C-dots.
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Fig. 8 – Cellular toxicity and cellular imaging of S–N–C-dots-40. (a) Effect of S–N–C-dots-40 on HeLa cells viability, (b–d) are
washed cells imaged under bright field, confocal fluorescent, overlap of corresponding bright field image and fluorescence
image.

s2 = 6.00 ns, whereas for S–N–C-dots-140 they are s1 = 6.74 ns
and s2 = 2.11 ns. The average fluorescence lifetimes for different samples are listed in Table S2 (Supporting Information).
Such a short fluorescence lifetime revealed the radiative
recombination nature of excitations [66]. The average fluorescence lifetimes of the S–N–C-dots being in the nanosecond regime suggest that the synthesized S–N–C-dots are very
suitable for optoelectronic and biological applications.

3.3.

Cytotoxicity and bioimaging

Assuming the inherent toxicity of the S–N–C-dots is negligible, they could be used for biological applications, such as
bioimaging, protein analysis by fluorescence resonance energy transfer (FRET), cell tracking, isolation of biomolecules,
and gene technology. Therefore, the cytotoxicity of the S–N–
C-dots-40 (having the highest QY) was evaluated using HeLa
cells with an MTT viability assay (Fig. 8a). Results suggest that
the S–N–C-dots-40 had low toxicity to the HeLa cells. The relative cell viability was about 84% even after a 48 h exposure
with a S–N–C-dots-40 concentration of 200 lg mL1. In our
MTT viability assay, the S–N–C-dots with average diameters
of 7.5 nm showed low toxicity for HeLa cells. The C-dots with
average diameter of 2.5 nm reported by Sahu et al. and the the
carbonaceous nanospheres with average diameter of 70 nm
reported by Li et al. also showed low toxicity for L929 cells
[12], HeLa and 293T cells [67] in MTT viability assay. Therefore,

we suggested that the toxicity of C-dots was not influenced by
the size of carbon dots in the range of 2.5 nm to 70 nm. Both
the non-doped C-dots [12,45] and the S–N–C-dots have good
biocompatibility. Thus, we then introduced the S–N–C-dots40 into the HeLa cells for in vitro bioimaging using confocal
microscopy. Fig. 8b, c and d show that, after incubation with
the HeLa cells, the blue emissions from the S–N–C-dots-40
sample could be observed from HeLa cells when excited at
405 nm. These emissions mainly occurred in the areas of
the cell membrane and cytoplasm, especially around the cell
nucleus; however, the PL of the S–N–C-dots-40 was very weak
inside the cell nucleus [12,68]. More importantly, no morphological damage of the cells was observed upon incubation
with the S–N–C-dots-40 further demonstrating their low cytotoxicity. These confocal images indicate that S–N–C-dots can
be used in bioimaging and other biomedical applications as
fluorescent indicators.

4.

Conclusion

In conclusion, we developed a simple method to the synthesis
of S–N–C-dots on a large scale using carbonization and etching of hair fiber by sulfuric acid. It was verified that the S content of the as-prepared S–N–C-dots increased with reaction
temperature, while the N content remained almost unchanged; this control over atomic composition allowed us to
change the down-conversion and up-conversion PL proper-
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ties of the S–N–C-dots. The obtained S–N–C-dots also exhibit
good luminescence stability, nanosecond lifetime, low toxicity, good biocompatibility, and high solubility in water and
other polar organic solvents. Thus, they can be used as an
eco-friendly material in biolabeling and bioimaging.
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[63] Liu RL, Wu DQ, Feng XL, Müllen K. Bottom-up fabrication of
photoluminescent graphene quantum dots with uniform
morphology. J Am Chem Soc 2011;133(39):15221–3.
[64] Wang XL, Bai H, Shi GQ. Size fractionation of graphene oxide
sheets by pH-assisted selective sedimentation. J Am Chem
Soc 2011;133(16):6338–42.
[65] Lu J, Yeo PSE, Gan CK, Wu P, Loh KP. Transforming C60
molecules into graphene quantum dots. Nat Nanotech
2011;6(4):247–52.
[66] Zhu H, Wang X, Li Y, Wang Z, Yang F, Yang X. Microwave
synthesis of fluorescent carbon nanoparticles with
electrochemiluminescence properties. Chem Commun
2009;34:5118–20.
[67] Li W, Zhang ZH, Kong B, Feng SS, Wang JX, Wang LZ, et al.
Simple and green synthesis of nitrogen-doped
photoluminescent carbonaceous nanospheres for
bioimaging. Angew Chem Int Ed 2013;52(31):8151–5.
[68] Zhai XY, Zhang P, Liu CJ, Bai T, Li WC, Dai LM, et al. Highly
luminescent carbon nanodots by microwave-assisted
pyrolysis. Chem Commun 2012;48(64):7955–7.

