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Nitrogen doped carbon quantum dots
demonstrate no toxicity under in vitro conditions
in a cervical cell line and in vivo in Swiss albino
mice†
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Ajay Vikram Singh, c Rajesh Kumar Singh,d Santosh Kumar Singhd and
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Carbon quantum dots (CQDs) and their derivatives have potential applications in the field of biomedical

imaging. Toxicity is one of the critical parameters that can hamper their success in biological applications.

In this context, our goal was to systematically investigate both in vivo and in vitro toxicity of nitrogen

doped carbon quantum dots (NCQDs). In vivo toxic effects were evaluated for 30 days in Swiss albino

mice at two different concentrations (5.0 mg per kg body weight (BW) and 10.0 mg per kg BW) of

NCQDs. Results of haematological, serum biochemical, antioxidant and histopathological parameters

showed no noteworthy defects at both of these concentrations. An in vitro assessment was performed

against the human cervical cancer cell line (HeLa cells) at the concentration of 0–400 µg ml−1. The LDH

profile, DNA fragmentation, apoptosis, and growth cycle of cells showed no apparent toxicity of NCQDs.

The overall study offers highly biocompatible N-doped carbon quantum dots, which may be considered

as an attractive material for future biomedical applications.

Introduction

The potential use of different fluorescent nanomaterials as
theranostic (therapeutic and diagnostic) agents in the bio-
medical field is of great interest.1–6 During the last few
decades, semiconductor quantum dots (QDs) have gained wide
popularity in different research areas such as sensors, photo-
voltaics, electronic/optoelectronic devices and in vitro/in vivo
diagnostics.7–14 Unfortunately, they have also been the object
of criticism of late, due to their inherent constituent of
heavy metal elements, which is responsible for their low stabi-
lity, a gamut of environmental hazards and their potential tox-
icity to biological systems. In the meantime, a new class of QDs
of carbon, i.e. CQDs, came into focus serendipitously during

purification of SWCNTs through electrophoresis in 2004,15 and
have become popular in nanocarbon research due to their
favourable attributes such as abundant and inexpensive nature
and superior electronic characteristics leading to their high
possibilities in applications like optoelectronics, catalysis and
sensors.16,17 Due to their excellent electrochemical lumine-
scence properties, high solubility, resistance to photo bleach-
ing, and negligible toxicity, CQDs have attracted the interest of
several research groups as an attractive material for diverse bio-
logical and non-biological applications.18–21 Although carbon
is not considered to be an intrinsically toxic element, the
enhanced surface area and functional groups of C-dots may
pose potential risks that can hamper the success of CQDs in
bioimaging and biomedical applications.

Various toxicological studies have been conducted in
different carbon nanomaterials in the last few years and the
results were inconspicuous.22,23 Chong et al. have studied
in vitro and in vivo the toxicity of GQDs as well as GO, and
found GQDs biocompatible, while GO shows toxicity in mice.24

Blood parameter analysis is also a major contributory factor
towards toxicity evaluation of any material. It has been
reported that the haemolysis rate and rheological alterations
of red blood cells (RBC) were insignificant at concentrations
less than 500 µg ml−1.25 Recently, hydrothermally synthesized
carbon dots (CDs) were reported to show minimal cytotoxicity
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on MDCK and HeLa cells.26 An in vitro study on mouse fibro-
blast (NIH/3T3) cells claimed that negatively charged CDs
arrested the G2/M phase of the cell cycle, stimulated prolifer-
ation and enhanced oxidative stress, while neutral CDs did not
induce any abnormalities in cells at concentrations up to
300 µg ml−1.27 Most of the toxicology studies showed CQDs to
be minimally toxic at different concentrations.28,29 The results
from these studies necessitated further in vitro and in vivo cyto-
toxicity evaluation; however, there has not been a single study
reported so far which has sufficiently demonstrated the
phenomena of in vitro cyto- and genotoxicity of CQDs, includ-
ing a thorough analysis of haematological, biochemical and
histopathological analysis in vivo.

Doping creates additional functionalities on the surface of
CQDs. Data on the impact of doping on the toxicity of CQDs
are scarce. P-Doped CQDs synthesised via the solvothermal
method have demonstrated low cell toxicity.27 Over the last few
years, derivatives of CQDs (doped counterpart) have gained
wide popularity due to enhanced fluorescence for bioimaging
applications. However, only a small number of toxicological
evaluations of NCQDs have been reported. Therefore, to under-
stand the toxicity of CQDs and their derivatives further investi-
gation is needed. To the best of our knowledge, this is the first
ever study conducted to report a systemic biodistribution and
toxicity evaluation of NCQDs obtained through microwave
irradiation via in vivo and in vitro approaches.

The present study significantly emphasized economical and
benign synthetic routes for the bulk volume of NCQDs by
microwave irradiation. The NCQDs were synthesized by car-
bonization of the organic precursor via pyrolysis, ultimately
retaining basic carbon containing residues with nitrogen
groups. The NCQDs (5.0 mg per kg BW and 10 mg per kg BW)
were administered in vivo while NCQDs at concentrations up
to 400 µg ml−1 were administered to HeLa cells. Biochemical,
histopathological, haematological, cell cycle and cell apoptosis
parameters were analysed.

Experimental
Materials

D-Glucose was purchased from Sigma Aldrich, Bangalore,
India. Dulbecco’s modified Eagle’s medium (DMEM), trypsin,
RNase and foetal bovine serum (FBS) were purchased from
Himedia Laboratories, Mumbai, India. Antibiotics such as
penicillin and streptomycin were procured from Life
Technologies (India) Pvt. Ltd, Delhi, India. Acridine orange
(AO), ethylene diamine (EDA), glacial acetic acid, sulphuric
acid, sodium hydrogen phosphate, sodium dihydrogen phos-
phate, diethyl ether, propidium iodide, ethidium bromide
(EtBr), agarose and DMSO were purchased from Merck,
Mumbai, India. 3-[4,5-Dimethylthiazol-2-yl]-2,5-diphenyltetra-
zolium bromide (MTT), alanine transaminase (ALT), aspartate
aminotransferase (AST), alkaline phosphatase (ALP) enzyme
activity assay kits and 2′,7′-dichlorofluorescin diacetate
(DCFH-DA) were obtained from Sigma Aldrich, India. EDTA-

coated and non-coated tubes were procured from a medical
shop from a local market in Varanasi. All chemicals and
reagents utilized were of analytical grade and used as such
without further purification. All solutions were prepared using
Milli-Q water.

Synthesis of nitrogen doped carbon quantum dots (NCQDs)

The NCQDs were synthesized by the microwave irradiation
method. 500 mg of D-glucose was dissolved in 10 mL Milli-Q
water to make a uniformly dissolved solution. 1 mL of ethylene
diamine was added to the solution. The pH of the solution was
adjusted to pH 7 utilising acetic acid. This solution was then
irradiated by microwave radiation for 10 minutes in a domestic
700 W microwave oven (IFB, 17PM-MECI). Finally, a dark
brown colour solid was obtained after carbonization. To
further study NCQDs, NCQDs were dissolved in Milli-Q water
and centrifuged at 40 000 rpm for 10 minutes to avoid
untreated moieties and agglomerated particles.

Characterization of nitrogen doped carbon quantum dots
(NCQDs)

A transmission electron microscope (TEM, Tecnaii-G2F30
STWIN) operated at an accelerating voltage of 200 keV was
used for the structural characterization of NCQDs. The UV-
visible absorbance spectra of NCQD solutions were measured
with a PerkinElmer UV-Visible-Lambda 25 spectrophotometer.
Fourier transform infrared (FT-IR) spectra were recorded on a
FT-IR spectrometer (NICOLET 6700, Thermo Fisher Scientific,
USA). The photoluminescence (PL) spectra were recorded with
the help of a fluorescence spectrophotometer (PerkinElmer).
The elemental analysis of the NCQDs was performed using an
X-ray photoelectron spectroscope (XPS) (Omicron EA 125) and
the result has been published (ESI Fig. S1†).16

Quantum yield measurement

The quantum yield of NCQDs was calculated by measuring the
fluorescence intensity in aqueous dispersion using the follow-
ing equation where quinine sulphate in 0.1 M H2SO4 (literature
quantum yield 0.54 at 360 nm) was used as a standard refer-
ence,

φ ¼ φR � I
IR

� AR
A

η

ηR

� �2

where ‘φ’ is the quantum yield, ‘I’ is the intensity of lumine-
scence spectra, ‘A’ is the absorbance at the excited wavelength
and ‘η’ is the refractive index of the solvent used. The subscript
‘R’ is used in the equation to denote reference. The quantum
yield of NCQDs was measured at an excitation wavelength of
360 nm, and the yield was found to be 35.76%.

In vitro analysis

Cell culture. The HEK 293, HePG2, A549 and HeLa cells
were maintained at 37° C under 5% CO2 in RPMI-1640
supplemented with 10% foetal bovine serum, penicillin
(100 U ml−1) and streptomycin (100 mg ml−1).
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Cell viability assay. The MTT assay was employed to evaluate
the cell viability of HEK 293, HePG2, A549 and HeLa cell
treated with NCQDs. Briefly, HeLa cells were seeded in each
well of a 96-well plate at a density of 1 × 104 cells per well, and
cultured in a humidified 5% CO2 incubator at 37 °C for 24 h.
The cells were then treated with NCQDs at various test concen-
trations (0, 6.5, 12.5,50, 100, 200, and 400 μg ml−1) in culture
medium, and cells cultured without NCQDs acted as the
control. Thereafter, 20 µl of a 5 mg ml−1 MTT solution was
added to each well. The cells were further incubated for
another 4 hours. After incubation, the culture medium with
MTT was removed and 100 µl of DMSO was added. The result-
ing mixture was then shaken for 10 min at room temperature.
Finally, the optical density (OD) of the mixture was measured
at 450 nm using a spectrophotometer (PerkinElmer Victor
4 microplate reader). The cell viability was estimated according
to the following equation:

Cell viability ð%Þ ¼ ODt

ODc

� �
� 100

where ODc was the absorbance value estimated from cells in
the absence of NCQDs and ODt was the absorbance estimated
in the presence of NCQDs.

In vitro LDH release and oxidative stress test

For the LDH (lactate dehydrogenase) assay, HeLa cells seeded
in a 96-well plate were incubated with different concentrations
(0, 6.5, 12.5, 50.0, 100.0, 200.0, and 400.0 μg ml−1) of NCQD at
37 °C for 24 h, and then 1 mL of LDH standard solution was
added to the supernatant of cells and the absorbance of the
supernatant was examined at 490 nm to analyse the level of
LDH release.

ROS (reactive oxygen species) were measured with a pro-
cedure similar to the LDH assay. After incubating with NCQDs
at various concentrations, the cells were washed three times
and mixed with 1 mL of 10 mM DCFH-DA for an additional
incubation for 20 min. Next, the cells were washed three times
with DMEM without FBS to eliminate the DCFH-DA outside
the cell membrane, and then collected in suspension and
measured with a flow cytometer (excitation at 488 nm and
emission at 525 nm).

Haemolytic analysis

Haemolytic activities of NCQDs were evaluated by detecting
the haemoglobin release from human red blood cells. 2 ml of
human blood was collected from healthy donors after written
consent and ethical approval from the Human Ethical
Committee, Institute of Medical Sciences, Banaras Hindu
University, and Varanasi, India. The blood was centrifuged at
3000 rpm at 4 °C for 10 min and washed three times with PBS
solution (pH 7.4). Red blood cells (RBCs) were obtained and
the previous volume was maintained using PBS solution.
Then, the RBC suspension was diluted ten times to a concen-
tration of 10% (v/v) with PBS. Furthermore, 1.5 mL of the RBC
suspension was taken in 8 autoclaved 2 ml centrifuge tubes.
Then 0.5 ml of 1.6 mg ml−1 NCQDs were added to 6 tubes to

maintain 400 μg ml−1 final concentration and the remaining 2
tubes were taken as controls. PBS solution and distilled water
were used as the negative (0% lysis) and positive (100% lysis)
controls, respectively. The RBC suspensions were incubated at
37 °C for different time intervals, namely 0, 1, 3, 6, 12 and
24 hours, respectively. Subsequently, all the suspensions were
centrifuged at 3000 rpm at 4 °C for 10 min, and the absor-
bance at 541 nm was taken using a UV–Vis spectrophotometer.
The percentage haemolysis was expressed by the formula given
below.

PercentageHemolysis ¼ ðAsample � AnegativeÞ
ðApositive � AnegativeÞ � 100

where Asample, Anegative, and Apositive represent the absorbance
of the samples and negative and positive controls, respectively.

Cell apoptosis detection

Morphological analysis of apoptosis was performed by the acri-
dine orange(AO)/ethidium bromide (EtBr) dual staining pro-
cedure.30 Briefly, HeLa cells at a concentration of approxi-
mately 1 × 105 cells were seeded in a 96-well plate and incu-
bated with different concentrations (0, 50.0, 100.0, 200.0 and
400.0 µg ml−1) of NCQDs at 37 °C for 24 h. After incubation,
the plates were centrifuged. 10 μl of 1 mg ml−1 AO and EtBr
mixture was added to each well. Nuclei were visualized and
photographed under the fluorescent microscope. On the 30th

day, splenocytes of the control, group I, and group II were also
spotted via AO/EtBr double staining.30

Cell cycle analysis

HeLa cells (1 × 105) were treated with different concentrations
(0, 50.0, 100.0, 200.0, and 400.0 µg ml−1) of CQDs for 24 h.
After incubation, the cells were trypsinized and suspended in
ice-cold ethanol (70%) and stored at −20 °C for 4 h. The cells
were washed with PBS, and suspended in 250 μL of PBS. 10 μL
propidium iodide (1 mg ml−1) and 10 μl RNase A (10 mg ml−1)
were added and the mixture was incubated at room tempera-
ture in the dark for 30 min. The cell cycle distribution was ana-
lysed using an FACSCalibur instrument (Becton Dickinson).
Data were analysed using FACSDiva 6.1 software.

Animal studies in Swiss albino mice

Maintenance of experimental mice. All the in vivo experi-
ments were carried out in compliance with the institutional
ethics committee regulations and guidelines on animal
welfare (Animal Care and Use Program Guidelines of IMS,
BHU), and were approved by the Government of India. 3–4
week old male Swiss albino mice (∼22 g) were procured from
the animal house of Institute of Medical Science, BHU. Mice
were kept in cages (three mice per cage) and maintained under
a 12 : 12 hour light and darkness photo period. Mice were fed
with ad libitum and water.

Weekly body weight. A sensitive balance method was
adopted to measure the body weight of each mouse during the
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acclimatization period as well as the whole experimental dur-
ation after NCQD administration as after 24 hours.31

Acute toxicity evaluations. Forty-five (45) adult male Swiss
albino mice (∼22 g) were divided into three different groups,
Group-I (control), Group-II (treated) & Group-III (treated) con-
sisting of 15 mice in each group. Different doses of 5.0 mg per
kg BW and 10.0 mg per kg BW were administered via tail vein
injections once to test the acute toxicity to groups II and III
while the control group was treated with 0.9% saline solution.
The body weights of the mice were monitored up to 30 days. At
various time points (1, 3, 7, 15 and 30 days after exposure)
mice were sacrificed. Blood samples were collected from each
mouse for blood chemistry analysis and complete blood count
(CBC). Statistical calculations were based on the standard error
of 3 mice per group, once on the day of sacrifice.

Preparation of homogenates. Different organs (liver, kidney
and spleen) were excised out on ice and cleaned with physiologi-
cal saline. The tissues were used to prepare a 10% homogenate
separately in 0.1 M phosphate buffer (pH 7.4) containing
0.1 mM EDTA using a motor driven Teflon-pestle homogenizer
(Fischer), and centrifuged at 12 000 rpm for 5 min at 4 °C. The
supernatant was collected and stored at −80° C for further assay.

Haematology study. A haematology and clinical chemistry
study was performed on blood samples obtained during
autopsy. Blood was collected in EDTA-coated tubes. The hae-
matological parameters included white blood cell (WBC)
count, red blood cell (RBC) count, haemoglobin (Hb), hemato-
crit (Ht), mean corpuscular volume (MCV), mean corpuscular
haemoglobin (MCH), mean corpuscular haemoglobin concen-
tration (MCHC), red blood cell distribution width (RDW), hae-
moglobin distribution width (HDW), platelet (PLT) count, and
mean platelet volume (MPV). All haematology parameters in
the blood samples were determined using an Advia 120
Haematology Analyser (Siemens, Germany). In addition, blood
smears were prepared for visual evaluation.

Biochemical assay of serum. For serum analysis, the mice
were anaesthetized using diethyl ether and decapitated at the
1st, 3rd, 7th, 15th and 30th day. The whole blood (1.0 ml) was
collected in polypropylene tubes without the anti-coagulant
ethylene diamine tetra acetic acid (EDTA). Simultaneously, the
serum was separated by centrifugation of clotted blood (37 °C
for 30 min) at 3000 rpm for 10 min from whole blood at 4 °C.
The serum was used to measure the level of different enzymes
including alanine aminotransferase (ALT), aspartate amino-
transferase (AST), and alkaline phosphatase (ALP) using colori-
metric assay kits from Beacon Pvt. Ltd, India.

Protein content analysis. The protein concentration was
measured by the Bradford method using bovine serum
albumin as a standard.32

Lipid peroxidation assay. The levels of lipid peroxidation
(MDA) in different tissues were measured using TBA as
described by Ohkawa et al.33

Antioxidant enzyme assay. 10% homogenates of different
tissues were prepared and processed for the estimation of the
antioxidant enzyme SOD and catalase activity following a stan-
dard protocol described by Das34 and Sinha,35 respectively.

Histopathological analysis. The organs (liver, kidney and
spleen) were surgically removed from the mice under diethyl
ether anaesthesia. To determine the toxicity of the NCQDs, a
histological analysis of organs was performed to determine
whether the NCQDs caused tissue damage and/or any patholo-
gic impacts such as inflammation or necrosis.

Skin toxicity test. A skin toxicity test was also performed in
mice in order to check for sensitivity toward the NCQDs. For
this study, two groups of Swiss albino mice (A and B) were
selected with three mice in each group. The backs of the mice
were shaven and disinfected with a 70% alcohol solution
using a cotton swab. The first group was treated with 500 µl of
Milli-Q water and the other group was treated with 500 µl of
NCQDs (10 mg ml−1) for 3 successive days.

Statistical analysis. A statistical analysis was performed
using SPSS 16.0 software. Data were expressed as the
means ± SE. One-way analysis of variance (ANOVA) with
p-values less than 0.05 was considered to be statistically
significant.

Results and discussion

Carbon quantum dots, due to their versatile applications, have
generated significant interest since their discovery in 2004 in
the field of nanotechnology. A variety of research groups have
published their work regarding CQDs, focussing on their syn-
thesis and applications. However, their toxicity has proved to
be a serious impediment towards their usage in the develop-
ment of in vivo diagnostic applications and therapies. Very few
reports have been published on the toxicity of carbon
quantum dots.27,28 The purpose of this study is to present for
the very first time a detailed analysis of in vitro and in vivo tox-
icity of nitrogen doped carbon dots. D-Glucose and EDA were
taken as carbon and nitrogen sources, respectively, to syn-
thesize nitrogen doped carbon quantum dots (NCQDs) rich in
odd atoms via a microwave-assisted method. UV-Vis, FTIR,
TEM and photoluminescence (PL) methods were carried out
for the characterization of the NCQDs. TEM images of the as
synthesized NCQDs via a microwave assisted method are
shown in Fig. 1(c). The TEM image revealed that NCQDs are
monodisperse in aqueous medium and possess spherical mor-
phology with an average diameter of the order of ∼3.7 nm.
High resolution transmission electron microscopy (HRTEM)
images clearly reveal well resolved lattice fringes with a lattice
spacing of about 0.23 nm corresponding to the (001) planes of
graphitic carbon. FTIR studies were carried out to determine
the functional groups present at the surface of the NCQDs.
The spectra of the CQDs and NCQDs have been presented in
Fig. 1(b) and possess several characteristic peaks. The peak at
3293 cm−1, 1636 cm−1 and 1338 cm−1 corresponds to stretch-
ing vibration of –NH, stretching vibration of amide-I and
stretching vibration of –CN, respectively. In addition, the
vibration peaks at absorption bands of 2929 cm−1, 1441 cm−1,
1036 cm−1 and 593 cm−1 could be ascribed to –CH (alkyl),
–CvO (carbonyl), and C–OH (hydroxyl), –C–O–C (epoxy) and
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C–H (alkyl) group vibrations respectively. Therefore, the FTIR
study confirmed the presence of amine, acid and hydroxyl moi-
eties on the surface of the synthesized N-CQDs. Further
UV-visible and corresponding photoluminescence spectra of
these NCQDs were recorded at neutral pH to understand the
optical properties of the NCQDs (Fig. 1a). The aqueous solu-
tion of NCQDs is pale yellow in colour under day light while it
emits green fluorescence under UV light, which can be easily
observed with the naked eye (inset figure). The UV-visible
absorption spectra reveal that NCQDs show a peak of approxi-
mately 334 nm the tail of which extends across the visible
region. This could be attributed to π–π* transition and n–π*
transition of the nonbonding electron of the nitrogen group or
carbonyl groups passivating the NCQDs, respectively.16

Generally, CQDs show relatively low quantum yields.
Hence, doping with nitrogen (a heteroatom) was carried out to
enhance the quantum yields of CQDs. It is evident from the
XPS data (Fig. S1†) that N content was highly doped. Hence, it
resulted in enhanced quantum yield of NCQDs which is equi-
valent to 35.76%. The most interesting feature of carbon dots
is its photoluminescence. The classic signature of the carbon
dots is wavelength dependent PL behaviour. Excitation depen-
dence emission spectra of NCQDs at pH 7 have been recorded
and presented in Fig. 1(d). A strong PL emission peak located
at 413 nm was observed at an excitation wavelength of 340 nm.

The fluorescence emission wavelength was also found to be
red shifted with an increase of the excitation wavelength from
270 nm to 390 nm, which is evident from emission spectra
shown in Fig. 1(d). The plausible reasons for the PL behaviour
in carbon dots are variable particle size and different surface
energy traps. The difference in the position of emission peaks
with variable excitation wavelength is due to the variable size
of the carbon dots. The energy gap of the carbon dots
increases with the decrease in the particle size of carbon dots
and vice versa due to quantum confinement. Hence, it is poss-
ible that smaller size CDs get excited at a lower wavelength,
whereas those with a larger size get excited at higher wave-
lengths.36 It is also observed that the PL of CDs decreases as
the wavelength increases, which can be attributed to the exci-
tation of different size CDs at different wavelengths. Another
reason for the excitation dependent PL behaviour can be
ascribed to the presence of various functional groups on the
surface of the CDs that result in a series of emissive traps.36

In vitro toxicity study

An in vitro cytotoxicity study was also carried out against the
HeLa cell line at different concentrations of NCQDs (0, 6.5,
12.5, 50.0, 100.0, 200.0, and 400.0 μg mL−1) for 24 h, 78 h and
120 h. The cell viability was measured by the MTT assay. The
cell viability test demonstrates that the NCQDs did not exert

Fig. 1 (a) TEM images, (b) FTIR spectrum and (c) UV-visible absorption spectrum (the inset shows the optical images of NCQDs in daylight and after
being irradiated with a UV lamp at a wavelength of 356 nm and (d) excitation dependent PL spectra of NCQDs.
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any significant toxicity as the cell viability was high even after
120 h treatment with NCQDs at a concentration of 400.0
μg mL−1 (Fig. 2a.). The LDH level produced in cell culture
reflects cell membrane integrity. In the case of cell membrane
damage, intracellular LDH molecules are released into culture
medium. In our study, LDH release profiles were monitored as
a function of the NCQD concentration. From the result pre-
sented in Fig. 2b, it was evident that LDH release is directly
proportional to the concentration of NCQDs. The results of
cell toxicity and LDH release profiles revealed that the nonspe-
cific NCQDs do not show any potential toxicity, showing a low
LDH release amount (below 4%) and high cell viability after
treatment. The results were in agreement with earlier reports
that used PEG-GQDs for toxicity evaluation.24,28

The characteristic trait of an apoptotic cell is cell shrinkage
with chromatin condensation and fragmentation of nuclei.
Such features can be visualised by AO/EB staining. In the case
of apoptotic cells and dead cells, EB enters the cells and emits
orange-red fluorescence, while normal cells with intact mem-
branes fluoresce green due to AO. The result for AO/EB stain-
ing has been presented in Fig. 2c–g. It is evident from staining
that no orange-red stained cells were observed. All the cells
were fluorescing green for untreated and treated groups at
different concentrations: 0, 50.0 and 100.0, 200.0, and 400.0
μg mL−1 respectively. The results clearly indicate that there
were no apoptotic cells, suggesting negligible toxicity of

NCQDs at applied concentrations. Considering the importance
of NCQDs for cell culture applications, we also tested the viabi-
lity of these doped QDs into liver, lungs and kidney cell lines;
however, we did not find any qualitative and quantitative
differences in viability and AO/EB staining (ESI Fig. S2–4†).

Haemolysis assay

The hemocompatibility of any nanomaterial with human
blood components is a crucial toxicological consideration for
the successful application of nanomaterials for biomedical
applications. To address the concern of blood compatibility, a
haemolysis assay was also performed against different concen-
trations of NCQDs (50–400 µg ml−1) for variable times up to
24 h and the result has been presented in Fig. 3. The haemoly-
sis parameter has been widely used in the biosafety evaluation
of materials.37 It represents the health status of RBC cells. The
result clearly shows that the haemolysis percentage of RBCs
exposed to 400 µg ml−1 of the NCQDs was negligible. Hence,
the result infers an excellent compatible material for the intra-
venous route.

Cell apoptotic analysis

Flow cytometry or fluorescence activated cell sorting (FACS) is
a standard method to detect cell apoptosis with high sensi-
tivity and can be simultaneously used for cell cycle analysis.30

HeLa cells were grown in the presence of different concen-

Fig. 2 In vitro cytotoxicity tests: (a) MTT assay of HeLa cells and (b) lactate dehydrogenase (LDH) release study. Figures (c)–(g) show the AO/EtBr
staining of HeLa cells treated with 0, 50.0 and 100.0, 200.0, 400.0 μg mL−1 NCQDs respectively.
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trations of NCQDs for 24 hours. The cell cycle status of
∼10 000 cells of both treated and untreated HeLa cells was ana-
lysed and classified into G0/G1, S or G2/M phases (Fig. 4a–e).
Treatment of HeLa cells with different concentrations of
NCQDs for 24 hours induced a small increase of the number
of cells in the G2/M phase and a decrease of the number of
cells in the G0/G1 phase when compared with the control cells
(Fig. 4f). Analysis of the results revealed that 13.5% of the
untreated control cells were in the G2/M phase while treatment
with NCQDs caused an increment in the fraction of cells in the

G2/M phase to 13.37%, 14.98%, 15.83%, 17.13% and 15.9%
at 0.0 µg ml−1, 50.0 µg ml−1, 100.0 µg ml−1, 200.0 µg ml−1 &
400.0 µg ml−1 concentrations, respectively. In the case of
untreated cells, 59.22% of cells were in the G1/G0 phase while
the treated fraction of cells in the G1/G0 phase was 57.08%,
54.74%, 51.19% and 46.43% respectively. A cell cycle study
reveals that NCQDs did not cause apoptosis, as indicated by
the absence of sub-G1 cell population. In both untreated and
treated groups neither M-phase arrest nor G1 disruption was
observed significantly.

In vivo toxicity analysis in Swiss albino mice

The body weight and the organ weight of the mice were noted
at different time points after the administration of NCQDs
and the results are presented in Fig. 5f. Fluctuation in body
weight is recognised as an initial useful indicator for asses-
sing in vivo toxicity of any material. The dose of NCQDs
applied in this study is within the safe limits to as to not
interfere with regular animal growth. The organ weight
results of different days (Fig. 5a–e) suggest that intravenous
administration of NCQDs did not cause any significant
change in the weight of the liver, spleen and kidney of the
treated group as compared to the control group. Apart from
organ weight, protein content was also estimated in different
tissues and the results are shown in Fig. 5g–i. The results
illustrated that protein content in the tissues was not signifi-
cantly altered.

Oxidative stress plays a leading role in generating nano-
material based toxicity. As a result of nanomaterial adminis-

Fig. 3 The haemolysis assay of NCQDs.

Fig. 4 Flow cytometric analysis of HeLa cells: (a) the control without treatment; (b) 50.0 µg ml−1, (c) 100.0 µg ml−1, (d) 200.0 µg ml−1 and (e)
400.0 µg ml−1 of NCQD treatments (where M1 – sub G1 phase; M2 – G1 phase; M3 – S phase change; M4 – G2 phase change). (f ) Changes induced
by NCQD treatment at different phases of the cell cycle such as Sub G1 and G1/G0 phase changes, S phase changes and G2/M phase changes.
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tration, it is possible that various oxidative stress enzymes
may appear in order to nullify the toxic effect of nano-
materials. Different enzymes responsible for the downregula-
tion of free radical formation in the body are lipid peroxidase
(LPO), catalase (CAT), and super oxidase dismutase (SOD). In
the case of toxicity assessment based on lipid peroxidation,
lipid peroxidases play a major role. In the present study
these important enzyme activities are measured in different
tissues of treated mice with untreated reference mice as
the control. Results suggest that there were no significant
changes in LPO (Fig. 6a–c), SOD (Fig. 6d–f ), and CAT
(Fig. 7a–c) levels in the liver, kidney and spleen
homogenates.

We then carried out the serum biochemistry analysis in
which serum parameters like alanine aminotransferase (ALT),
aspartate aminotransferase (AST) and alkaline phosphatase
(ALP) were measured periodically in mice treated with NCQDs
at the 1st, 3rd, 7th, 15th and 30th day. The results for serum
biochemistry analysis have been presented in Fig. 7d–f. The
hepatic factors indicated the normal liver function, as the
values of parameters were within normal ranges and were
similar to the values for control animals (treated with saline
solution). The serum biochemical assay results clearly reveal
that the activities of ALT, AST and ALP enzymes did not signifi-
cantly change as compared to each control group. The results
of serum analysis showed no sign of liver injury.

Fig. 5 Organ weight of the NCQD treated mice at (a) the 1st day, (b) 3rd day, (c) 7th day, (d) 15th day and (e) 30th day of injection. Groups I and II rep-
resent experimental groups treated with 5 and 10 mg kg−1 of NCQDs. (f ) Body weight of mice recorded at different time points as a function of
different doses of NCCQs. Total protein content of the NCQD treated mice at the 1st, 3rd, 7th, 15th and 30th day of treated and control groups, (g)
spleen extract, (h) kidney extract and (i) liver extract.
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Fig. 6 The bar diagram represents the levels of MDA in (a) the liver, (b) kidney, and (c) spleen and the levels of SOD antioxidants in (d) the liver, (e)
kidney and (f ) spleen homogenates.

Fig. 7 The levels of catalase antioxidants in (a) the liver, (b) kidney, and (c) spleen and the levels of (d) ALT, (e) AST, and (f ) ALP in the serum of
treated and control groups.
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Haematological analysis

In the toxicity study, immunological parameters also play an
important role. Any foreign material when administrated to
the body may affect the immune system or induce an inflam-

matory response, which would be indicated by changes in
haematological factors, such as red and white blood cell
counts. Herein, we have also performed the complete blood
count (CBC) for a NCQD treated mouse model for 30 days
(Fig. 8). Standard haematological and biochemical markers

Fig. 8 Haematology results of the NCQD treated mice post 1, 3, 7, 15 and 30 days of injection. These results show the mean and standard deviation
of (a) lymphocytes, (b) RBC, (c) Hb, (d) MCHC, (e) PLT, (f ) HCT, (g) monocytes and (h) neutrophils.

Fig. 9 H&E stained tissue slices (liver, kidney, and spleen) of mice injected with NCQDs (IV route) at the doses of 5.0 mg per kg BW and 10 mg per
kg BW once. Control group (a, d, g); group I – 5.0 mg per kg BW (b, e, and h), group II – 10 mg per kg BW (c, f, i) (CV = central vein; HP = hepato-
cytes, glomerulus, Bowman’s space, white pulp and red pulp).
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were monitored. In the haematology analysis, the following
important markers were tested: lymphocytes/white blood
cells (WBC), red blood cell (RBC), haemoglobin (Hb), mean
corpuscular haemoglobin (MCH), mean corpuscular haemo-
globin concentration (MCHC), platelets (PLT), haematocrit
(HCT), monocytes, and neutrophils. All the above parameters
in mice treated with different concentrations of NCQDs at
different time points appeared to be normal compared
with control groups. The results did not suggest any acute
toxicity.

Histopathological analysis allows for the detailed micro-
scopic evaluation and histological assessment of tissue
interactions. From the histological analysis of animal
tissues, there are no apparent histopathological abnormal-
ities or lesions observed in the liver, kidney and spleen. H&E
staining of such organs showed the same properties as those
of control sections. Histological examination did not show
any adverse symptoms of toxicity on the kidney, liver or
spleen (Fig. 9). Hepatocytes in the liver samples were
observed to be normal, and there were no signs of inflamma-
tory response. The glomerulus structure in the kidney
section was observed with normal texture. Necrosis was not
found in any of the histological samples which were ana-
lysed. Body weights were monitored every other day, and the
fluctuations were not greater compared to those of the
control group.

Skin sensitivity test

Furthermore, the synthesized NCQDs were tested for skin sen-
sitivity. The NCQDs were uniformly spread onto the exposed
skin of mice. The local conditions of the treated skin area and
the overall state of the mice were observed continuously for 30
days after outer skin exposure to NCQDs. There was no local
inflammation found in the skin area exposed to NCQDs. Hair
were also recovered smoothly (Fig. 10).

Conclusions

Here, we have synthesized nitrogen-doped carbon dots using
D-glucose and ethylene diamine as raw materials and studied
their toxicity both in vitro and in vivo. Our results showed that
the as-prepared NCQDs were highly hydrophilic in nature and
possessed excellent fluorescent properties, excitation depen-
dent fluorescence emission with good quantum yield.
Furthermore, an in vivo toxicity study of NCQDs revealed no
acute toxicity and morphological changes were observed for
the experimental dosages of 5 and 10 mg per kg BW. Also,
blood biochemistry and haematological analysis suggested no
significant toxicity of NCQDs up to 30 days. No inflammation
and disruption were observed in the liver, kidney and spleen at
the 30th day after the administration of the NCQDs. In vitro
results corroborated in vivo results. The NCQDs did not show
apoptosis, confirming the nontoxic nature of NCQDs.
Superficial application of NCQDs on the skin also showed a
positive response. Overall, both in vivo and in vitro results
suggest that NCQDs are safe for application via intravenous
routes and are nontoxic up to the tested concentration of
400 μg mL−1. Our results are encouraging and provide sub-
stantial evidence of the safety of NCQDs for biomedical
applications.
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