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Carbon quantum dots (CQDs or C-dots, <10nm in size) are tiny carbon nanoparticles being envisaged
in biosensing, bio-imaging and biomolecular/drug delivery. In the present investigation, green fluores-
cent carbon quantum/nano dots (GCQDs, ~3 nm in size) were synthesized through facile chemical slicing
method. Further, folic acid (FA) functionalized GCQDs (GCQDs-FA) were obtained to enhance their target-
ing ability. FA is known to positively influence the binding potential and penetration into the cancer cells
because of high abundance of folate receptors (FR) on various cancer cell membranes. We report high
biocompatibility, photoluminescence stability and excellent in vitro cancer cell cytoplasm and nucleus
targeting performance of GCQDs-FA on MCF-7 breast cancer cells.

© 2016 Elsevier Ltd. All rights reserved.

1. Introduction

Cancer is one of the deadliest human diseases [1] with over 10
million new cases reported every year [2]. The treatment of can-
cer is complex and requires targeted therapeutics along with a
variety of nanoplatforms making it a thrust area of research [3,4].
Progress in biomedical fields [5,6] has taken early stage cancer
diagnostics research to new dimensions [6-10] with great demand
for high resolution optical imaging using organic dyes and inor-
ganic nanoparticles (metal quantum dots) [11-15]. However, the
use of various organic dyes and metal quantum dots as fluores-
cent probes for optical bioimaging [16-18] has been hampered
due to poor photostability, low water solubility, high toxicity and
low biocompatibility [19,20]. Recently, fluorescent carbon nano-
materials particularly quantum/nano dots has been materialized
as the most attractive probes in nanomedicine [21-23] due to pro-
longed photostability, good water solubility, high biocompatibility
and low toxicity [23-26]. In literature, number of publications with
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luminescence behavior of carbon quantum dots being obtained
from various carbon sources by top-down and bottom-up
approaches has been reported [27-38]. However, expensive pre-
cursors, long reaction time (2-3 days), sophisticated synthetic
routes and harsh experimental conditions are barrier in the large
scale synthesis of CQDs [37-44]. Additionally, large scale synthe-
sis of photoluminescent carbon quantum dots within confined size
limits (<10nm) with long-term photostability is still a challenge
[45,46]. In the present investigation, we report an ambient large
scale synthesis of green fluorescent carbon quantum/nano dots
(GCQDs) and their potential application in early cancer diagnos-
tics (Scheme 1). To obtain GCQDs, carbon fibers were subjected to
chemical slicing. Here, we firstly report one pot large scale synthe-
sis of GCQDs (>50% conversion efficiency) at ambient conditions.
Folic acid (FA) was used as a targeting ligand to target the MCF-7
breast cancer cells through receptor mediated endocytosis. FA is a
commonly used targeting ligand because of low molecular weight,
good water solubility, high biocompatibility and over expression
of folate receptors (FRs) on lung, breast, ovarian and renal can-
cer cells [47,48]. GCQDs-FA exhibited good biocompatibility and
targeting ability leading to its high deep intracellular uptake and
potential applications in cancer cell imaging. Additionally, we also
report dual targeting ability of folic acid functionalized GCQDs (cell
cytoplasm and nucleus) on MCF-7 breast cancer cell lines and high
biocompatibility on L929 normal cells.
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Scheme 1. Diagram depicting synthesis process of green fluorescent carbon quan-
tum/nano dots (GCQDs) and targeting approach.

2. Materials and methods
2.1. Instrumentation and measurements

The synthesized GCQDs were systematically characterized
with various physicochemical techniques. The size and morphol-
ogy of nanostructures were examined by transmission electron
microscopy operating at 200 kV. Samples for TEM were prepared
by evaporating a droplet of sample onto 200 mesh carbon coated
copper grid. Optical properties of GCQDs were characterized by
UV/visible (Jasco V570) and photoluminescence (Scinco, Korea)
spectrophotometry using standard quartz cuvette having a path
length of 1 cm. Digital photographs were captured in UV cabinet.
AFM images were obtained from atomic force microscope (PSIA
XE-100) under tapping mode. The samples for AFM measurements
were prepared by drop casting on clean silicon wafers surface after
ultrasonic treatment (Equitron ultrasonic cleaner). Bio-imaging
was performed with the help of fluorescence microscope (Axio
ObserverZ1, Carl Zeiss). Raman Spectrum was recorded from 800 to
3000 cm~! on LabRAM Horiba JY HR-800 micro Raman spectrome-
ter coupled with a microscope in reflectance mode with a 632.8 nm
excitation He-Ne laser source. The dry sample was loaded on glass
slide.

2.2. Synthesis and functionalization of green fluorescent CQDs
(GCQDs)

In a 250 mLround bottom flask, 300 mg carbon fiber powder was
mixed with 40 mL of concentrated H,SO4 and sonicated for 1h at
room temperature. The sonicated solution was injected slowly to
10mL of HNOj3 followed by stirring for 12 h at room temperature.
Freshly prepared 400 mL water was added (pH was adjusted to 7
with the help of Na;CO3 and NaOH) to the mixture. To remove the
salts, the resulting solution was stirred in ice bath for 1 h followed
by dialysis using dialysis bag (molecular weight cut-off 3000 Da) for
24 h.The final yield of GCQDs was found ~160 mg. The fluorescence
effect was observed by passing 365 nm UV light in a UV cabinet. The
surface functionalization of GCQDs with folic acid was carried out
in stepwise manner. In order to activate carboxyl group, 0.2 M of
1-ethyl-3-(3-dimethylaminopropyl) carbodiimide and 0.4 M of N-
hydroxysuccinimide were added in 100 mg of folic acid dissolved
in 50mL of MPW under constant stirring for 24 h at room tem-
perature. Freshly prepared 10 mL solution of amine functionalized
GCQDs (GCQDs-NH;) was prepared by mixing of 1 M PEI with 10 mL
of GCQDs and added dropwise to the above activated folic acid solu-
tion under constant stirring at room temperature for another 12 h.

A solution of GCQDs-FA was obtained and freeze dried for further
studies. The activation of folic acid and anchoring on GCQDs-NH,
reactions were protected from direct light.

2.3. Cell culture

The normal L929 cells and MCF-7 cancer cells were cultured
in regular Roswell Park Memorial Institute media (RPMI) 1640
medium supplemented with 10% Fetal Bovine serum and peni-
cillin/streptomycin, under 5% CO, atmosphere at 37 °C.

2.4. In vitro cytotoxicity assay

In vitro cytotoxicity studies were performed over L929 cells
using 24h MTT assay. Cells were seeded at density of 2 x 104
cells per well of 96 well plate. 100 uL of different concentra-
tions (10-1000 pg/mL) of GCQDs dispersed in media (incubated
overnight, 5% CO, and 37°C) were added into wells followed by
24 h incubation. After, incubated wells were washed off with PBS
and 20 pL of MTT dye was added. Formazan crystals formed after
4h were dissolved by 200 pL of DMSO. Optical absorbance was
recorded at 570nm and 690 nm using microplate reader (Tecan
Infinite 200 PRO). Percentage cell viability was calculated in ref-
erence to untreated cells (negative control).

2.5. Cellular uptake of GCQDs

To ensure the cell targeting performance, folic acid was cho-
sen as a targeting ligand and MCF-7 cells were treated with folic
acid functionalized GCQDs (GCQDs-FA). Before this study the MCF-
7 cells were seeded in 96 well plates at density of 2 x 10 cells/well
and incubated overnight in incubator maintained at 5% CO, and
37°C. Next day, wells were washed off with PBS and 100 pL of
20 wg/mL of GCQDs-FA was added. After 3h and 12 h, wells were
washed off with PBS twice to remove unbound particles. There-
after, 4% paraformaldehyde solution was added to the cells and
after 10 min of incubation nuclei were stained with 4, 6-diamidino-
2-phenylindole (DAPI). Cover slip was then mounted over a drop
of 70% glycerol on glass slide to fix the phase of the cell. Images
were captured using fluorescence microscope (Axio Observer Z1,
Carl Zeiss).

3. Results and discussion
3.1. Microscopic characterization of GCQDs

The morphology (size, shape and thickness) of GCQDs were
confirmed by TEM and AFM (Fig. 1). TEM image revealed uni-
form distribution of GCQDs with an average particle size of ~3 nm
(Fig. 1a) which was summarized in a histogram (Fig. 1b). The AFM
image exhibits the topographical morphology of GCQDs (Fig. 1c).
The heights between 0.5nm and 2.5nm as depicted from height
distribution histogram correspond to 1-2 layers of GCQDs (Fig. 1d).
The HRTEM images (Fig. 1e and f) and lattice parameter of 0.24 nm
(Fig. 1g) demonstrated clear fringe gaps and honeycomb frame-
works having hexagonal architectures which are attributed to
crystalline structures [49-51].

3.2. Spectroscopic characterization of GCQDs

Further, UV-Vis spectrum of GCQDs (Fig. 2a) shows absorption
peaks centered at Amax 230 nm and Amax 310 nm are attributed to
the m—m* transitions (of aromatic sp? domains) of the C=C band and
n-7* transitions of C=0 band respectively [52,29] thus, indicate
the presence of m-conjugated frameworks and carbonyl functional
groups. Raman spectrum of GCQDs revealed the presence of spZ and
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Fig. 1. Microscopic characterization of GCQDs (a) TEM image, (b) size distribution histogram (~3 nm), (c) AFM image (d) height distribution (thickness ~ 1.5 nm), (e, f) lattice
fringe gap (~0.2 nm) and HRTEM image, and (g) zoomed HRTEM image with honey comb frameworks.

sp> carbon domains with D-band at 1324cm~"! and a low inten-
sity G-band at 1580 cm~! (Fig. 2a, insert). The purity of GCQDs was
confirmed from Ip/I; value (0.84) and the absence of 2D peak.
Excitation with a wavelength of 430nm showed a signifi-
cant photoluminescence emission (green fluorescence) at 520 nm
(Fig. 2b, black curve) being attributed to the fluorescence nature
of GCQDs [6,52,29]. The presence of sp2 and sp3 carbon clusters in
definite ratios in the GCQDs lead to its fluorescence [8,53]. More-
over, the photoluminescence spectra (Fig. 2b, red curve) of GCQDs
taken after interval of 30 days showed similar photoluminesce-
nce intensity at 520 nm hence revealed good photostability and
water dispersibility of GCQDs. Further, a prolonged photolumine-
scence stability of GCQDs was confirmed by the green fluorescence
observed after a year (Fig. 2c, digital photographs). Under visible
light, GCQDs showed brownish color whereas under UV light, (Aex
365 nm) GCQDs showed green fluorescence (Fig. 2¢). The absence
of aggregation and particle settling in aqueous solution of GCQDs
was observed under visible light even after 30 days which revealed
its high dispersibility behavior (Fig. 2b). Emission peak broadening
observed under various pH conditions is attributed to the exist-
ence of multiple edges on GCQDs. In acidic pH (2-6) an increase
in PL intensity whereas in basic pH (8-12) decrease in PL inten-
sity was observed, attributed to proximate environment of GCQDs

(presence of H*/OH~ ions in solution) which may also influence the
fluorescence quenching [54-57].

3.3. Photostability of aqueous suspension of GCQDs

The extra-high photostability of aqueous suspension of GCQDs
(under visible light) at room temperature even after one year with
a strong PL opens tremendous scope for future applications (Fig. 2b
and c). Additionally, GCQDs showed sensitivity toward any change
in pH of dispersion media. A slight red shift in emission wavelength
and a significant blue shift in intensity due to change in pH (2-12)
made it a potential candidate for early stage diagnosis of cancer.
To the best of our knowledge, we firstly show high fluorescence
activity of synthesized GCQDs at acidic pH (2-4) thus mimicking
cancer cell environment (Fig. 2d). Moreover, change in color from
light brown to dark brown with increase in pH (from 2 to 12, under
visible light) may be attributed to the change in electronic transi-
tion of m-7* and n-7* in GCQDs. Once exposed to the excitation
wavelengths in the range of 280-430 nm, GCQDs showed a drop
in green fluorescence with an emission around 520 nm when pH
of the GCQDs solution adjusted to alkaline from acidic (Fig. 3a—c).
The exploitation of excitation wavelengths ensures the possibil-
ity of electronic transitions between HOMO and LUMO, and the
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Fig. 2. Spectroscopic characterization of GCQDs (a) UV-Vis and Raman spectra (insert, Raman G and D bands), (b) green fluorescence, Aem =520 nm, (c) digital photographs
showing photoluminescence stability up to 12 months, taken under UV and visible light, (d) pH (2-12) dependent fluorescence activity and digital photographs of water

dispersed GCQDs.
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Fig. 4. Fluorescence microscopic images of MCF-7 cancer cells (a-d) GCQDs 3 h, (e-h) cells treated with GCQDs-FA for 3 h and (i-1) cells treated with GCQDs-FA for 12 h.
Nucleus stained blue using DAPI and green fluorescence is due to GCQDs-FA. Scale bar is 10 pm.

peak shift in fluorescence may be corroborated to multiple electron
transitions.

3.4. In vitro cytotoxicity studies

In order to access the viability of the GCQDs as potential
bioimaging probe, in vitro cytotoxicity studies were carried out
with fibroblastic normal L929 cell line by using MTT assay (for 24 h,
2 x 10% cells per well) at different concentrations (10-1000 pg/mL).
The cell viability was calculated to be 100% in the control cells (in
absence of GCQDs) and without any significant effects (Fig. 3d and
Table S1). The average cell viability was found 80% after 24 h incu-
bation at highest concentrations (1000 p.g/mL) of GCQDs. The above
results demonstrated high potential of GCQDs for optoelectronics
and bio-medical applications.

3.5. Invitro cell targeting and bio-imaging performance of
GCQDs on MCF-7 breast cancer cells

Further, evaluation of in vitro cell targeting and bio-imaging per-
formance of GCQDs on MCF-7 breast cancer cells was carried out
by using folic acid (FA) as a targeting ligand (Fig. 4). To understand
the effect of FA on targeting ability, GCQDs and GCQDs-FA were
incubated for 3 h (20 g/mL) followed by fluorescence microscopy
imaging. After 3 h of incubation, GCQDs showed lack of targeting
ability which was evident by the absence of green fluorescence
in the cell interior (Fig. 4a-d). Whereas, when GCQDs were func-
tionalized with FA (a folate receptor ligand), an excellent targeting
ability in cell cytoplasm was revealed by high green fluorescence
after 3h of incubation (Fig. 4e-h). Moreover, green fluorescence
was observed in the cell cytoplasm and nucleus when incubation
time was increased up to 12h, confirming dual targeting ability
of GCQDs which may be due to the high water solubility of the
GCQDs-FA (Fig. 4i-1). Here, the enhanced visibility of green flu-
orescence in late endosome of MCF-7 cancer cell indicates the
successful targeting ability of GCQDs-FA. Further, the appearance of

green fluorescence in close proximity to the nucleus indicates the
invasion ability of GCQDs-FA in the nucleus which makes it a poten-
tial candidate for targeted drug delivery for cancer theranostics. The
presence of GCQDs-FA in cytoplasm and near to nucleus noticeably
reflected their cell targeting capability (zoomed images, Fig. 4 and
Table S2).

4. Conclusions

Green fluorescence of GCQDs-FA in MCF-7 breast cancer cells
observed under fluorescence microscopy imaging is in accordance
with the green fluorescence of acidic aqueous suspension of GCQDs
obtained in PL spectra. We have demonstrated a one pot large
scale synthesis for producing green fluorescent carbon quantum
dots (GCQDs) of ~3 nm in size. The synthesis process ensured (1)
one pot process (>50% conversion efficiency), (2) ambient reaction
conditions, (3) excellent green photoluminescence and prolonged
stability, (4) good water solubility and (5) superior biocompatibil-
ity. Due to low toxicity and good fluorescent nature, the GCQDs-FA
was successfully used for targeted in vitro cell imaging (MCF-7
breast cancer cells). Further, excellent cancer cell cytoplasm and
nucleus targeting performance of folic acid functionalized GCQDs
(GCQDs-FA) has been demonstrated. A dual targeting ability (cyto-
plasm and nucleus) by using GCQDs-FA as a single platform has
been observed.

Conflict of interest

The authors do not have any conflict of interest.

Acknowledgements

Authors acknowledge UGC, CSIR and DBT, India for partial finan-
cial support, and director CSIR-NCL for providing infrastructure.



76 S. Aiyer et al. / Applied Materials Today 4 (2016) 71-77

Appendix A. Supplementary data

Supplementary data associated with this article can be found, in
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