ejpmr, 2020,7(9), 162-172

EUROPEAN JOURNAL OF PHARMACEUTICAL Review Article
AND MEDICAL RESEARCH ISSN 2394-3211
EJPMR

SJIF Impact Factor 6.222

CARBON DOTS: A REVIEW ON RECENT ADVANCEMENT IN PROPERTIES,
SYNTHESIS AND BIOMEDICAL APPLICATIONS

Shreya Parkar*, Rutuja Sawant, Akshay Gade, and Prajakta Kegade

Department of Pharmaceutics, M Pharmacy, University of Mumbai, Vidya Nagari, Kalina, Santacruz East, Mumbai,
Maharashtra 400098.

*Corresponding Author: Shreya Parkar

Department of Pharmaceutics, M Pharmacy, University of Mumbai, Vidya Nagari, Kalina, Santacruz East, Mumbai, Maharashtra 400098.

Article Received on 14/07/2020 Article Revised on 04/08/2020 Article Accepted on 24/08/2020

ABSTRACT
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Luminescent carbon quantum dots (CQDs) represent a novel form of carbon nanomaterials with a size below 10
nm. It was first discovered in the electrophoretic analysis of fluorescent single-walled carbon nanotube fragments.
Carbon Dots (CDs) mainly includes carbon nanodots, carbon quantum dots, graphene quantum dots, and
carbonized polymer dots. Carbon dots have tunable emission with a different excitation wavelength and abundant
surface functional groups which will act as a platform for the attachment of several drugs and ligands. CQDs are
also suitable for surface passivation by various organic and inorganic molecules and by surface passivation
physical and fluorescence properties are enhanced. As well as carboxyl moieties on the surface of CDs imparts
solubility and biocompatibility. Due to This unique combination of characteristics, along with the ease with which
they can be synthesized, carbon dots are drawing significant attention as a novel nanoparticle and a promising
approach in Bioimaging, biosensing, Targeted drug delivery, gene delivery, and other applications. Recently a
triple conjugated system was also developed with carbon dots (C-dots), which have gained tremendous success in
Cancer Therapy. In this review, we present some of the most recent applications of carbon dots in biomedicals and
concentrating on their fluorescence properties, types, synthesis, and surface modifications.

INTRODUCTION

Carbon Dots (CDs) are novel carbon nanostructures,
with unique optical and fluorescent properties.! They
can be described as small, surface-functionalized
carbonaceous nanoparticulate systems.” In 1984,
Russian physicist Ekimov first discovered the QD in
glass crystals.®! After 1984 C-dots were accidentally
discovered in 2004 during the separation of single-walled
Carbon nanotubes (CNTSs). Based on these findings, in
2006, Sun et al. synthesized fluorocarbon NPs with a
diameter of less than 10 nm, naming them C-dots.!?
Different compounds belonging to group Il to VI e.g.
Ag, Cd, Zn, Hg, etc lead to the formation of QD. These
have become an obligatory tool for traceable targeted
delivery, biomedical research, and different therapy
applications.*®  They generally possess an sp2
conjugated core and contain suitable oxygen content in
the forms of multiple oxygen-containing species
represented by carboxyl, hydroxyl, and aldehyde
groups.)  Depending on their structure, CDs are
classified into three categories, graphene quantum dots
(GQDs), carbon nanodots (CNDs), and polymer dots
(PDs). All types of CDs exhibit fluorescence properties
despite their dissimilar structure, size, and surface
functional groups.[®” Their unique characteristics makes
them versatile for several applications.®! Until now, the

applications of C dots have been widely demonstrated in
sensing,  bioimaging, nanomedicine,  catalysis."
Photothermal as well as photodynamic therapy and
drug/gene delivery carriers. CDs could also be applied
for the determination of cellular levels of biomolecules
and ions, such as Cu**, Hg*", NO~, C H O, etc.''! Great
success of carbon dot is dominantly benefited from the
easy accessibility of its preparation and synthesis
methods with different physical or chemical approaches.
These methods are generally divided into two
subcategories: top-down and bottom-up approaches.****!
Due to easy functionalization and biocompatibility C-
dots have gained increasing research attention in the past
decade.’! Functional groups incorporation on the
surface of C-dots has resulted in a useful tool for the
treatment of various diseases and also applied for the
delivery of anticancer drugs. Hence Targeted drug
delivery has become one of the prominent properties of
c-dots.**!

Carbon dots

Carbon dots are small nanoparticles (generally < 10 nm)
that are water soluble, highly photoluminescent,
inexpensive to make, have good biocompatibility, and
are believed to be nontoxic.! CDs are formed either by
a top-down method, which relies on the fragmentation of
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carbon allotropes such as nanotubes, graphene and
fullerenes, or by a bottom-up method where carbon
hydrates are introduced as a carbon source to react with
solvents in special synthesis conditions.”! Carbon dots
(CDs), one kind of fluorescent carbon nanomaterials
with size less than 10 nm and emissive wavelength from
blue to near-infrared (NIR) region, have attracted
increasing attention worldwide in biomedical fields. 8"
The main two characteristics which are truly recurrent in
every type of CD are the small size and the surface
functionalization layer, which is typically very dense and
disordered.” High-resolution transmission electron
microscopy (HR-TEM) imaging and atomic force
microscopy (AFM) imaging reveal the spherical
nanocrystal design of C-dots.”?) Nasal, oral, parental,
and pulmonary are the various routes for administration
of C-dots.C-dots fabricated from natural precursors, such
as plants and trees, can act as drugs for different
diseases. For example, C-dots fabricated from ginger and
tea inhibit HeLa, HepG2, MCF-7, and MDAMB-231
cells.[!

Types of carbon dots

CDs are classified into three categories based on their
structure and these categories are graphene quantum dots
(GQDs), carbon nanodots (CNDs), and polymer dots
(PDs) as illustrated in Fig. 1.”**! According to the
research, graphene QDs have been proved to be
derivations of the graphene/graphite and other graphitic
three-dimensional materials through top down synthetic
approaches. Normally G-QDs have layered structures
and lateral size up to 100 nm.*® On the other hand,
CNDs possess a spherical shape and can have a
crystalline graphite-like lattice in carbon quantum dots
(CQDs), or an amorphous structure in carbon
nanoparticles (CNPs).*1 PDs are aggregated or cross-
linked polymers prepared from linear polymers or
monomers. In addition, the carbon core and the
connected polymer chains can self-assemble to form
PDS.[27'28]

Graphene quantum dots

(( ()l)\)

Carbon dots (CDs)

-

Polymer dots
(PDs)

Carbon nanodots
(CNDs)

Fig. 1. Representation of three types of carbon dots.
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Fig. 2. Flowchart of properties of Carbon dots.

Structural property

CDs are quasi-spherical carbon nanoparticles with
usually less than 10 nm diameter.”® they are
fundamentally composed of C, H and O elements, due to
the presence of carboxylic acid moieties, render them
superior water solubility and functionalization with
different species.’ The surface properties of CDs are
characterized using transmission electron microscopy
(TEM) and atomic force microscopy (AFM).BY CQDs

are generally referred to as carbogenic compounds
having amorphous and crystalline structures with surface
functional groups. Many researchers conveyed the
existence of crystalline sp2 carbon in CQDs which
showed poor crystallinity.?? They can be doped with N,
S, P, and B heteroatoms resulting in a chemically
modifiable structure which enhances and render
additional functional properties.®¥ Also, covalent
binding enables them to be consequently functionalized
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with  organic,
species.?!

polymeric, inorganic, or biologic

Optical Properties

e Absorbance

CDs usually exhibit strong absorption in the UV region
with a tail extending to the visible range.E* Absorption
in the UV- visible region is usually estimated as the m-m*
transition of sp2 conjugated carbon and n-m* transition of
hybridization with a heteroatom such as N, S, P, etc. The
absorption property can be improved through surface
modification.® Most of the ¢ dots have an absorption
band of around 260-320 nm. However, the absorbance
of C-dots was found to increase to longer wavelength
after surface passivation with organosilane up to 350—
550 nm.5*" Besides, the compact structure within the
CDs, the interactions among groups make the energy gap
change, resulting in variation of the absorption.!*®!

e Photoluminescence

In  general, one uniform feature of the
Photoluminescence of CDs depends on the emission
wavelength and intensity. The reason for this unique
phenomenon may be the optical selection of
nanoparticles with different sizes or CDs with different
emissive traps on the surface.®” Studies of the optical
properties of small-sized C-dots are controversial due to
the exact mechanisms of PL, which remain unclear./*”
The molecular state emission, crosslinking, surface
passivation enhances the emission effect.*! Four
universally accepted photoluminescence mechanisms
are: carbon core state luminescence from conjugated -
domain with quantum confinement effect, surface state
luminescence from the interaction of surface groups and
carbon core, molecular state luminescence from the
specific molecular structure and crosslink enhanced
emission effect.[*2

Biological Properties

Magnificent success has been made in engineering CDs
bio-probes with good stability. However, the
biocompatibility of the functionalized CDs is still a
critical issue for the applications in live cells and
tissues.® Systematic cytotoxicity evaluations were
carried out on both raw CDs and Surface functionalized
CDs in the last few years.*!! The cytotoxicity of the CDs
passivated with functional groups, such as PEG, PPEI-
El, PEI, etc. The PEGylated CDs were non-cytotoxic up
to concentrations much higher than that is necessary for
cell imaging and related applications.® Recently carbon
dots have been synthesized from natural sources such as
orange juice, jaggery, sugar, etc as they contain
carbohydrate, hence C-dots derived from bio-sourced
become Exceptionally biocompatible.”

Surface modification

Good water solubility, prominent photostability, and
biocomBatlblllty render C-dots an effective alternative to

Surface-engineered C-dots results in accurate drug
delivery, diagnostic imaging, and biosensing.[*®! Surface
functionalization can be employed via covalent and non-
covalent mechanisms such as amide coupling,
esterification, sulfonation, polymerization, complexation,
and electrostatic interaction as depicted in Fig. 3.1 The
majority of CDs are rich in oxygen-containing groups
which makes them feasible in covalent bonding. Surface
passivation via covalent bonding of amine-containing
agents is a common method to improve the
Photoluminescence of CDs, which showed an important
influence on the properties of CDs.’¥ Surface
functionalization by chemical approach is one of the
attractive since it directly leads to oxygen-containing
functionalized carbon dots with precisely engineered
surface properties and it suitably selects the carbon
source size, shape, and physical properties." Amine-
coated C-dots were fabricated by Fan and co-workers by
surface engineering, -COOH was converted to a —NH2
group followed by carbonization of glucose to develop
amino-coated  C-dots  with  improved  surface
functionalization.®? Instead of random functionalization
of different chemical groups on the CDs, the advanced
effort has been made on grafting specific receptors on the
CDs. This has been efficient for CDs to be used as
nanoprobes in biosensing applications.  Specific
molecules of different sizes, structures, and functionality
are attached to the CD’s surface to create binding
affinity. CDs decorated with tyrosinase can be a
nanoprobe that is efficient and sensitive in detecting
levodopa.®™® boric acid can also be functionalized onto
the CDs, which shows great sensitivity in terms of
quenching toward the presence of glucose.® Sun and
co-workers firstly decorated CDs of no detectable PL
with PEG, then bright luminescence emission was
observed by surface passivation. Since then, various
biomacromolecules were linked to CDs to receive
satisfactory results or improve the specificity of
analytical detection or bioimaging®*® The antibody is
another candidate that is being used to tag on CDs for the
development of nanoprobes. Studies have demonstrated
that the CDs tagged with goat 1gG antibodies can detect
the presence of human I1gG.®
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Q-dots. Surface engineering involves surface

passivation by active functional moieties via different Fig. 3 Representation of various surface
bonds such as covalent, hydrogen, and ionic bonds. modifications.
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Synthesis

CDs can be synthesized mainly via two routes as
illustrated in Fig. 4. (i) top down approach and (ii)
bottom-up approach. Top-down approach refers to
breaking down larger carbon structures via chemical
oxidation, discharge, electrochemical oxidation, and
ultrasonic methods.®” In the bottom-up approach, CQDs

Top-down approach

Carbon resources

PN Carbon dot 7%

are fabricated from molecular precursors such as citric
acid, sucrose and glucose through microwave exposure,
thermal  decomposition,  hydrothermal treatment,
template- based routes and plasma treatment.[*!
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Fig. 4. Representation of the possible synthesis methods to prepare carbon dots.

Top down approach

e Arc Discharge

In 2014 Arora and Sharma.’”! indicated that arc
discharge® is a method to reorganize the carbon atoms
decomposed from the bulk carbon precursors in the
anodic electrode driven by the gas plasma generated in a
sealed reactor. In order to produce a high-energy plasma
the temperature in the reactor can reach as high as
4,000K under electric current in the cathode the carbon
vapor assembly to form CQDs. The preparation of CQDs
by arc discharge method was originated in 2004.[°!
During the arc discharge process, electrons are emitted
either through heating or with field emission due to the
large electric field generated. The plasma formed has a
mixture of carbon vapour, inert gas and vapours of the
catalyst by triggering the arc between two electrodes,
which subsequently evaporate the metal of interest into
metal vapour. Later, the metal vapour nucleates and
forms nanoparticles in the surrounding medium and the
metal vapour can either be quenched by mixing with cold
gas or by the surrounding atmosphere. The vaporization
is the effect of the energy transfer from the arc to the
anode made of graphite doped with the catalyst.!*>%!

e Laser Ablation

Laser ablation was the first method used to produce CDs
in a controlled way.® It is a top-down method which is
frequently used for the production of many different
types of nanoparticles, through the interaction of a pulsed
laser beam with the surface of a target (solid precursor)
and the consequent ejection of materials in the form of
nanoparticles.®™ For the synthesis of CDs laser ablation
is another standard method used by the researchers. CDs
were prepared using toluene as the carbon source via
laser irradiation technique by Yu et al .They controlled
the size of CDs using laser furnace.l® Carbon dots were
fabricated by laser ablation of a carbon target (hot-

pressing of graphite powder and cement mixture) in the
presence of argon gas and containing water vapour at
900 °C and 75 kPa , using Nd : YAG laser by Sun et
al.19.C-dots obtained with some modification exhibited
bright luminescence emission property. Sun et al.19

e Electrochemical Approach

A redox reaction is exploited by electrochemical
approach which is a type of top-down approach
occurring in an electrochemical cell under the influence
of an electric current applied between two electrodes
(solids) separated by the electrolyte (liquid).®"! Graphene
quantum dots (GQDs) and graphene oxide quantum dots
(GOQDs) are synthesized by electrochemical exfoliation
with the average size of 2-3 nm, showing blue to green
fluorescence under 365 nm UV radiation. GQDs and
GOQDs are with tunable functional groups which can be
easily prepared by varying the concentration of alkali
hydroxide in the electrolyte.®® Later, Ray et al. used
carbon soots as the carbon source for the synthesis of
CDs, and this approach can be used for the mg scale
synthesis of CDs.*! Peng et al. fabricated TTDDA
passivated CDs with an average size of 5 nm from
carbohydrates by dehydrating with conc. H2504.1"

Bottom up approach

e Hydrothermal approach

Hydrothermal synthesis method is being used by most of
the researchers as a cheap, eco-friendly and low cost
route to synthesize CDs from saccharides, amines,
organic acids and their derivatives.>™ In a typical
approach, small organic molecules and/or polymers are
dissolved in water or organic solvent to form the reaction
precursor, which was then transferred to a Teflon-lined
stainless steel autoclave. At relatively high temperature
the organic molecules and/or polymers are merged
together to form carbon seeding cores and then grow into
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CQDs with a particle size of less 10 nml™! Highly
photoluminescent CQDs with a QY of 26% in one step
by hydrothermal treatment of orange juice followed by
centrifugation was prepared by Mohapatra et al. These
CQDs with sizes of 1.5-45 nm were applied in
bioimagin? due to their high photostability and low
toxicity.l"

e Ultrasonic Approach

There are limited numbers of studies, where researchers
used ultrasonic treatment method to synthesize CDs. For
example, Li et al. synthesized water soluble fluorescent
CDs through the acid assisted ultrasonic treatment of
glucose having a size in the range of 5-10 nm. In the
same year, Li et al. synthesized water soluble fluorescent
CDs using one-step H202 assisted ultrasonic treatment
method from activated carbon. According to the TEM
results, the average size of CDs was ranging from 5 to 10
nm, and the surface of CDs was rich in hydroxyl
groups.l’>7

e  Microwave pyrolysis

To synthesize CQDs microwave irradiation of organic
compounds is a rapid and low-cost method.!”’ " Green
luminescent CQDs were obtained within one minute
under microwave irradiation by using sucrose as the
carbon source and diethylene glycol (DEG) as the
reaction media.™ Energy efficient internal heating
resulted in microwave irradiation by direct coupling of
microwave energy with dipoles and /or ions that are
present in the reaction mixture. Microwaves heat the
reaction mixture on a molecular basis by direct
interaction with the molecules of solvents, reagents and
catalysts.®™ A facile microwave pyrolysis approach to
synthesize CQDs was reported by Zhu et al by
combining poly (ethylene glycol) (PEG200) and a
saccharide (glucose, fructose, etc.) in water to form a
transparent solution, followed by heating in a microwave
oven. The obtained CQDs exhibited an excitation-
dependent PL properties./")

Characterization

Keeping in mind the goal to attain the information about
synthetic properties of carbon dots, numerous techniques
may be utilized in order to characterize the carbon dots,
for example, X-Ray diffraction (XRD), transmission
electron  microscope (TEM), scanning electron
microscopy  (SEM), Fourier transform infrared
spectroscopy (FTIR), U.V spectroscopy.®?

Microscopic evaluation
Electron microscopy is an essential tool for
characterizing any nanomaterial because it allows direct
observation of size, shape, structure. TEM and SEM are
useful tools to check the exfoliation of bundles and the
purity of the material.l®*!

e Transmission electron microscopy

TEM can be used to identify the ultrastructure of the
samples as it possessed a high resolution of 0.1-0.2 nm.
Transmission electron microscopy is broadly utilized as a

part of the characterization of carbon dots (C-dots).
Zhang et al. synthesized C-dots by acid oxidation of
graphite, their lattice spacing was mostly less than 0.3
nm, indicating most of the dots were actually separate
grapheme.[®

e Scanning electron microscopy
By scanning the surface of a C-dots sample with a
focused electron beam SEM produces images which
interacts with the atoms of C-dots during which the
charges are accumulated to form an image. Fig. 5. shows
an example of SEM and TEM image of C-dots.

[86]

e X-ray diffraction

XRD is one of the characterization techniques of the C-
dots, mainly used to provide the information on crystal
structure and particle size.®! X-ray diffraction also used
to determine the crystalline phases of CQD.®¥ Local
measurements of the sizes and diameters of CDs can be
obtained by the microscopy techniques such as SEM and
TEM, but if the information is required on the larger
scale to obtain a statistical picture of the sample rather
than local information, diffraction techniques are usually
used to provide this important information.®™ Fig. 6
depicts a representative XRD pattern, showing a
diffraction peak at around 20° reflecting the crystalline
structure. A lattice spacing of 0.45 nm which is greater
than bulk graphite (*0.35 nm) indicating the certain
amorphous character of the Carbon-Dots.”” Bourlinos et
al. calcined octadecyl ammonium citrate salt at 300 °C to
prepare C-dots, the XRD pattern displayed the existence
of highly disordered carbon and surface-modified carbon
alkyl groups.l®
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Fig. 6. Graphical representation of X-ray diffraction.
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Spectroscopic evaluation

e Ultra violet absorption

The carbon dots prepared using various techniques,
usually shows Strong (UV) absorption but still the
positions of absorption peaks of UV are entirely different
for different techniques used for the preparation.*¥ UV e
Visible measurements were also carried out to study the
absorption characteristics of the CDOT and that of a
mixture of the CDOT and N719 - a popular dye
commonly used as a sensitizing dye in the fabrication of
dye sensitized solar cells.F’7:8%!

e Fourier transform infrared

Fourier transform infrared (FTIR) spectroscopy usually
complements X-ray photoelectron spectroscopy (XPS),
illuminating distinct functional units through recording
of typical vibration bands.*¥ Functionalization by
binding functional groups onto the CDs through
chemical or physical interactions is a common practice to
enhance the solubility and increase the selectivity of CDs
and the FT-IR has been aimed at characterizing such
surface modifications.**®! For the determination of the
functional groups that are present on the surface of
carbon dots, FTIR has been used. Functionalization of
carbon dots by partial oxidation, carboxyl or carboxylic
acid groups, hydroxyl groups are abundant on the surface
of C-dots and so for the investigation of these groups
containing oxygen FTIR is utilized.[*?

Applications

Many carboxylic functional groups on the C-dots surface
and large surface area of C-dots allow for synthesis of
multimodal probes and therapeutic conjugates, so they
facilitated the explorations in the field of nanomedicine,
diagnosis and cancer therapy and have various
applications as shown in Fig. 7.°¥ They not only showed
low toxicity, but also can be rapidly excreted from the
body,” which meet the critical criteria for clinical
use.l%8

APPLICATIONS

(
Gene delivery

Biosensing H Bioimaging M Drug delivery

\
Fig. 7: Flow chart of applications of carbon dots.

e Biosensing

An interesting application of CDs is in the field of
sensing. A wide variety of biological/chemical sensors
were developed based on the fluorescence properties and
surface functional groups of C dots, such as the detection
of Hg2+ and biological thiols.®®! The changes in their
fluorescence property take place via different

mechanisms, such as resonance energy transfer, inner
filter effect, photo-induced electron and charge
transfer.™® Liju et al. (2016) proposed a switch on
fluorescence method for sensing ascorbic acid (AA) in
food samples. CQDs-MnO2 probe was used to sense of
AA in fresh fruits, vegetables and fruit juices. The limit
of detection for AA is 42 nm, with a wide concentration
of a linear range of 0.18-90 M.

e Bioimaging

CDs are considered as a potential candidate for
bioimaging application due to its unique fluorescent
nature, high photobleaching resistivity, less cytotoxicity,
and better aqueous solubility.!%?%! |n-vitro imaging:
Bhunia et al synthesized a series of C dots with different
fluorescence, and realized target reco?nition by surface
modification of C dots with folic acid.*! In vivo: Yang
et al. obtained C-dots and ZnS-doped C-dots from
chemical processing of raw nanomaterial by laser
ablation."®™! After PEG1500N modifications, they were
used for in vivo optical imaging of mice. C-dots or ZnS-
doped C-dots solutions were injected to the back of mice
(subcutaneous injection), front extremity (intradermal
injection) and whole body (intravenous injection), both
C-dots and ZnS-doped C dots emitted strong
fluorescence in vivo.[*Z

e Drug delivery

Yang et al. 1, who grafted the common drug carrier -
cyclodextrin to CDs, to induce and also enhance
controlled targeting. An advantage of this method is that
the drug is not bound directly on the CD’s surface but to
B-cyclodextrin, thus inducing low cytotoxicity in normal
cells and preventing the uncontrolled leakage.*™
Recently Kong et al. fabricated a citric acid and
ethylenediamine based CDs for drug delivery systems.
According to their results they observed that DOX could
be quickly loaded on CDs through electrostatic
interaction and the CDs/DOX complexes showed better
cellular uptake and antitumor efficiency on the breast
cancer MCF-7 cells compared with free DOX.[*"]

e Gene therapy

Wu et al. used folate-conjugated reduction-sensitive
polyethyleneimine passivated CDs for targeted EGFR
and cyclinB1 siRNA delivery and targeting in H460 lung
cancer cells. The combined siRNAs were released in
reducing intracellular conditions and increased the anti-
cancer activity in H460 cells.’®® Liu et al evaluated the
transport capacity of C dots, and found that C dots not
only had similar DNA transfer ability to positively
charged PEI-25K, but also had fluorescence property to
exhibit the distribution of plasmid DNA during the
transfer process and provide detailed information for the
research of plasmid DNA physiological function.*!

REFERENCE
1. Electrophoretic Analysis and Purification of
Fluorescent  Single-Walled Carbon  Nanotube

Fragments | Journal of the American Chemical

WWW.ejpmr.com

167




Parkar et al.

European Journal of Pharmaceutical and Medical Research

10.

11.

Society [Internet]. Cited, 2020; 5. Available from:
https://pubs.acs.org/doi/10.1021/ja040082h
Quantum-Sized Carbon Dots for Bright and Colorful
Photoluminescence | Journal of the American
Chemical Society [Internet]. Cited, 2020; 5.
Available from:
https://pubs.acs.org/doi/10.1021/ja062677d

Zhu J-J, Li J-J, Huang H-P, Cheng F-F. Quantum
Dots for DNA Biosensing [Internet]. Berlin
Heidelberg:  Springer-Verlag cited, 2020; 6.
(SpringerBriefs in Molecular Science). Available
from:
https://www.springer.com/gp/book/9783642449093
Surface Functionalized Carbogenic Quantum Dots -
Bourlinos - 2008 - Small - Wiley Online Library
[Internet]. Cited, 2020; 6. Available from:
https://onlinelibrary.wiley.com/doi/abs/10.1002/smll
.200700578

Quantum Dots in Biological and Biomedical
Research: Recent Progress and Present Challenges -
Klostranec - Advanced Materials - Wiley Online
Library [Internet]. Cited, 2020; 6. Available from:
https://onlinelibrary.wiley.com/doi/abs/10.1002/adm
a.200500786

Glowing Graphene Quantum Dots and Carbon Dots:
Properties, Syntheses, and Biological Applications -
Zheng Small - Wiley Online Library [Internet].
Cited, 2020; 6. Available from:
https://onlinelibrary.wiley.com/doi/abs/10.1002/smll
.201402648

The photoluminescence mechanism in carbon dots
(graphene quantum dots, carbon nanodots, and
polymer dots): current state and future perspective |
SpringerLink [Internet]. Cited, 2020; 6. Available
from:
https://link.springer.com/article/10.1007/s12274-
014-0644-3

Sharma V, Tiwari P, Mobin SM. Sustainable
carbon-dots: recent advances in green carbon dots
for sensing and bioimaging. J Mater Chem B
[Internet]. Cited, 2020; 6; 5(45): 8904-24. Available
from:
https://pubs.rsc.org/en/content/articlelanding/2017/tb
/c7tb02484c¢

Carbon nanodots: synthesis, properties and
applications - Journal of Materials Chemistry (RSC
Publishing) [Internet]. Cited, 2020; 6. Awvailable
from:
https://pubs.rsc.org/en/content/articlelanding/2012/j
m/c2jm34690g#!divAbstract

Increment of the FRET efficiency between carbon
dots and  photosensitizers  for  enhanced
photodynamic therapy - RSC Advances (RSC
Publishing) [Internet]. Cited, 2020; 6. Awvailable
from:
https://pubs.rsc.org/en/content/articlelanding/2016/ra
/c6ra20412k#!divAbstract

Liu C, Zhang P, Zhai X, Tian F, Li W, Yang J, et al.
Nano-carrier for gene delivery and bioimaging based

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

on carbon dots with PEl-passivation enhanced
fluorescence. Biomaterials, 2012; 33(13): 3604-13.
Commercially activated carbon as the source for
producing multicolor photoluminescent carbon dots
by chemical oxidation - Chemical Communications
(RSC Publishing) [Internet]. Cited, 2020; 6.
Available from:
https://pubs.rsc.org/en/content/articlelanding/2010/c
c/c0cc02724c#!divAbstract

Electrochemical Tuning of Luminescent Carbon
Nanodots: From Preparation to Luminescence
Mechanism - Bao - 2011 - Advanced Materials -
Wiley Online Library [Internet]. Cited, 2020; 6.
Auvailable from:
https://onlinelibrary.wiley.com/doi/abs/10.1002/adm
a.201102866

Strong Luminescence of Solubilized Carbon
Nanotubes | Journal of the American Chemical
Society [Internet]. Cited, 2020; 6. Available from:
https://pubs.acs.org/doi/10.1021/ja9942282

Carbon Dots as Nontoxic and High-Performance
Fluorescence Imaging Agents | The Journal of
Physical Chemistry C [Internet]. Cited, 2020; 6.
Available from:
https://pubs.acs.org/doi/10.1021/jp9085969
Schneider EM, Bartsch A, Stark WJ, Grass RN. Safe
One-Pot Synthesis of Fluorescent Carbon Quantum
Dots from Lemon Juice for a Hands-On Experience
of Nanotechnology. J Chem Educ [Internet] cited,
2020; 10; 96(3): 540-5. Awvailable from:
https://doi.org/10.1021/acs.jchemed.8b00114

Zhu S, Song Y, Zhao X, Shao J, Zhang J, Yang B.
The photoluminescence mechanism in carbon dots
(graphene quantum dots, carbon nanodots, and
polymer dots): current state and future perspective.
Nano Res, 2015; 1; 8(2): 355-81.

Wang Y, Hu A. Carbon quantum dots: synthesis,
properties and applications. J Mater Chem C, 2014;
7; 2(34): 6921-39.

Luo PG, Yang F, Yang S-T, Sonkar SK, Yang L,
Broglie JJ, et al. Carbon-based quantum dots for
fluorescence imaging of cells and tissues. RSC Adyv,
2014; 4(21): 10791-807.

Lim SY, Shen W, Gao Z. Carbon quantum dots and
their applications. Chem Soc Rev, 2014; 44(1): 362—
81.

Sciortino A, Cayuela A, Soriano ML, Gelardi FM,
Cannas M, Valcarcel M, et al. Different natures of
surface  electronic  transitions of  carbon
nanoparticles. Phys Chem Chem Phys, 2017; 19(34):
22670-7.

Park SY, Lee HU, Park ES, Lee SC, Lee J-W, Jeong
SW, et al. Photoluminescent green carbon nanodots
from food-waste-derived  sources: large-scale
synthesis, properties, and biomedical applications.
ACS Appl Mater Interfaces, 2014; 6(5): 3365-70.
Roy P, Chen P-C, Periasamy AP, Chen Y-N, Chang
H-T. Photoluminescent carbon nanodots: synthesis,
physicochemical ~ properties and  analytical
applications. Materials Today, 2015; 18(8): 447-58.

WWW.ejpmr.com

168




Parkar et al.

European Journal of Pharmaceutical and Medical Research

24,

25.

26.

217.

28.

29.

30.

31.

32.

33.

34.

35.

Zhu S, Song Y, Zhao X, Shao J, Zhang J, Yang B.
The photoluminescence mechanism in carbon dots
(graphene quantum dots, carbon nanodots, and
polymer dots): current state and future perspective.
Nano Res [Internet]. Cited, 2020; (2): 355-81.
Available from: https://doi.org/10.1007/s12274-014-
0644-3

Zheng XT, Ananthanarayanan A, Luo KQ, Chen P.
Glowing graphene quantum dots and carbon dots:
properties, syntheses, and biological applications.
Small, 2015; 11(14): 1620-36.

Pan D, Zhang J, Li Z, Wu M. Hydrothermal Route
for Cutting Graphene Sheets into Blue-Luminescent
Graphene Quantum Dots. Advanced Materials,
2010; 22(6): 734-8.

Feng X, Wu J, Ai M, Pisula W, Zhi L, Rabe JP, et
al. Triangle-Shaped Polycyclic Aromatic
Hydrocarbons. Angewandte Chemie International
Edition, 2007; 46(17): 3033-6.

Yan X, Cui X, Li L. Synthesis of Large, Stable
Colloidal Graphene Quantum Dots with Tunable
Size. J Am Chem Soc, 2010; 132(17): 5944-5.
Preparation and Application of Fluorescent Carbon
Dots [Internet]. Cited, 2020; 6. Available from:
https://www.hindawi.com/journals/jnm/2015/78786
2/

Highly luminescent S, N co-doped graphene
quantum dots with broad visible absorption bands
for visible light photocatalysts - Nanoscale (RSC
Publishing) [Internet]. Cited, 2020; 6. Awvailable
from:
https://pubs.rsc.org/en/content/articlelanding/2013/n
r/c3nr04402e#!divAbstract

Luminscent Graphene Quantum Dots for Organic
Photovoltaic Devices | Journal of the American
Chemical Society [Internet]. Cited, 2020; 6.
Available from:
https://pubs.acs.org/doi/10.1021/ja2036749

Carbon and Graphene Quantum Dots for
Optoelectronic and Energy Devices: A Review - Li -
2015 - Advanced Functional Materials - Wiley
Online Library [Internet]. Cited, 2020; 6. Available
from:
https://onlinelibrary.wiley.com/doi/abs/10.1002/adf
m.201501250

Long-wavelength, multicolor, and white-light
emitting carbon-based dots: Achievements made,
challenges remaining, and applications - PubAg
[Internet]. Cited, 2020; 6. Available from:
https://pubag.nal.usda.gov/catalog/5814135

Blue Luminescent Graphene Quantum Dots and
Graphene Oxide Prepared by Tuning the
Carbonization Degree of Citric Acid | Request PDF
[Internet]. Cited, 2020; 6. Available from:
https://www.researchgate.net/publication/256678040
_Blue_Luminescent_Graphene_Quantum_Dots_and
_Graphene_Oxide_Prepared_by Tuning_the_Carbo
nization_Degree_of Citric_Acid.

Luminescent ~ Carbon  Nanodots: Emergent
Nanolights - Baker - 2010 - Angewandte Chemie

36.

37.

38.

39.

40.

41.

42.

43.

44,

45.

International Edition - Wiley Online Library
[Internet]. Cited, 2020; 6. Available from:
https://onlinelibrary.wiley.com/doi/abs/10.1002/anie
.200906623

Frontiers | A Mini Review on Carbon Quantum
Dots: Preparation, Properties, and Electrocatalytic
Application | Chemistry [Internet]. Cited, 2020; 6.
Available from:
https://www.frontiersin.org/articles/10.3389/fchem.2
019.00671/full

Carbon dots for multiphoton bioimaging - PubMed
[Internet]. Cited, 2020; 6. Available from:
https://pubmed.ncbi.nlm.nih.gov/17722926/

A general route to make non-conjugated linear
polymers luminescent - Chemical Communications
(RSC Publishing) [Internet]. Cited, 2020; 6.
Available from:
https://pubs.rsc.org/en/content/articlelanding/2012/c
c/c2cc36080b

Expanding and Vetting Sorghum bicolor Gene
Annotations through Transcriptome and Methylome
Sequencing - Olson - 2014 - The Plant Genome -
Wiley Online Library [Internet]. Cited, 2020; 6.
Available from:
https://acsess.onlinelibrary.wiley.com/doi/full/10.38
35/plantgenome2013.08.0025

Facile preparation of low cytotoxicity fluorescent
carbon nanocrystals by electrooxidation of graphite -
PubMed [Internet]. Cited, 2020; 6. Available from:
https://pubmed.ncbi.nIm.nih.gov/18956040/

XiaC, Tao S, Zhu S, Song Y, Feng T, Zeng Q, et al.
Hydrothermal ~ Addition  Polymerization  for
Ultrahigh-Yield Carbonized Polymer Dots with
Room Temperature Phosphorescence via
Nanocomposite. Chemistry — A European Journal
[Internet]. Cited, 2020; 24(44): 11303-8. Available
from: https://chemistry-
europe.onlinelibrary.wiley.com/doi/abs/10.1002/che
m.201802712

Investigating the surface state of graphene quantum
dots - Nanoscale (RSC Publishing) [Internet]. Cited,
2020; 6. Available from:
https://pubs.rsc.org/en/content/articlelanding/2015/n
r/c5nr01178g#!divAbstract

Carbon dots of different composition and surface
functionalization: cytotoxicity issues relevant to
fluorescence cell imaging - PubMed [Internet].
Cited, 2020; 6. Available from:
https://pubmed.ncbi.nlm.nih.gov/22036734/

Carbon “quantum” dots for optical bioimaging -
Journal of Materials Chemistry B (RSC Publishing)
[Internet]. Cited, 2020; 6. Available from:
https://pubs.rsc.org/en/content/articlelanding/2013/th
/c3tb00018d#!divAbstract

Facile preparation and upconversion luminescence
of graphene quantum dots - Chemical
Communications (RSC Publishing) [Internet]. Cited,
2020; 6. Available from:
https://pubs.rsc.org/en/content/articlelanding/2011/c
c/c0cc04812g#!divAbstract

WWW.ejpmr.com

169




Parkar et al.

European Journal of Pharmaceutical and Medical Research

46.

47,

48.

49.

50.

51.

52.

53.

54.

55.

56.

Bhartiya P, Singh A, Kumar H, Jain T, Singh BK,
Dutta PK. Carbon dots: Chemistry, properties and
applications. Journal of the Indian Chemical Society,
2016; 93(7): 759-766.

Liu W, Li C, Ren Y, Sun X, Pan W, Li Y, et al.
Carbon dots: surface engineering and applications. J
Mater Chem B [Internet]. 2016 Aug 30 cited, 2020;

4(35): 5772-88. Available from:
https://pubs.rsc.org/en/content/articlelanding/2016/th
/c6th00976j

Zeni O, Palumbo R, Bernini R, Zeni L, Sarti M,
Scarfi MR. Cytotoxicity Investigation on Cultured
Human Blood Cells Treated with Single-Wall
Carbon Nanotubes. Sensors [Internet] cited, 2020;
8(1): 488-99. Available from:
https://www.mdpi.com/1424-8220/8/1/488

MnO2 Nanosheet-Carbon Dots Sensing Platform for
Sensitive Detection of Organophosphorus Pesticides
| Analytical Chemistry [Internet]. Cited, 2020; 6.
Available from:
https://pubs.acs.org/doi/abs/10.1021/acs.analchem.7
b04193

Carbon quantum dots: synthesis, properties and
applications - Journal of Materials Chemistry C
(RSC Publishing) [Internet]. Cited, 2020; 6.
Available from:
https://pubs.rsc.org/en/content/articlelanding/2014/tc
/c4tc00988f#!divAbstract.

Photoluminescent Carbogenic Dots | Chemistry of
Materials [Internet]. Cited, 2020; 6. Available from:
https://pubs.acs.org/doi/10.1021/cm800506t.
Photoluminescent carbon dots directly derived from
polyethylene glycol and their application for cellular
imaging | Request PDF [Internet]. Cited, 2020; 6.
Available from:
https://www.researchgate.net/publication/260340558
_Photoluminescent_carbon_dots_directly_derived_f
rom_polyethylene_glycol_and_their_application_for
_cellular_imaging.
Therapeutic ~ Effects  of
Cardiovascular Diseases: A Review [Internet].
Cited, 2020; 6. Available from:
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC544
1392/.

International Journal of Nanomedicine | Dove Press
[Internet]. Cited, 2020; 6. Available from:
https://www.dovepress.com/international-journal-of-
nanomedicine-archive5-v722

Review on Carbon Dots and Their Applications -
ScienceDirect [Internet]. Cited, 2020; 6. Available
from:
https://www.sciencedirect.com/science/article/abs/pi
i/S1872204016609908

Zhu S, Ma L, Wang S, Chen C, Zhang W, Yang L,
et al. Light-Scattering Detection below the Level of
Single Fluorescent Molecules for High-Resolution
Characterization of Functional Nanoparticles. ACS
Nano [Internet].cited, 2020; 8(10): 10998-1006.
Available from: https://doi.org/10.1021/nn505162u

Breviscapine  in

57.

58.

59.

60.

61.

62.

63.

64.

65.

66.

67.

68.

69.

70.

71.

Lim SY, Shen W, Gao Z. Carbon quantum dots and
their applications. Chem Soc Rev [Internet]. Cited,
2020; 10; 44(1): 362-81. Awvailable from:
https://pubs.rsc.org/en/content/articlelanding/2015/c
s/c4cs00269e

Recent progress in carbon quantum dots: synthesis,
properties and applications in photocatalysis -
Journal of Materials Chemistry A (RSC Publishing)
[Internet]. Cited, 2020; 10. Available from:
https://pubs.rsc.org/en/content/articlelanding/2017/ta
/c6ta08660h#!divAbstract

Arora N, Sharma NN. Arc discharge synthesis of
carbon nanotubes: Comprehensive review. Diamond
and Related Materials, 2014; 50: 135-50.

Yatom S, Bak J, Khrabryi A, Raitses Y. Detection of
nanoparticles in carbon arc discharge with laser-
induced incandescence. Carbon, 2017; 117: 154-62.
Xu X, Ray R, Gu Y, Ploehn HJ, Gearheart L, Raker
K, et al. Electrophoretic analysis and purification of
fluorescent  single-walled  carbon  nanotube
fragments. J Am Chem Soc, 2004; 126(40): 12736—
7.

Ando Y, Zhao X. Synthesis of Carbon Nanotubes by
Arc-Discharge Method. New Diamond and Frontier
Carbon Technology, 2006; 16(3): 15.

Ashkarran AA, Iraji Zad A, Ahadian MM, Mahdavi
Ardakani SA. Synthesis and photocatalytic activity
of WO(3) nanoparticles prepared by the arc
discharge method in deionized water.
Nanotechnology, 2008; 19(19): 195709.

Sun Y-P, Zhou B, Lin Y, Wang W, Fernando KAS,
Pathak P, et al. Quantum-sized carbon dots for
bright and colorful photoluminescence. J Am Chem
Soc, 2006; 128(24): 7756-7.

V A, M M. What controls the composition and the
structure of nanomaterials generated by laser
ablation in liquid solution? Phys Chem Chem Phys,
2012; 15(9): 3027-46.

Yu H, Li X, Zeng X, Lu Y. Preparation of carbon
dots by non-focusing pulsed laser irradiation in
toluene. Chem Commun, 2015; 52(4): 819-22.
Therese GHA, Kamath PV. Electrochemical
Synthesis of Metal Oxides and Hydroxides. Chem
Mater, 2000; 12(5): 1195-204.

Ahirwar S, Mallick S, Bahadur D. Electrochemical
Method To Prepare Graphene Quantum Dots and
Graphene Oxide Quantum Dots. ACS Omega, 2017;
2(11): 8343-53.

Ray SC, Saha A, Jana NR, Sarkar R. Fluorescent
Carbon Nanoparticles: Synthesis, Characterization,
and Bioimaging Application. J Phys Chem C, 2009;
113(43): 18546-51.

Peng H, Travas-Sejdic J. Simple Aqueous Solution
Route to Luminescent Carbogenic Dots from
Carbohydrates. Chem Mater, 2009; 21(23): 5563-5.
Guo Y, Wang Z, Shao H, Jiang X. Hydrothermal
synthesis of highly fluorescent carbon nanoparticles
from sodium citrate and their use for the detection of
mercury ions. Cited, 2020; 9. Available from:
https://pubag.nal.usda.gov/catalog/923214

WWW.ejpmr.com

170




Parkar et al.

European Journal of Pharmaceutical and Medical Research

72.

73.

74.

75.

76.

77.

78.

79.

80.

81.

82.

83.

84.

Yang Z-C, Wang M, Yong AM, Wong SY, Zhang
X-H, Tan H, et al. Intrinsically fluorescent carbon
dots with tunable emission derived from
hydrothermal treatment of glucose in the presence of
monopotassium phosphate. Chem Commun, 2011;
47(42): 11615-7.

Anwar S, Ding H, Xu M, Hu X, Li Z, Wang J, et al.
Recent Advances in Synthesis, Optical Properties,
and Biomedical Applications of Carbon Dots. ACS
Appl Bio Mater, 2019; 2(6): 2317-38.

Sahu S, Behera B, Maiti TK, Mohapatra S. Simple
one-step synthesis of highly luminescent carbon dots
from orange juice: application as excellent bio-
imaging agents. Chem Commun, 2012; 48(70):
8835-7.

Li H, He X, Liu Y, Huang H, Lian S, Lee S-T, et al.
One-step ultrasonic synthesis of water-soluble
carbon nanoparticles with excellent
photoluminescent properties. Carbon, 2011; 49(2):
605-9.

Li H, He X, Liu Y, Yu H, Kang Z, Lee S-T.
Synthesis of fluorescent carbon nanoparticles
directly from active carbon via a one-step ultrasonic
treatment. Materials Research Bulletin, 2011; 46(1):
147-51.

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.
Zhai X, Zhang P, Liu C, Bai T, Li W, Dai L, et al.
Highly luminescent carbon nanodots by microwave-
assisted pyrolysis. Chem Commun. 2012; 48(64):
7955-7.

Liu Y, Xiao N, Gong N, Wang H, Shi X, Gu W, et
al. One-step microwave-assisted polyol synthesis of
green luminescent carbon dots as optical
nanoprobes. Carbon, 2014; 68: 258-264.

Jaiswal A, Ghosh SS, Chattopadhyay A. One step
synthesis of C-dots by microwave mediated
caramelization of poly(ethylene glycol). Chem
Commun, 2011; 48(3): 407-9.

Varma RS. Solvent-free organic syntheses. using
supported reagents and microwave irradiation.
Green Chem, 1999; 1(1): 43-55.

Zuo P, Lu X, Sun Z, Guo Y, He H. A review on
syntheses,  properties,  characterization  and
bioanalytical applications of fluorescent carbon dots.
Microchimica Acta (Online), 2016; 183(2): 519-42.
Koningsberger DC, Prins R. X-ray absorption:
principles, applications, techniques of EXAFS,
SEXAFS and XANES [Internet]. Wiley-
Interscience; 1988 cited, 2020; 13. Available from:
https://research.tue.nl/en/publications/x-ray-
absorption-principles-applications-techniques-of-
exafs-sexa.

Zuo P, Lu X, Sun Z, Guo Y, He H. A review on
syntheses,  properties,  characterization  and
bioanalytical applications of fluorescent carbon dots.
Microchimica Acta (Online), 2016; 183(2): 519-42.

85.

86.

87.

88.

89.

90.

91.

92.

93.

94.

95.

96.

97.

98.

Zhang M, Bai L, Shang W, Xie W, Ma H, Fu Y, et
al. Facile synthesis of water-soluble, highly
fluorescent graphene quantum dots as a robust
biological label for stem cells. J Mater Chem, 2012;
22(15): 7461-7.

Wang Q, Zhang S, Ge H, Tian G, Cao N, Li Y. A
fluorescent turn-off/on method based on carbon dots
as fluorescent probes for the sensitive determination
of Pb2+ and pyrophosphate in an aqueous solution.
Sensors and Actuators B: Chemical, 2015; 207: 25—
33.

Liu R, Wu D, Feng X, Millen K. Bottom-up
fabrication of photoluminescent graphene quantum
dots with uniform morphology. J Am Chem Soc,
2011; 133(39): 15221-3.

Zhao C, Li W, Liang Y, Tian Y, Zhang Q. Synthesis
of BiOBr/carbon quantum dots microspheres with
enhanced photoactivity and photostability under
visible light irradiation. Applied Catalysis A:
General, 2016; 25: 527.

Belin T, Epron F. Characterization methods of
carbon nanotubes: a review. Mat. Sci. Eng. B: Solid
119, 105-118. Materials Science and Engineering:
B, 2005; 119: 105-18.

Sun Y-P, Zhou B, Lin Y, Wang W, Fernando KAS,
Pathak P, et al. Quantum-Sized Carbon Dots for
Bright and Colorful Photoluminescence. J Am Chem
Soc, 2006; 128(24): 7756-7.

Bourlinos AB, Stassinopoulos A, Anglos D, Zboril
R, Karakassides M, Giannelis EP. Surface
functionalized carbogenic quantum dots. Small,
2008; 4(4): 455-458.

Hosseinnezhad M, Rouhani S. Synthesis and
application of new fluorescent dyes in dye-sensitized
solar cells. Appl Phys A, 2017; 123(11): 694.

Luo P, Ji Z, Li C, Shi G. Aryl-modified graphene
quantum dots with enhanced photoluminescence and
improved pH tolerance. Nanoscale, 2013; 5(16):
7361-7.

Ma P-C, Siddiqui NA, Marom G, Kim J-K.
Dispersion and functionalization of carbon
nanotubes for polymer-based nanocomposites: A
review. Composites Part A: Applied Science and
Manufacturing, 2010; 41(10): 1345-67.

Grazhulene SS, Red’kin AN, Telegin GF, Bazhenov
AV, Fursova TN. Adsorption properties of carbon
nanotubes depending on the temperature of their
synthesis and subsequent treatment. J Anal Chem,
2010; 65(7): 682-9.

Carbon  dots—Emerging light emitters  for
bioimaging, cancer therapy and optoelectronics

[Internet]. Cited, 2020; 12. Available from:
https://repository.kaust.edu.sa/handle/10754/597729
Biological applications of carbon dots |

SpringerLink [Internet]. Cited, 2020; 12. Available
from:
https://link.springer.com/article/10.1007/s11426-
014-5064-4

Quantum Dot Cellular Uptake and Toxicity in the
Developing Brain: Implications for Use as Imaging

WWW.ejpmr.com

171




Parkar et al. European Journal of Pharmaceutical and Medical Research

Probes [Internet]. Cited, 2020; 12. Available from:
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC692
4642/

99. Lu W, Qin X, Liu S, Chang G, Zhang Y, Luo Y, et
al. Economical, green synthesis of fluorescent
carbon nanoparticles and their use as probes for
sensitive and selective detection of mercury(ll) ions.
Anal Chem, 2012; 84(12): 5351-7.

100.Sharma A, Das J. Small molecules derived carbon
dots: synthesis and applications in sensing, catalysis,
imaging, and biomedicine. Journal of
Nanobiotechnology [Internet]. cited, 2020; 17(1):
92. Available from: https://doi.org/10.1186/s12951-
019-0525-8

101.lravani S, Varma RS. Green synthesis, biomedical
and biotechnological applications of carbon and
graphene quantum dots. A review. Environ Chem
Lett [Internet] cited, 2020; 10: 1-25. Available
from:
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC708
8420/

102.Fluorescent  Carbon  Nanoparticles:  Synthesis,
Characterization, and Bioimaging Application | The
Journal of Physical Chemistry C [Internet]. Cited,
2020; 10. Available from:
https://pubs.acs.org/doi/10.1021/jp905912n

103.Zhu S, Zhang J, Qiao C, Tang S, Li Y, Yuan W, et
al. Strongly green-photoluminescent graphene
quantum dots for bioimaging applications. Chem
Commun (Camb), 2011; 47(24): 6858—60.

104.Bhunia SK, Saha A, Maity AR, Ray SC, Jana NR.
Carbon nanoparticle-based fluorescent bicimaging
probes. Sci Rep, 2013; 3: 1473.

105.Carbon Dots for Optical Imaging in vivo [Internet].
Cited, 2020; 12. Available from:
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC273
9123/

106.Koutsogiannis P, Thomou E, Stamatis H, Gournis D,
Rudolf P. Advances in fluorescent carbon dots for
biomedical applications. Advances in Physics: X
[Internet]. Cited, 2020; 5(1): 1758592. Available
from:
https://doi.org/10.1080/23746149.2020.1758592

107.Kong T, Hao L, Wei Y, Cai X, Zhu B. Doxorubicin
conjugated carbon dots as a drug delivery system for
human breast cancer therapy. Cell Proliferation
[Internet]. Cited, 2020; 51(5): 12488. Available
from:
https://onlinelibrary.wiley.com/doi/abs/10.1111/cpr.
12488

108.Multi-functionalized carbon dots as theranostic
nanoagent for gene delivery in lung cancer therapy. -
Abstract - Europe PMC [Internet]. Cited, 2020; 12.
Available from:
https://europepmc.org/article/med/26880047

109.Liu C, Zhang P, Zhai X, Tian F, Li W, Yang J, et al.
Nano-carrier for gene delivery and bioimaging based
on carbon dots with PEI-passivation enhanced
fluorescence. Biomaterials, 2012; 33(13): 3604-13.

WWW.ejpmr.com 172




