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Nanoparticles possess fascinating properties and applications, and there has been increasing critical
consideration of their use. Because carbon is a component with immaterial cytotoxicity and extensive
biocompatibility with different components, carbon nanomaterials have a wide scope of potential uses.
Carbon nanodots are a type of carbon nanoparticle that is increasingly being researched because of
their astounding properties such as extraordinary luminescence, simplicity of amalgamation and surface

functionalization, and biocompatibility. Because of these properties, carbon nanodots can be used as
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Accepted 30th March 2020 material sensors, as indicators in fluorescent tests, and as nanomaterials for biomedical applications. In

this review, we report on the ongoing and noteworthy utilization of carbon quantum dots such as

DO 10.1035/c9na00794f bioimaging tests and photocatalytic applications. In addition, the extension and future components of
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1. Introduction

The study of nanotechnology has resulted in the introduction of
various types of nanomaterials, which possess diversified
properties that can lead to the production of intriguing prop-
erties. Carbon nanodots, also called carbon dots (hereafter
denoted as C dots), are a class of carbon nanoparticles that
function within a nanosystem. They have recently gained
significant attention due to their feasible and varied synthesis
methods, unique optoelectronic properties, and strong lumi-
nescent behavior.

Xu, et al.' discovered the fluorescent fraction, which was
found to be carbon nanomaterial derived as a fraction obtained
from the purification of carbon nanotubes and was character-
ized using atomic force microscopy. A transition of chemical
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these materials, which can be investigated for new potential applications, are discussed.

and physical properties occurred when the material was con-
verted from a bulk form to its nanoform.

Carbon nanodots are a novel class of nanomaterials smaller
than 10 nm in size that possess intriguing changes in their
physicochemical properties such as optical capabilities and
solubility. Carbon dots are the latest forms of quantum dots,
which are a luminescent carbon nanomaterial with zero
dimensions. The surface characteristics can be effectively
altered and morphed so that they can become appropriately
utilized. These dots exhibit very intriguing characteristics that
include fluorescence, a lack of biological toxicity, resistance
towards photobleaching, and homogenous dispensability.>"*

The initial fabrication of C dots was performed by Xu, et al.*
using electrophoretic purification of single walled carbon
nanotubes (SWCNT), which is another nano-form of carbon that
possesses significant cytotoxicity. The authors analyzed SWCNT
prepared from arc discharge soot and identified C dots as the
fluorescent component, which is present along with short
carbon tubes. Since then, researchers have been focused on
more feasible and inexpensive methods for the fabrication of C
dots, which is a class of novel and more promising nano-
material for different applications.

Sun and co-workers synthesized graphene nanodots from
carbon soot with polyethylene glycol (PEG)-1500N using the
oxidation passivation method. It was found that passivation or
the passivated agent is an important link to increase the fluo-
rescence of C dots. Therefore, passivation was considered to be
an effective strategy to increase the emission efficiency of C
dots, as reported by Sun, et al.” Recent studies suggest that the

This journal is © The Royal Society of Chemistry 2020
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optical features of C dots arise from the linear optical response
of the partially sp>hybridized carbon domains located on the
sp’>-hybridized amorphous cores present on the surface of C
dots, which was detailed by Tepliakov, et al.®

2. Synthetic strategies for C dots

In recent years, there have been large numbers of reports
describing how to synthesize a wide assortment of C dots
through both conventional chemical methods and green eco-
friendly methods. Every one of these strategies attempts to
improve the synthesis of C dots through techniques such as
reducing the number of steps in the overall process and
adopting biological reagents or products, which make the
synthesis ecofriendly and cost-effective, with optimization of
the reaction environment for controlling the size and properties
of the end product.

There have been reports describing the successful use of
naturally abundant materials for the preparation of C dots that
exhibit excellent emission properties.” The major preparation
routes of C dots can be broadly classified by considering the
nature of the processes, which include chemical methods and
biological (eco-friendly/green) methods (Fig. 1).

2.1. Chemical methods

The prominent techniques that have been reported for the
synthesis of C dots are described with clear emphasis on the
conventional top-down or bottom-up approaches utilizing
chemical preparation methods. These methods are further
classified as described below.

2.1.1. Electrochemical method. The influence of applied
potential on the size of C dots has been investigated, along with
the preparation. There are many reports depicting the synthesis
of C dots using the electrochemical process, such as Bao, et al.,'’
who reported the electrochemical tuning of C dots, including
their fluorescent behaviour. Deng, et al.** successfully devel-
oped C dots directly from low-molecular weight alcohols. This
process involved the transition of alcohols into carbon particles
in a basic medium through electrochemical carbonization.

Chemical methods
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Fig. 1 Different methods used to prepare C dots.
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Hou, et al.”” reported a one-pot electrochemical synthesis of
C dots that was used for the detection of mercury ions. Zeng,
et al™ developed high-quality C dots that were able to
strengthen their electrical output and exhibited excellent cata-
lytic performance through a novel bio-electrochemical method.

2.1.2. Hydrothermal method. There has been interest in
researching microwave-assisted hydrothermal methods for
their feasibility of synthesis. Wang, et al.** used a microwave-
assisted hydrothermal method to produce C dots with good
luminescent properties using graphene oxide as the precursor.
Recently, Zheng, et al.*® reported another very rapid method
using N-(B-aminoethyl)-y-aminopropyl trimethoxysilane to
suppress the quenching of fluorescence of the synthesized C
dots.

Biomolecules are also used as a precursor for synthesis.
Yang, et al.*® used glucose to prepare fluorescent C dots in the
presence of monopotassium phosphate. In this system, the
monopotassium phosphate acted as a controlling factor for
tuning the emission spectra. Similarly, Chen, et al.’” reported an
efficient hydrothermal method that used lignin for synthesis.
Zhang, et al.'® developed chiral C dots through a one-step
hydrothermal method. The authors used cysteine (cis-form)
and citric acid as the carbon source and also found that the C
dots had the ability to influence the physiology of mung bean
plants.

2.1.3. Microwave- and ultrasonic-assisted chemical
synthesis. Microwave-assisted synthesis can be used to prepare
hydrophilic, hydrophobic, or even amphiphilic carbon dots.*
Mitra, et al.®® reported a very simple one-step microwave-
assisted synthesis of hydrophobic C dots from polyoxy-
ethylene-polyoxypropylene-polyoxyethylene ~ (PEO-PPO-PEO)
block copolymer known as Pluronic F-68 (PF-68). Jaiswal, et al.**
fabricated C dots using microwave-assisted caramelization of
PEG. Here, glycol acted as both a carbon source and as
a passivating agent for the C dots.

Similarly, Zhai, et al.** reported microwave-assisted pyrolytic
methods between citric acid and amines. Ma, et al.>® reported
the ultrasonic synthesis of N-doped C dots using glucose as the
precursor along with ammonium hydroxide. Dang, et al>*
developed C dots on a large scale using an oligomer polyamide

Biological methods
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resin as a carbon source and subjecting it to ultrasonic
treatment.

2.1.4. Direct carbonization method. Direct pyrolysis (the
pyrolytic method), which is the carbonization of carbon
precursors under high temperatures, is a widely adapted
method for the synthesis of C dots. It involves the utilization of
strong acid or alkali to break down the precursors at the
nanoscale. The carbonaceous source for this pyrolytic route can
be waste peels of fruits, any type of juice, carbon-based
compounds, or any material that has carbon present in it. In
an example, Zhou and his co-workers reported the production
of C dots prepared from fresh watermelon peel as the starting
material. The peel was carbonized at 220 °C for 2 h, and the final
product was purified using filtration and centrifugation. The
particles were water-soluble with strong blue luminescence and
were stable at different pH ranges.?” The synthesis of C dots with
high quantum yield and good water solubility, using citric acid
and glutathione as the starting materials at 200 °C, was reported
by Zhuo, et al.,*® and these particles emitted blue-colored fluo-
rescence with excitation-independent emission behavior. C dots
can be induced or modified by adding ligands and subjecting
the mixture to constant continuous stirring, or by introducing
chemical bonds with either electrostatic interactions or ami-
dation reactions.

The doping of heteroatoms can be utilized to alter the
nanostructure of and electronic distribution in C dots. Nitrogen
doping can be used for controlling fluorescence, and passivated
surface states can be deduced using excitation independent
behavior.>°  Additionally, hydrothermal carbonization
methods have been described for the synthesis of N-doped
carbon dots using bee pollen as the carbon source. The used
route was very much ecologically green and was reported to
yield 3 g of C dots from 10 g of raw material.

Wang, et al®' utilized a simple one-step approach for
synthesizing C dots. The protocol consisted of 15 mL octade-
cene and 1.5 g of 1-hexadecylamine loaded in a three-neck flask
and heated to 300 °C under argon flow. Then, 1 g citric acid was
added to the solution under continuous stirring at 300 °C for
3 h, with subsequent purification by precipitation under
acetone washing three times. The final product obtained was C
dots that were highly soluble in common non-polar organic
solvents.

2.2. Production of C dots from biological sources

It is desirable to synthesize C dots from precursors that are very
much renewable, using naturally available raw materials and at
low cost. An optimal synthesis route would be facile and would
not require the use of harmful chemicals, but high tempera-
tures or external energy for the production of the C dots would
still be necessary, as shown in Fig. 2. The C dots synthesized
from these raw materials possess properties and structures that
are very much intriguing to researchers all over the world. The
requirement of high reaction temperatures (100-200 °C) for the
production of C dots is not necessary for synthesis using bio-
logical methods. The low cost of production and continuous
availability of raw materials for the synthesis of C dots has made
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it a suitable protocol for industries. In addition, there is no
requirement for the use of harmful organic solvents, but
instead, aqueous solution can be prepared, and C dots prepared
using this method exhibit increased water solubility.

Huang, et al®* summarized the primary preparation
methods for C dots, which uses natural products as carbon
sources for C dot synthesis. Zhu, et al** used soy milk to
fabricate C dots exhibiting both fluorescent behavior and
oxygen reduction properties. Liu, et al.>* used bamboo leaves,
and the C dots were successfully applied for Cu(u) ion-sensing
applications. Recently, Jayanthi, et al.’>* used edible carrots for
C dot synthesis for imaging and catalytic applications. Because
N-doped C dots are widely used, their green synthesis has also
been well studied and reported. Wang and Zhou*® provide an
excellent example in which N-doped C dots were developed
using milk and demonstrated utility for imaging applications.
Recently, Mandal, et al.*” reported the existence of N-doped
carbon dots in human blood for the first time, which may be
generated through the metabolic process of consumed food
products.

3. Utilization and application of C
dots

Nanoparticles are monomeric building blocks of nanotech-
nology and possess features such as strong bonds, delocaliza-
tion of electrons with variation in size, and ability to make
structural changes and affect physicochemical features ranging
from melting points, electronic properties, magnetic properties,
and surface charges. These particles have totally new and
incremental properties compared to their bulk form due to
changes in size and surface charges.

These properties of nanoparticles have led to the potential
formation of nanodevices for target-specific and controlled
delivery of biomolecules such as drugs, proteins, monoclonal
antibodies, and nucleic acids. This will lead to drastic innova-
tions in the field of cancer biology, vaccination, and other
medical fields. Below are some of the fields where C dots have
been developed and applied.

3.1. Bioimaging probes

Another interesting application of C dots is their utilization as
a potential agent for the bioimaging of cells and species under
in vivo and in vitro conditions due to their photoluminescence,
which is an important property of C dots.*® These particles have
the ability to absorb UV light at the range of 270-320 nm, and
can thereby assist in the presence of m-m* and n-m* electronic
transition, which further proves the presence of conjugated
systems and heteroatoms in C dots. In addition, these C dots
produce interesting optical properties, viz., phosphorescence,
up-conversion photoluminescence, solid-state fluorescence,
piezo-chromic fluorescence, and excitation-dependent emis-
sion.*® The application of C dots in bioimaging in vitro and in
vivo was first reported by Cao, et al.*

Bioimaging of cells and tissues is a vital part of the diagnosis
of various diseases, especially cancer. There are various

This journal is © The Royal Society of Chemistry 2020
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The synthesis of C dots requires extreme temperatures, the time of exposure depends on

the method utilised.
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Fig. 2 Different routes for C dot preparation from biological sources.

fluorescent systems reported for diagnostic purposes starting
from organic and inorganic dyes to the latest nanoparticle-
based systems. The advantage of nanomaterials as imaging
agents primarily depends on the lack of metal ion, which may
adversely affect the in vivo environment via cytotoxicity path-
ways. With the advancement of nanotechnology, systems that
are more diverse, such as quantum dot nanoparticles, have
been reported for the imaging applications of living cells.

For a bioimaging agent to be considered suitable for use as
an imaging probe, it must possess excellent biocompatibility,
tunable emission spectra, and lack of cytotoxicity. The rapid
progress in implementing a new class of nanoparticles has
resulted in material that meets these criteria and can be
simultaneously used not only for diagnosis but also for thera-
peutic applications. These theranostic applications are imple-
mented by successfully conjugating the necessary drug
molecule to the fluorescent nanoprobes through chemical
functionalization. For instance, various biocompatible nano-
particles have been successfully reported in the literature for
theranostic studies. Sivasankarapillai, et al.** provide a detailed
account of silicon quantum dots (Si QDs), which are one of the

This journal is © The Royal Society of Chemistry 2020

widely explored nanoprobes for theranostic purposes. Si QDs
have good biocompatibility because their chemical behavior is
similar to that of carbon in the cellular environment. However,
quantum dots (QDs) may possess some cytotoxicity, which may
cause some adverse effects on the biological medium in which
they were employed.

Sahu, et al.** reported the synthesis of C dots from the
hydrothermal treatment of orange juice. This was one the initial
examples of the preparation of fluorescent C dots from readily
available natural resources. The C dots lacked cytotoxicity and
exhibited efficient uptake by MG-63 human osteosarcoma cells
for the purpose of cellular imaging. The same authors also
developed a rapid live-cell mapping of a membrane decorated
with sialic acid using poly-p-benzoquinone/ethylenediamine
nanoclusters to form a structure that they called a wool ball.
They synthesized sticky, furry, and fluorescent wool balls with
diameters less than 2 nm, with abundant amino end groups.
They were characterized, and the sialic acid expression was
detected on the living cell surfaces within 30 min.

The genetic information flows from DNA to RNA to protein,
which is called the ‘central dogma’. Cheng and co-workers

Nanoscale Adv., 2020, 2,1760-1773 | 1763
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examined the physiological activity of RNA in the course of
cancer studies using RNA dynamics in cellular functions in the
real-time monitoring of their temporospatial distribution. The
experiments have been conducted using the developments of
fluorescent carbon dots obtained from one-pot hydrothermal
treatment of o-, m-, or p-phenylenediamines with triethylene-
tetramine. In vivo studies on zebrafish revealed the efficient and
rapid excretion from the larval body within 48 h. This study
assists in understanding RNA dynamics and basic biological
processes, disease development, and drug interactions by Chen,
et al.®

Because carbon is an element with exceptional biocompati-
bility and negligible cytotoxicity, there has been significant
interest in using carbon nanodots as bioimaging probes over
other classes of nanoparticles. Because of their ease of
synthesis, satisfactory emission spectra, high photostability,
and lack of cytotoxicity, C dots are ideal candidates for thera-
nostic applications. Liu, et al** developed C dots through
a single-step process in which both formation and surface
passivation of C dots proceed simultaneously. These C dots
possess excellent biocompatibility and would be an ideal
candidate for bioimaging due to their photoluminescent
behavior, as shown in Fig. 3.

Liu, et al* developed polyethyleneimine (PEI)-
functionalized C dot-based nanocarriers for application in
gene delivery and bioimaging probes. They act as a poly-
electrolyte for condensation of DNA and also are a nitrogen-rich
species, resulting in surface passivation and thereby increasing
the fluorescence. Tao, et al.*® developed C dots from carbon
nanotubes (CNTs) and graphite through a mixed acid treat-
ment. The C dots emit a strong yellow fluorescence under the
UV range with no cellular toxicity. They also demonstrated the
in vivo bioimaging property in the near-infrared region using
a rat model, and this experiment exemplified the possibilities
for the development of fluorescent imaging probes in both the
UV and infrared (IR) range spectra.

The synthesis of C dots requires environmentally friendly
routes of preparation, which is essential to make them cost-
effective as imaging probes. Various methods for green
synthesis have been reported for the fabrication of C dots
considering the above concerns. Sahu, et al.** prepared C dots
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Fig. 3 In vivo imaging using fluorescent C dots.
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from orange juice in a single-step hydrothermal process. These
C dots possessed qualities such as excellent biocompatibility
and low cytotoxicity with a quantum yield of 26%, and were
suitable for use as imaging probes. Chen, et al.*’ reported
a high-yield single-step synthesis of C dots having a pH-
independent photoluminescent intensity in the acidic and
neutral range. They exhibited satisfactory stability and per-
formed well for bioimaging applications.

Targeted drug delivery is a critical application that can be
implemented with C dots. C dots can act as drug carriers and be
monitored in real-time, making it feasible to utilize them due to
their fluorescent behavior. Tang, et al.*® developed a fluores-
cence resonance energy transfer-based C dot system for targeted
drug delivery and monitoring. The authors demonstrated drug
delivery efficiency using doxorubicin as the drug molecule and
observed that there was satisfactory biocompatibility in the
deep tissue environment. Aptamers have been reported as
excellent candidates for targeted drug delivery due to their facile
tethering of drug molecules. Lee, et al.*® fabricated aptamer-
conjugated C dots that were used for imaging cancer cells.
The authors performed microwave-assisted synthesis using
glycerol and mercaptoethanol for conjugating aptamers and C
dots and explored their emission properties for bioimaging.

The role of functionalization in enhancing the properties of
C dots has been thoroughly reviewed in the literature.® Recent
works also focused on improving the efficiency of C dots by
cross-linking with natural polymers such as nanocellulose.”®*
This enables the development of biocompatible imaging
systems based on C dots that can be used for gene therapy*> and
biomedical applications.*® It was also recently reported that
there were promising aspects of C dots that could be applied so
that they would function as therapeutics for neurological
disorders.**

3.2. Photodynamic therapy

Photodynamic therapy (PDT) is based on the combination of
two components that are not cytotoxic. The two components
are:

(1) Photosensitizer — a photosensitive molecule that can be
localized in the biological environment of interest (cells/
tissues).

(2) Activator (activated photosensitizer) — a component that
activates the photosensitizer by implementing light trans-
mission of a suitable wavelength.

The photosensitizer generates reactive oxygen species (ROS)
by acting as a bridge that transfers energy from photons to
molecular oxygen. The ROS species act as agents that mediate
cytotoxic effects, and the action is limited only to specific target
tissues that have been exposed to light. This light-induced
toxicity is a tool that can be used to kill cancer cells or malig-
nant tumors in a target-specific destructive action, as shown in
Fig. 2. Dolmans, et al.® provide a detailed account of the
application of PDT for cancer treatment. Recently, Kwok, et al.>®
reported a novel composition of PDT and imaging systems for
various diseases including cancer (Fig. 4).

This journal is © The Royal Society of Chemistry 2020
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Fig. 4 Mechanism of photodynamic therapy in cancer treatment.

Photodynamic therapy is a recent advancement in biomed-
ical nanotechnology whereby the energy transfer can be used to
destroy damaged cells and tissues. This method is beneficial in
dealing with cancer cells because it effectively targets the
malignant tissue and destroys it without harming normal
healthy tissue. This targeted destruction in photodynamic
therapy can be successfully achieved using fluorescent C dots
possessing satisfactory photostability. Choi, et al.’” developed
multifunctional C dots that can act as agents for both bio-
imaging and targeted photodynamic therapy in cancer cells.
The authors verified the in vitro and in vivo potential of folic
acid-modified C dots carrying zinc phthalocyanine acting as
a photosensitiser.

Apart from in vivo imaging applications, the bioimaging of
microorganisms has also been reported using C dots. Thakur,
et al.>® provide an excellent demonstration for these applica-
tions, where multifunctional C dots were conjugated with
ciprofloxacin, a well-known antibiotic, and satisfactory micro-
bial imaging activity was reported for the yeast Saccharomyces
cerevisiae. This system can efficiently target the microbe and
possesses enhanced antimicrobial activity with controlled
drug-release properties. Zhang, et al** employed rapeseed
flowers and bee pollen to develop N-doped C dots using the
hydrothermal method. After this successful large-scale
synthesis, the authors demonstrated that C dots did not have
a cytotoxic effect up to a limiting concentration of 0.5 mg mL .
In this work, human colon carcinoma cells were successfully
imaged, and the C dots were found to have good photostability
and biocompatibility.

Kuo, et al.* reported N-doped C dots having good biocom-
patibility and water solubility for in vivo bioimaging. These N-
doped C dots possessed tunable fluorescence from 417 to
450 nm with a fluorescent quantum yield of 21.43%, which was
significantly increased approximately 48% in comparison to

This journal is © The Royal Society of Chemistry 2020

that of C dots without nitrogen doping. Post-administrative
fluorescence signal was observed in the lungs at 12 and 24 h
in a rat model. The effect of N doping on bioimaging was
quantitatively analyzed and reported. Wang, et al.*® reported C
dot synthesis from the condensation carbonization of linear
polyethylenic amine (PEA) analogues and citric acid (CA) of
different ratios. The authors successfully demonstrated that the
extent of conjugated m-domains with C=N in the carbon
backbone was correlated with their photoluminescence
quantum yield. The main conclusion from this study is that the
emission arises not only from the sp?/sp® carbon core and
surface passivation of C nanodots, but also from the molecular
fluorophores integrated into the C dot framework. This work
provided an insight into excellent biocompatibility, low cyto-
toxicity, and enhanced bioimaging properties of N-doped C
dots, which opens the possibilities for new bioimaging
applications.

A new possibility to overcome the limitation of conventional
fluorescent imaging in biology is the introduction of super-
resolution optical fluctuation bioimaging (SOFI). SOFI is
a novel approach to develop high-quality bioimaging probes.
The essential condition for SOFI is a requirement of two distinct
fluorescent emission states, which can be attained through C
dots. Dertinger, et al.®* gives a detailed account of SOFI as a new
platform for imaging possibilities in cell biology. The authors
address SOFI as an effective and straightforward approach for
bioimaging. Chizhik, et al.®* successfully developed dual-color C
dots having SOFI properties and good biocompatibility. The
dual color is attributed to arise from two classes of charged
species in the system. The neutral species act as probes for
nuclei labeling, which opens the possibilities for developing
nucleus-specific imaging agents for real-time applications.

Loukanov, et al.* developed C dots conjugated with fluo-
rescein photosensitizer via the diazo bond. They exhibited lower

Nanoscale Adv., 2020, 2,1760-1773 | 1765
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quantum yield but more optimal photostability toward emis-
sion quenching in cell culture. These photosensitizer-
conjugated nanoprobes functioned as multifunctional candi-
dates for in vivo imaging and tracers for labeling the endocytosis
pathway in tobacco cells. They possess negligible cytotoxicity
compared to conventional quantum dot probes for the same
purpose. Aiyer, et al.** also successfully demonstrated similar
bioimaging of cancer cells using C dots in an in vitro model. The
authors used green fluorescent C dots approximately 3 nm in
size that were modified with folic acid to improve their targeted
conjugation to cancer cells. The folic acid group was efficiently
targeted to the folate receptors present on the surface of
malignant cells.

Apart from imaging, the therapeutic potential of C dots has
been reported in the literature. Bankoti, et al.* fabricated C dots
from onion peel powder waste using the microwave method and
studied cell imaging and wound healing aspects. The C dots
exhibited stable fluorescence at an excitation of 450 nm and
emission wavelength at 520 nm at variable pH along with the
ability to scavenge free radicals, which can be further explored
for antioxidant activity. Radical scavenging ability leads to
enhanced wound healing ability in a full-thickness wound in
a rat model. Zhao, et al.*® developed N and P co-doped red
emissive C dots as efficient PDT agents using o-phenylenedi-
amine and phosphoric acid as the raw materials. Recently,
selective RNA binding to Se/N-doped carbon dots was developed
as a photosensitizer for PDT.” Interesting results were also
obtained for C dots conjugated with macromolecules such as
protoporphyrin IX.%®

The possibilities of C dots as fluorescent nanoprobes are
unlimited, and scientists have only begun to explore their many
uses. Multifunctional C dots exhibit great potential that should
be explored in detail.*® For instance, C dot imaging probes can
serve as a nano-vehicle for targeted drug or gene delivery,
antibacterial or antimicrobial carriers, and for wound-healing
applications that have yet to be studied in detail. These
features can be applied to new uses for biomedical research,
and can resolve many of the barriers that exist in the present
scenario.

3.3. Biological and chemical sensors

There is intense interest in the use of nanoparticles as
biochemical sensors, as C dots have been found to be useful in
sensing chemical compounds or elements. Different sensors for
biological and chemical applications have been developed
based on the properties of C dots, especially fluorescence
properties and surface-functionalized chemical groups. For
example, the detection of Hg*" and biological thiols by C dots
has been reported.”

With the advancement of C dots, their use as sensory probes
to detect metal ions, organic compounds, and biomolecules has
been thoroughly explored. The extensive research interest is due
to the numerous features of C dots that are ideal for sensors
because they include bright and intensive fluorescence emis-
sion in the visible range, quenching of fluorescence in the
presence of target species, variable emission spectra, feasibility
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of preparation, and negligible cytotoxicity. The general working
principle of a C dot-based sensor can be represented as shown
in Fig. 5.

In many of the C dot sensors, an organic dye is conjugated
that exhibits satisfactory fluorescent behavior. Shi, et al.™
successfully developed a pH sensor based on dual-labeled C
dots (DLCD) tethered with two fluorescent dyes, fluorescein
isothiocyanate (FITC) and rhodamine B isothiocyanate (RBITC),
for measuring intracellular pH. The authors additionally
provide a significant observation that the molar feed ratio of
FITC to RBITC is a critical factor for the pH response range of
DLCD, and that a higher concentration of RBITC would
decrease the sensitivity of the sensor. Kong, et al.”> also reported
a similar pH sensor based on two-photon fluorescence of C
dots, which can detect the pH change at a depth of 65-185 um in
living cells. Zhu, et al.”® reported the development of a nano-
hybrid sensor system based on carbon dots and CdSe/ZnS
quantum dots with N-(2-aminoethyl)-N,N,N'-tris(pyridin-2-yl-
methyl)ethane-1,2-diamine (AE-TPEA) acting as a recognition
molecule. This sensor successfully detected copper(u) ions by
the quenching of fluorescence. Sha, et al.” reported a similar
detection of copper(u) ions using nitrogen-containing C dots.
The authors prepared C dots using a hydrothermal method, and
they exhibited strong blue luminescent emission at 450 nm
when excited at 369 nm.

In past decades, there has been increasing interest in
aptamers as drug delivery agents. There are many studies
showcasing hybrid sensors based on a C dot-aptamer system for
the fluorescence detection of biomolecules. Xu, et al.”® reported
such a sensor system for the detection of thrombin, with
a reasonable detection limit of 1 nM. This sensor was composed
of C dots functionalized with aptamers and possessed excellent
biocompatibility and negligible cytotoxicity. Here, the structural
fluctuation of the sensor into sandwich geometry upon inter-
action with thrombin caused fluorescence variation. Fe(m) is
a metal ion that is widely explored with C dot sensors.

Qu, et al.”® designed and prepared ratio-metric fluorescent
nano-sensors using C dots through a single-step microwave-
assisted synthesis. This work is very significant in C dot
sensor research because the developed nanosensors possess
multi-sensory capacity and can detect temperature, pH, and
metal ions such as Fe(u). This exciting feature is proving to be
widely applicable in the biological environment because it can
simultaneously detect and estimate various metabolic parame-
ters. The sensory mechanism is based on ratiometric fluores-
cence, and is non-cytotoxic, which is a promising feature for
further research.

C dots can also detect other inorganic metal ions such as
tin(u) ions in aqueous medium. Mohd Yazid, et al.”” reported
a sensor probe based on C dots that was prepared using a green
synthetic strategy. The authors employed starch nanoparticles
for the preparation of C dots through surface oxidation and
carbonization. The probe exhibited excellent selectivity with
minimal chemical interference from other species. Further-
more, the sensing mechanism was found to be the quenching of
fluorescence by Sn(u) ions, with a detection limit of 0.36 uM. A
similar sensor was developed for Hg(u) ions with a detection
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limit as low as 0.5 nM. Furthermore, the authors successfully
employed it for the detection of Hg(u) in lake water samples.
Similarly, a C dot sensor combined with metal complexes was
also reported for Hg(u) detection.”

Yuan, et al.” reported a good example of this type of sensor,
which contained C dots functionalized with a bis(dithiocarba-
mato)copper(n) complex (CuDTC,). Similar work was reported
by Noh, et al,* who described a self-delivering C dot-based
sensor for the detection of microRNA. The authors developed
C dots from candle soot through thermal oxidation. The sensory
mechanism involved restoring the fluorescence of the sensor
probe through the detachment of quencher, and it was observed
to have functional specificity for microRNA 124a, which is
highly expressed in neurogenesis. The material exhibited no
toxicity, more optimal self-luminescence, and highly self-driven
cellular uptake, which indicate that the detection of various
other diseases associated with miRNAs is feasible, effective, and
accurate.

C dots developed through cost-effective methods have been
used for sensory applications. Tan, et al.®* successfully devel-
oped C dots from industrial sago waste and applied them to the
sensing of various metal ions. They adopted a single step
pyrolytic method for the fabrication and optimized the
carbonization temperature. Vedamalai, et al.®* successfully
developed C dots for highly sensitive detection of copper(u) ions
in cancer cells. They adopted a comparatively simple synthesis
method based on a hydrothermal method using ortho-phenyl-
enediamine (OPD). The formation of the Cu(OPD), complex on
the surface of C dots changed the yellow color to orange. Further
investigation revealed that the C dots exhibited high water
dispersibility, photostability, chemical stability, and excellent
biocompatibility.

Shi, et al.®® also reported C dots for the detection of Cu(u)
ions in living cells. The pyrolysis of leeks using a hydrothermal
method produced blue and green florescent C dots. The C dots
were modified with boronic acid through a single-step hydro-
thermal carbonization, using phenylboronic acid as the
precursor. Blood sugar sensing was successfully performed
using this C dot-based sensor, and it exhibited good selectivity
with minimal chemical interference from other species.** The
sensing pathway was analogous to other sensing processes in
which the quenching of C dots takes place via glucose binding.
This work indicated the possible development of a simple but
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efficient blood glucose monitoring system for real-time
applications.

Apart from metal ions, other biological factors such as pH
and hemoglobin have also been successfully detected using C
dot-based sensors. Nie, et al.®*® developed a pH sensor from C
dots using a novel bottom-up approach. This method produced
C dots with good crystallinity and high stability. The process
involved a one-pot synthesis using chloroform and diethyl-
amine with high reproducibility. The authors successfully
implemented the pH detection of two C dots with different
emission wavelengths and were able to use the technique for
cancer diagnosis.

Wang, et al.®® reported an interesting C dot sensor for the
detection of hemoglobin (Hb). The C dots were prepared from
glycine through the electrochemical method, and the develop-
ment involved the multistep processes of electro-oxidation,
electro-polymerization, carbonization, and passivation. The
authors successfully validated the sensitivity of Hb detection
and observed that the luminescence intensity inversely varied
with Hb concentration over the range of 0.05-250 nM. The
process of detection occurred through fluorescence resonance
energy transfer (FRET) phenomena, and the C dots exhibited
excellent chemical stability. It has also been reported that C
dots have been used as sensory nanozymes in biological envi-
ronments. Mohammadpour, et al.*” developed such a sensitive
probe that was used as a colorimetric sensor for the Hg(u) ion.
The authors employed cysteine as a molecular agent to form
a complex with mercury, in which case, the sensor was turned
off, and it was observed to have a detection limit of 23 nM.

Zhang, et al.*® also reported a C dot-based sensor for the
selective detection of Fe(m) ions. This work explored the idea of
tuning the photoluminescence of C dots through the tuning of
the passivating reagents in the synthesis step. Sweet potato has
also been used as a precursor for C dot synthesis. Shen, et al.*
developed such a sensor for detecting Fe(ur) with cell imaging
applications. Kim, et al.** developed an aluminum(ur) ion sensor
based on C dots conjugated with a rhodamine 6G moiety. This
paper-based sensor selectively detected Al(m) ions in the pres-
ence of other metal species. The sensing mechanism is based
on the energy transfer process in which the Al**-induced ring
opening of rhodamine on C-dots through the chelation of the
rhodamine 6G moiety with Al(m) resulted in the spectral overlap
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of the absorption of C-dots (acting as a donor) and the emission
of ring-opened rhodamine (acting as an acceptor).

Chen, et al®* aimed to detect guanosine 3'-diphosphate-5'-
diphosphate, which plays a pivotal role in plants and bacteria in
gene expression, rRNA, and antibiotic production for the
growth of plants. They synthesized C dots with terbium ions,
resulting in a stable, narrow emission and excitation
wavelength-independent emission with the limit of detection at
50 nM based on the synergistic effect of Tb** ions. Chen, et al.*?
synthesized graphene quantum dots (average size 4.5 + 2.5 nm)
using hydroquinone with hydrogen peroxide that was reacted
with triethylenetetramine.

Gong, et al.”* developed N-doped C dots that could effectively
detect ferric(ur) ions, as well as be used for cellular imaging.
They adopted a method of microwave-assisted synthesis of C
dots using chitosan as the carbon source, acetic acid as the
condensation agent, and 1,2-ethylenediamine as the N-dopant.
It was observed that N doping increased the fluorescence
emission and assisted in the detection of Fe(m) ions through
quenching. The detection limit was observed to be at the 10 ppb
level. N-doped C dots have also been used for the detection of
mercury ions.

Wang, et al.** reported a fascinating work in which a portable
mercury-sensing C dot was developed from chitosan, and the
detection was performed through a smartphone application.
Here, the N-doped C dots exhibited a high quantum yield
(31.8%) because of nitrogen incorporation coincident with
multiple types of functional groups (C=0, O-H, COOH, and
NH,). This work was the first to report the detection of a heavy
metal ion through electronic application along with cellular
imaging.

Zhang, et al.” reported N-doped C dots for the detection of
2,4,6-trinitrotoluene (TNT). Here, the sensor acted as a dual
detection system through both electrochemical and fluorescent
methods. The sensor was precise and selective, with up to nM
concentration sensitivity. Cayuela, et al.*® also reported a similar
C dot-based sensor for the detection of explosives derived from
an amphiphilic polymer dodecyl-grafted-poly(isobutylene-alt-
maleic-anhydride) through a single-step process. The authors
successfully conducted the detection of TNT and 2,4-dini-
trotoluene (2,4-DNT) and its related byproducts (mono- and di-
nitro aromatic compounds) in soil samples.

C dot-based sensors successfully detected similar TNT
compounds as well as other organic compounds. Wu, et al.®”
recently constructed a sensor array system using three types of
Ag(1) ion-sensitive C dots for the detection of biothiols. This
work indicates the possibility of constructing additional C dot
sensors for biologically significant organic moieties and
metabolites.

Many other works have been reported that involved sensors
based on N-doped C dots. Huang, et al.®® prepared a similar
non-cytotoxic N-doped C dot sensor via a one-pot microwave-
assisted hydrothermal method using histidine as the carbon
source. This sensor could detect Fe(u) ions in living cells with
a detection limit of 10 nM and was also able to penetrate cancer
cells. N-doped C dots prepared from natural precursors have
also been reported for sensory applications. Edison, et al.*®
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reported a good example of such a procedure in which an
extract of Prunus avium fruit was used for preparation. This
method was inexpensive, with much potential for further
development.

In addition to Fe(m), it has been reported that other heavy
metals can be detected by N-doped C dot sensor probes. Wen,
et al.* reported a similar work involving a green synthesis
utilizing a hydrothermal method in which pigskin was used as
the precursor. The sensor exhibited a good response to cobalt()
ions through fluorescence quenching and was used to quanti-
tatively detect Co(n) in living cells. Cui, et al.*** reported a N and
S co-doped C dot sensor for detecting Fe(m) ions, which is an
example of a co-doped sensory system for metal ion sensing.

Yan, et al.'® reported a C dot sensor for detecting Al(m) and
dopamine also utilizing a simple one-step hydrothermal prep-
aration method. The C dots exhibited excellent water solubility
with negligible cytotoxicity. Pang, et al.'® developed a C dot
sensor for the detection of guanine. Here, the authors used non-
functionalized C dots for the selective detection of guanine in
urine and DNA samples, with a detection limit of 0.67 X
10~% mol L™". Novel solvent-free methods have also been re-
ported for preparing C dot sensors using protocols other than
conventional synthetic methods.

Igbal, et al.** reported a novel solid-state synthesis of C dots
using citric acid and phenanthroline. This method was very
cost-effective and can be used for detecting both Fe(i) and Fe(m)
present in cells and milk, with a detection limit of 20 nM and
35 nM for Fe(u) and Fe(m), respectively. Recent studies have
reported the successful fabrication of highly efficient C dots
through feasible methods. The C dots can be used as sensors for
various biologically significant molecules such as tetracy-
clines,'**” epinephrine,'”® ampicillin,'® penicillin G,"° acet-
amiprid,"* glutathione,"> and also for organic molecules such
as catechol,™® toluene,"** biothiols,"* thioamides,**® and also

for microbes such as Pseudomonas aeruginosa bacteria.""’

3.4. Photocatalysis

There has been significant research interest in photocatalysts
over the past decade due to the scenario of environmental safety
and sustainable energy. The applications of nanomaterials for
efficient fabrication of photocatalysts made the journey fast and
effective. It has been reported that C dots have been developed
as useful photocatalysts for the degradation of organic dyes and
also for the photo-splitting of water for hydrogen generation, as
shown in Fig. 6.

Ming, et al.**® successfully developed C dots through a one-
pot electrochemical method using only water as the major
reagent. This is a very promising synthetic methodology
because it is a green protocol and is cost-effective, with good
photocatalytic activity of C dots for the degradation of methyl
orange. Furthermore, when the C dots were coupled with tita-
nium dioxide (TiO,), they exhibited excellent photocatalytic
efficiency.

It was previously observed in past decades that the Z-scheme
photocatalysts possessed enhanced catalytic efficiency. Zhou,
et al.'*® provides a detailed account for these solid-state Z-
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Fig. 6 Principle of C dot-based photocatalysts.

scheme photocatalytic systems. A Z-scheme-based system was
applied to C dot-based photocatalysts and was observed to have
good efficiency. Similarly, it was observed that the C dot/WO; z-
scheme photocatalysts for hydrogen production exhibited good
efficiency. With xenon lamp irradiation, it was demonstrated
that the rate of hydrogen production increased from 4.65 mmol
g ' h™" to 1330 mmol g~ " h™".12°

An excellent extension of this system operating in the broad
spectrum range was reported in the literature. A Z-scheme
composite composed of a C dot/WO; nanorod system demon-
strated its efficiency in broad spectrum photocatalysis using
ultraviolet-visible (UV-Vis) and near-infrared (NIR) irradiation.®®
The authors reported reaction rate constants of 0.4030 and
0.2889 h™" for the photo-oxidation of tetracycline hydrochloride
(TCH) and phenol, respectively, which were approximately 2.9-
fold higher than those for bare WO; nanorods due to the
synergistic effect.

A similar Z-scheme photocatalyst was recently reported for
a hydrogen evolution reaction using MoS, QDs decorated with
Z-scheme graphitic carbon nitride (g-C3N,) nanosheet/N-doped
carbon dot heterostructures* and a nitrogen-doped C dot/
CuBi,0, microrod composite.”* Band gap tuning and surface
modification were reported as effective protocols for fabricating
C dots with excellent performance in photocatalysis.'*

Gao, et al.**® provide detailed insight into the molecular
mechanism of the C dot/g-C;N, system using density functional
theory (DFT). The authors explain the interaction between C
dots and g-C3;N, through the formation of a type-II van der
Waals heterojunction, which leads to a decrease in band gap.
Furthermore, this work demonstrated that the C dots act as
a spectral sensitizer in the system, which assists in the photo-
catalytic splitting of water. Park, et al.*** introduced C dot-based

This journal is © The Royal Society of Chemistry 2020
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fluorescent paint with photocatalytic activity. The authors
prepared C dot paint from PEG through ultrasound irradiation,
and it was found to have a quantum yield of nearly 14%. This
material was also observed to be capable of detoxifying organic
dyes when incorporated in the photocatalytic TiO, system.
Further studies will be beneficial for the development of effec-
tive water purification systems based on this property.

Previous studies showed that C dots alone can also be used
for photocatalytic hydrogen production without any co-catalysts
or modification. Yang, et al.*® reported such a work that used
pure C dots for hydrogen generation through photolysis. The
authors observed that the hydrogen production reached a value
of 3615.3 umol g~ h™" using methanol as the sacrificial donor.
This efficiency is very promising because it is 34.8 times higher
than that of the commercial Degussa P25 titania photocatalyst
under the same conditions.

Song, et al.*** designed a two-step hydrothermal method for
developing a C dot-WO, photocatalyst. The authors employed
this system for the photocatalytic degradation of rhodamine B.
It is worth mentioning that this work reports a reaction rate
constant of 0.01942 min ", which is approximately 7.7 times
higher than the catalytic rate using WO, alone. This sizeable
increase in the catalytic rate is attributed to the synergistic
mechanism of C dots and WO,, causing improved light-
harvesting ability and excellent spatial separation of photo-
excited electron-hole pairs. Furthermore, the photocatalytic
action of C dots in rhodamine B under UV irradiation is also
affected by pH variation, which also occurs with photo-
luminescence. The authors reported that maximum photo-
catalytic efficiency was observed at pH 1 due to the formation of
hydrogen bonds."’
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A C dot/(g-C3N,) system has been used for photocatalytic
hydrogen generation. The authors prepared C dots from rape-
seed flower pollen and incorporated them into g-C;N, through
the hydrothermal method. This system was able to photo-
catalytically generate hydrogen via sound with an output that
was 88.1 umol h™* times greater than that of bulk g-C;N, under
visible light irradiation.*” Other works also reported exploring
the molecular mechanism of photocatalytic action of the C dot/
g-C3N, system.

Recently, the hybrid C dot/protonated g-C;N, system was
used to study the photoreduction of CO, into CH, and CO using
both experimental and DFT methods."”® It was observed that
this hybrid system was very effective in the photoreduction of
CO, with good stability and durability after four reaction cycles.
DFT calculations were consistent with the experimental results,
which implies that the work function of C dots (5.56 €V) was
larger than that of pCN (4.66 eV). This suggests that the efficient
shuttling of electrons from the conduction band of protonated
2-C3;N, to C dots hampers the recombination of electron-hole
pairs. This process enhanced the probability of free charge
carriers reducing CO, to CH, and CO, giving satisfactory effi-
ciency for photoreduction.

The performance of these systems has also been improved by
incorporating Fe(m) ions. Researchers who grafted Fe(u) ions to
the surface of a C dot-Fe doped g-C;N, system validated the
improvement in photocatalytic efficiency."” This work revealed
that the interfacial charge transfer effect (IFCT) effectively
inhibited charge recombination and resulted in satisfactory
photocatalytic activity. Furthermore, the authors revealed that
the incorporation of Fe(m) produced hydroxyl radical (OH*),
which plays a crucial role in the photodegradation of methyl
orange and phenol.

The application of a co-catalytic system can significantly
improve the functions of photocatalytic applications compared
to bare C dots. Zhang, et al."* used a co-catalysis system con-
sisting of a C dot-Co;0,-Fe,0; photo-anode for the photooxi-
dation of water. The authors observed that a photocurrent
density of 1.48 mA cm ™ at 1.23 V was exhibited by this ternary
co-catalytic system, which was 78% higher than that of the bare
Fe,0; photo-anode. Aggarwal, et al.*** prepared C dots from
bitter apple peel and demonstrated visible light photocatalytic
activity for the degradation of crystal violet. A similar result was
observed for C dots prepared from palm powder.***

The possibilities for using C dots to develop efficient pho-
tocatalysts with good efficiency and low cost are very vast.
Recently, methylene-oxygen bond-reductive photocleavage in
N-methyl-4-picolinium esters was performed using C dots."*
The literature suggests that structural features affect the pho-
tocatalytic performance of C dots,"** while an interfacial reac-
tion also plays a key role in C dot-based nanocomposites.* More
importance is to be given to hybrid C dot-based photocatalytic
systems, which increase efficiency when combined with co-
catalysts and other inorganic materials. Apart from these,
polymers can also be incorporated, which increase the flexibility
and cost-effectiveness of the system, and these aspects require
further research.
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4. Scope and future perspectives

Various factors such as comparatively feasible synthesis and
excellent biocompatibility indicate that a nanomaterial is suit-
able for biological applications and possesses tunable optical
and electronic properties. Based on these criteria, C dots are
ideal candidates because of their unique potential to be applied
in research. In the past decades, there has been enormous
research interest in C dots due to their ideal behavior, which
continues to be explored.

Further experimentation is ongoing in the application of C
dots as drug carriers for targeted drug delivery, with continued
exploration of their enhanced blood-brain barrier permeation
ability and theranostic properties so that they can be useful in
therapies against advanced diseases and disorders. This can
open new opportunities for their use so that they can be
successfully substituted in applications where traditional
nanomaterials failed.

5. Conclusion

Carbon-based nanomaterials are of great interest to nano-
technologists due to their fascinating behavior and great
potential for various optical, electronic, and in vitro and in vivo
applications. This broad acceptance of carbon nanomaterials
depends primarily on their comparatively feasible preparation
methods and the proper tuning of their desired properties. This
review addressed the three major applications of C nanodots:
bioimaging, photocatalysis, and sensors. These strategies
exploit the unique features of C dots such as biocompatibility,
fluorescence behavior, and feasible synthetic protocols. We
anticipate that this review will provide valuable insight
regarding the properties of C dots, and will assist researchers to
move forward and explore the hidden potential of C dots,
advance the current research, and implement further applica-
tions of this unique class of nanomaterials.
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