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Carbon nanodots have emerged as a promising nanomaterial in the biotech sector,
leveraging their low cytotoxicity and remarkable biocompatibility. Their intriguing properties,
including nanoscale dimensions, bioresorbability, safety, environmental friendliness, cost-
effectiveness, facile chemical and surface functionalization, and photoluminescence, underpin
a wide array of potential applications. This review offers a comprehensive exploration of
CND synthesis methodologies, encompassing top-down approaches like organic precursor
carbonization and bottom-up strategies employing molecular precursors. While significant
studies have focused on the characterization, synthesis, and application of CNDs, this outline
summarizes recent advancements in their preparation and utilization. Furthermore, we delve
into prospective future applications, particularly within healthcare. The substantial attention
garnered by carbon dots in the past decade has spurred extensive investigation, with carbon
nanodots, the newest evolution of nanocarbon materials, currently under intense scrutiny for
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their diverse potential.
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A carbon nanodot is a dispersed, quasi-
spherical carbon nanoparticle that is less than
10nm in size.! Carbon nanodots comprise two
types of carbon atoms, sp2 and sp3, and have
many polymer chains or functional structures
attached to their surfaces. Carbon nanodots are
made up of two types of carbon atoms, sp2 and
sp3, and have many polymer chains or functional
structures attached to their surfaces. Due to their
remarkable qualities, carbon nanodots have drawn
a lot of attention from researchers. These qualities
include great electron conductivity, resistance
to breaking down when exposed to light, high

light-emitting efficiency, glowing properties,
good mixing in water, excellent compatibility with
living organisms, long-lasting chemical stability,
low cost, minimal harmful effects, and a large
surface area that is effective.? Different synthesis
routes influence the diverse architectures of carbon
nanodots, broadly categorised as bottom-up and
top-down approaches.> The top-down strategy, a
subtractive methodology, involves the meticulous
deconstruction of macroscopic carbonaceous
materials into nanoscale fragments, a process
frequently employed in the synthesis of carbon
nanodots. Conversely, the bottom-up approach,
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an additive technique, centres on the controlled
assembly of nanostructures from molecular
precursors through a variety of sophisticated
chemical methodologies. Carbon nanodots can be
used to track how scaffold nanomaterials break
down and work in tissue regeneration because of
their unique optical features, such as changing
fluorescence brightness, ability to emit light, and
strong resistance to light damage. They possess
advantageous photothermal properties that can
eradicate tumour and cancer cells.* In this literature
review, we discussed how the unique properties of
carbon nanodots aid their application. We intend to
showcase recent developments in carbon nanodot
research, focusing on production, characterisation,
and applications. This study stands out from other
review articles on similar topics because it shows
the biological uses of various carbon nanodots all
together in one clear picture, which is not often
seen in published research.
Synthesis

The synthesis of carbon nanodots is
categorised into two primary types: Top-down
approaches for synthesising carbon nanodots from
precursor materials necessitate the imposition of
extreme physical or chemical conditions. Bottom-
up methodologies employ external energy sources,
including pyrolysis, heating, and ultrasonication,
to synthesise carbon dots from small molecules
like glucose and fructose.’ The primary variables
influencing the synthesis of carbon nanodots
are surface state, cellular state, and quantum
entanglement effects. The synthesis techniques
of carbon nanodots enable exact control of these
variables. Several functional groups can be added
to carbon nanodots, including hydroxyl, carbonyl,
carboxyl, epoxy, and amine. Using different
biological, polymeric, and organic substances,
the surface of carbon nanodots can be changed
by adding heteroatoms like nitrogen, phosphorus,
sulphur, and boron. Changing the size and number
of functional groups on the surface of carbon
nanodots can change their properties. This can
be done by using different production methods or
starting materials.
Top-down Approach
Laser Ablation

The laser ablation technique utilises
a powerful laser pulse to expose substantial
carbonaceous materials to a thermodynamic
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environment characterised by elevated pressure
and temperature. As a result, there is an increase in
heat and the evaporation of plasma. A subsequent
crystallisation process converts the generated
vapour into carbon nanodots.? Laser ablation is
known for being simple and effective and for
producing high-quality nanodots, making it an
important method for creating nanomaterials.
Researchers have conducted recent studies to
examine the impact of varying laser wavelengths
on the synthesis process. It was found that using
lasers at 532 nm and 1064 nm created many clumps
of carbon nanodots and big clusters seen under a
transmission electron microscope. Samples ablated
at 355 nm had produced smaller agglomerates. ° In
a specific study, various carbon precursor materials
demonstrated the ability to produce CNDs with
varying doping elements. Toluene and pyridine
were selected and tested as carbon precursors. After
the laser ablation process, the toluene has produced
undoped CNDs, whereas the pyridine has produced
N-doped CNDs. This experiment demonstrates that
the nitrogen atom in the pyridine attaches itself to
the CNDs to produce N-doped CNDs. '
Ultrasonic Method

The ultrasonication method is a simple
approach to synthesising carbon nanodots with
controllable properties like surface charge,
solubility, size, fluorescence colour and quantum
yield. Using this approach, CNDs with desired
properties can be obtained for various applications,
e.g., bioimaging/sensing, drug delivery, etc. !
The acoustic cavitation process is the mechanism
that the ultrasonication method uses to synthesise
CNDs. This process is divided into three steps:
bubble formation, implosion, and nanodot
formation. The first step, bubble formation, uses
ultrasound to generate pressure variations in the
dispersion medium, which leads to the formation
of micro-vacuum bubbles. In the second step, the
micro-vacuum bubbles burst, causing very high
temperatures (about 5000 K), intense pressures
(around 1000 atm), hydrodynamic shear forces
and rapid liquid jet penetration. Third step,
nanodot formation: In this step, the large carbon
is broken down into tiny CNDs by hydrodynamic
shear forces that break down carbon structures
and the rapid liquid jet penetration to keep them
from clumping together. Advantages of the
ultrasonication method are cost-effectiveness,
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eco-friendliness, scalability, rapid synthesis, and
uniform particles. ? Researchers have recently
conducted experiments with this method on various
substances and carbon precursors. In the year 2018,
crab shells will be used for the synthesis of CNDs
through ultrasonic methods, which aim to raise
environmental awareness and produce valuable
material through waste. The successful synthesis
of CNDs has proven beneficial for fluorescent
imaging. '* Additionally, it is shown that CNDs can
also be produced using tender coconut water, which
was found to have strong green fluorescence.
Arc Discharge Method

A lesser-known method for synthesising
carbon dots is arc discharge, which converts
electrical energy to thermal energy to generate
plasma while dissociating nanoparticles. An
electrical current at elevated voltage is produced by
submerging two electrodes made of carbon at the
ideal distance apart in water in a chamber. Then the
chamber is filled with inert gas such as helium or
argon. The dispersion of high-energy plasma within
the reactor can elevate the core temperature beyond
3500 °C. The elevated temperature facilitates the
sublimation of carbon atoms from the anode,
leading to their reassembly in the cathode to create
carbon dots. Carbon dots created with arc discharge
often have oxygen groups like carboxylic (-COOH)
and hydroxyl (-OH) attached, and they can still
glow steadily even if they haven’t been treated
on the surface. ' While making single-walled
carbon nanotubes with the arc discharge method,
researchers unexpectedly found three different
kinds of carbon nanoparticles, each having unique
molecular weights and glowing properties. When
exposed to 365 nm light, carbon nanodots emit
blue-green, yellow, and orange fluorescence.
Electrochemical Method

The electrochemical method is a common
way to make carbon nanodots due to its flexibility
and other benefits. This method’s key features are
that it controls CND size and obtains them with
high purity. ? Researchers have conducted a study
on the impact of this method’s varying synthesis
potential. Ethanol has been used as a medium in
which two platinum plates are used as anodes and
cathodes. The synthesis of CNDs took place at 3,
4.5, 6 and 7.5 V. Following the synthesis process,
a significant difference was observed in the size
of the produced CNDs. Researchers found that the
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size ranged of this study concludes that an increase
in the voltage of the process leads to the synthesis
of carbon nanodots of larger size. And that an
increase in the voltage of the process leads to the
synthesis of carbon nanodots of larger size. '6
Chemical Oxidation

The chemical oxidation method involves
oxidising precursor materials from carbon sources
using oxidants to produce carbon nanodots. This
method does not include any advanced apparatus
for large-scale production. The carbon nanodots
demonstrate considerable hydrophilicity and
chemical reactivity due to the abundance of
oxygen-containing functional groups (e.g.,
hydroxyl and carboxyl groups) generated on
their surface during oxidation, thus bestowing
remarkable hydrophilicity and chemical activity
to the carbon nanodots. '7 Carbon nanodots are
synthesised electrochemically or chemically by
oxidation-reduction reactions under standard
pressure and temperature. It requires the use of
strong oxidising agents, such as hydrogen peroxide
(H, O, ), sulphuric acid (H, SO,, ), and nitric acid
(HNOf ). You can change the surfaces of carbon
dots by adding water-attracting groups like NH,
, COOH, and OH by controlling redox processes
and the makeup of the electrolyte. '®
Bottom-up Approach
Pyrolysis

Pyrolysis is usually done in an inert
atmospheric environment and by providing a very
high temperature from 300°C to 1000°C. The
process of carbonisation of organic substances is
generally done through the pyrolysis process.
During the synthesis process, to produce CNDs,
highly concentrated acid or base is used. With the
help of these chemicals, carbon precursors can be
reduced to CNDs. The optical characteristics of
the carbon dots were improved by altering various
essential factors such as reaction temperature,
reaction time, and pH of the mixture. Recent
research has shown that a variety of materials and
substances can be used as a carbon source, such
as biomass material and fruit waste. ' One of
the substances used was found to be watermelon
peels. These watermelon peels were carbonised,
and the produced products were filtered without
any difficulties. The produced CNDs had shown
strong blue luminescence.
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Hydrothermal Method (HTC)

HTC is a cost-effective, environmentally
friendly, and non-toxic method for the production
of carbon dots. The process starts with organic
solvents reacting with each other and being kept
in a hydrothermal reactor at high temperatures
and pressures. The HTC technique can synthesise
carbon dots from a diverse range of raw materials,
such as chitosan, citric acid, glucose, proteins, and
many more. 2 Carbon nanodots emissive properties
are determined by the heating temperature and
reaction time. Higher temperatures contribute
to red-emitting carbon nanodots, whereas lower
temperatures produce blue or green emissive
colours. Recent study analysis indicates that
hydrothermal treatment of organic carbon
precursors, especially from natural sources, seldom
achieves a quantum yield of 50% or above. '* A
sugarcane juice-soluble aqueous media serves
as a plant-based source of luminous carbon dots,
measuring less than 5 nm in size. These carbon dots
detected Cu?z with high sensitivity and specificity.
6
Microwave-assisted Method

Microwaves cover a broad spectrum of
electromagnetic waves, which can range from
1 mm to 1 m, to facilitate the rapid dissociation
of chemical bonds in precursor molecules. The
microwave-assisted technique is comparatively
simple, cost-effective, and efficient, yielding
shorter reaction times while generating uniform
heat for the homogeneous dispersion of carbon
nanodots. 2 Microwaves are waves that fall between
1 cm and 1 m in wavelength and belong to the
electromagnetic spectrum of light. Their frequency
range is 300 MHz to 300 GHz. Two perpendicular
oscillating fields, which are employed as carriers
of energy and information, combine to form
these waves. The interaction of microwaves with
particular materials, which can absorb some of
their electromagnetic energy and transform it into
heat, is their first application. For this purpose,
commercial microwaves require 2450 MHz of
energy, which is roughly equal to 600-700 W.
2! They developed a straightforward microwave-
assisted method for the synthesis of carbon
dots from Mangifera indica leaves in a single
container. Their carbon dots demonstrated the
ability to detect intracellular temperature, excellent
photostability, favourable biocompatibility, and
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excitation-independent near-infrared emission,
as well as enhanced cellular uptake. The carbon
nanoparticles exhibited exceptional chemical
stability, fluorescence intensity, and excitation-
dependent fluorescence in biological matrices. 2
Thermal Decomposition

The thermal degradation of massive
carbonaceous precursors through carbonisation
or pyrolysis at high temperatures is referred to
as thermal decomposition, and it is among the
most efficient methods for synthesising carbon
nanodots. Mass production of carbon nanodots,
reduced reaction time, easier synthesis, solvent-
free strategies, and broader precursor tolerance
are all advantages of this method. Moreover,
by adjusting variables such as reaction-mix pH,
reflux duration, and reaction temperatures, the
thermal technique can improve the fluorescence
properties of carbon nanodots. A carbon-based
precursor, like citric acid, glucose, or natural
gas, undergoes high-temperature treatment in an
inert or reducing environment throughout this
procedure. Carbon nanodots and other byproducts
are formed when the precursor decomposes due
to the heat. Techniques such as centrifugation,
dialysis, or chromatography are used to remove
impurities and achieve uniformity in the produced
carbon nanodots. ® Bioimaging, drug delivery, and
sensors are potential uses for the highly regarded
and easily controllable carbon nanodots that can
be synthesised using this method.
Template Method

The synthesis of nano-sized carbon
nanodots involves two stages: the generation
of carbon nanodots through calcination within
mesoporous silicon spheres or templates, after
which etching is done to remove supports and
produce nano-sized carbon dots. ? Researchers
devised a method utilising mesoporous silica
spheres as rigid templates, yielding photostability
and monodispersion with exceptional fluorescent
characteristics. 2 Template-based carbon nanodot
synthesis uses mesoporous silica. Template pores
receive organosilane, a carbon-rich precursor.
The template with precursor in its pores thermally
decomposes in an inert or reducing atmosphere.
The precursor decomposes at high temperatures,
forming carbon nanodots in template pores. After
making carbon nanodots, remove the template.
Without damaging nanodots, chemical etching
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or calcination dissolves or burns the template.
Purifying carbon nanodots after template removal
removes residual template material and byproducts.
To ensure uniform size and shape, carbon nanodots
are formed within the template’s consistent and
defined spaces.

Optical Properties

» Photoluminescence (PL)
+ Excitation-dependent
emission

Electrical & Electronic Properties

« Electron donor/acceptor
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Characterization of Nanodots
UV-visible Spectroscopy

UV-visible spectroscopy operates on
the principle of distinct spectra produced by the
absorption of ultraviolet light or visible light
due to chemical compounds. When the chemical

Structural & Chemical Properties

« Amorphous/crystalline
carbon core
» Small size (2-10 nm)

Biocompatibility & Toxicity

Low toxicity

capability
+ Tunable conductivity

-

Stability

+ Photostability
» Chemical stability

Fig. 1. Properties of the Carbon Nanodot

4

« Biodegradability

S —— Y
.

Catalytic Properties

« Photocatalytic activity
¢ Enzyme-like catalysis

Table 1. Sources of Carbon Nanodots

No. Source Method Interpretation Reference
1. Biomass Hydrothermal/ Utilizes organic precursors like glucose, 6
Solvothermal citric acid, or biomass waste.
2. Carbon- rich Materials ~ Pyrolysis The thermal decomposition of carbon- 7
rich materials, such as coal or biomass
3. Graphite Electrochemical Exfoliates graphite using electrochemical 8
Exfoliation methods to produce C-dots.
4. Carbon Soot Laser Ablation Ablates carbon soot into nanodots 7
using a laser.
5. Carbohydrates Microwave Irradiation Carbon dots are formed from 6
carbohydrates using microwave
energy.
6.  Citric acid Thermal Decomposition  Citric acid is heated to a high 3

7. Food Waste Hydrothermal
Carbonization
8. Polymer Precursors Solvothermal

temperature under a vacuum

to form carbon dots.

Converts food waste, such as 6
fruit peels, into C-dots using

hydrothermal processes.

Polymers such as polyethylene 8
glycol are heated to high

temperatures and pressures, and

then carbonized to form carbon

nanodots.
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Chemical Oxidation Pyrolysis
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Fig. 2. Synthesis of the Carbon Nanodots

Fig. 3. Characterization of the Carbon Nanodot
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compound absorbs the UV, it undergoes excitation
and de-excitation, producing a distinct spectrum.
Spectroscopy is based on the light and matter
interaction. C-dots have wide and stable absorption
bands in the ultraviolet to visible wavelength
spectrum. The optical absorbance spectrum of
C-Dots is generally around 230-340 nm with a
tail spanning into the visible region. ' '-* The
absorption of UV peaks located in the range of
220-270 nm can be attributed to 0-0* transition
C=C and C=N bonds of the carbon core. The peak
in the range of 280-350 can be ascribed to the n-0*
transition of C-O and C=0 bonds of the CO surface
group. Absorption peaks positioned in the region
of 350-600 nm wavelength are usually due to the
transition of functional groups on the surfaces of
C-dots. '*** CNDs synthesised from citric acid
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using thermolysis techniques and applied them to
sense protein molecules. To characterise the carbon
nanodots, they studied UV-VIS spectroscopy
from 265 nm to 450 nm at room temperature and
concluded that the peak at 340 nm is attributed to
the n-8* transition of C=0 bonds and may also
involve contributions from additional functional
groups present on the surface of the synthesised
functional groups. %

High-Resolution Transmission Electron
Microscopy (HR-TEM)

HR-TEM is a valuable tool for gaining
insights into the size distribution, structural pattern,
and direct imaging of atoms in nanoparticles. *
HR-TEM can observe the atomic structures of
nanoparticles with high accuracy, usually obtaining
an image resolution of better than 0.2 nm. * The

Table 2. Challenges of Carbon Nanodots

Challenges

Descriptions

Reference

10.

I1.

Synthesis Complexity

Surface Functionalization

Biocompatibility
Size and Surface Area

Purity

Environmental Impact

Solubility

Quantum Yield
Optical Properties

Photostability

Regulatory and Safety Issues

During the synthesis process, uniform size and consistent
properties can be challenging due to multiple steps such
as surface passivation and post-synthetic modifications.
It can be difficult to modify the surface of carbon
nanodots for particular uses, and it involves exact
control over the chemical processes involved.

Surface functional groups or impurities have

the potential to be toxic.

Propensity to collect, which may have

an impact on stability and properties

Maintaining high purity and removing impurities

from the finished product can be complicated. Impurities
can impact the performance and safety of carbon nanodots.
The environmental implications of large-scale carbon
nanodot synthesis and disposal are insufficiently
recognized, raising concerns about long-term safety

and sustainability.

Solubility can vary depending on surface chemistry

and the synthesis method.

Defects and surface states can reduce quantum yield.
Environmental factors like pH, temperature, and

ionic strength can have an impact on the optical
properties of Carbon nanodots. This sensitivity may
complicate their use in practical applications.

Carbon nanodots are frequently photobleached

after prolonged light exposure, limiting their use in
long-term imaging and sensing applications.

There is concern about the potential for carbon

nanodots to accumulate in biological systems and

the environment, which could have unexpected repercussions.

1

34

35

35

36

36
25

25

35




1881

Table 3. Applications of Carbon Nanodot
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No. Applications Mechanism Significance Reference
1. Biomedical Carbon nanodots emit specific Provides a safer alternative to 38
Imaging wavelengths of light when excited, traditional fluorescent dyes
allowing tracking of cells and for live-cell and in vivo imaging.
processes.
2. Drug Delivery Carbon nanodots can encapsulate Enhances therapeutic effect 39
drugs and target specific cells, while minimizing side effects,
releasing drugs upon triggers. particularly in cancer therapy.
3. Gene Therapy Carbon nanodots encapsulate Biocompatible and low toxicity, 40,41
nucleic acids, facilitating cellular suitable for gene delivery.
uptake and deliver CRISPR/Cas9 It also allows monitoring of
systems for precise gene editing. efficiency and localization
of gene therapy.
4. Environmental Carbon nanodots act as Offers a sustainable method 42
Remediation photocatalysts to degrade for cleaning contaminated
pollutants under light irradiation. environments, such as water.
5. Tissue engineering  Carbon nanodots serve as Allows controlled release of 43
carriers for growth factors or therapeutic agents and aids
drugs in engineered tissues. to monitoring of cell behaviour
and integration.
6.  Photothermal Carbon nanodots produce heat Offers a least-invasive 44
Therapy when exposed to light, effectively =~ method for cancer therapy.
eliminating cancer cells.
Drug Delivery
» - Bioimaging
Tissue Engineering
- ®
[
~ Help 1o ;Iigenerule
= Tl = )

Fig. 4. Various Applications of carbon Nanodots
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carbon nanodots are dispersed in a suitable solvent
and then deposited onto a TEM grid. The sample
needs to be ultra-thin to allow electrons to pass
through. It employs a high-energy electron beam
that is transmitted through the sample. As the
electrons interact with the atoms in the carbon
nanodots, they are scattered, creating an image. The
scattered electrons are collected to form this image.
The high resolution allows it to reveal atomic-level
details of the carbon nanodots. ** It can produce
intricate pictures of the carbon nanodots’ lattice
structure, including the arrangement of carbon
atoms and any defects or irregularities. 2

Atomic Force Microscopy (AFM)

Atomic force microscopy comprises a
4-quadrant photodiode, a scanner, a laser, and a
cantilever with a small tip (probe) at its free end.
In this high-resolution scanning probe microscopy
method, a topographical image of the sample
surface is obtained through the interactions
that take place between the tip and the sample
surface. * Atomic force microscopy-based force
spectroscopy is a technology that effectively
quantifies the interactions between biomolecules
and a wide range of material interfaces. These
material interfaces can range from hard inorganic
surfaces to soft bio-substrates. ?* The primary
advantage of the AFM technique in biotechnology
is its capacity to examine biological specimens in
their natural environment. This includes the ability
to analyse biological samples in buffer solutions
in vitro, in situ, and even in vivo without the need
for sample preparation, which was previously a
time-consuming and laborious process. ** In a
study where a comparison of interaction between
mercury ions and CNDs wasproduced through two
different methods. The average size was found to
be 2nm in the bottom-up approach of synthesis, and
the average size of CNDs was found to be Snm for
the top-down approach of synthesis. 3
Fourier-transform Infrared Spectroscopy
(FTIR)

FTIR can identify the energy of molecular
motions by shining infrared light on a sample
and measuring the amount of energy it absorbs.
The transferred radiation is picked up, while the
sample absorbs the rest. The chemical fingerprints
of polymers are determined by using the different
bands created by the spectra. *' It helps to identify
the functional groups on the surface of carbon
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nanodots. When a carbon precursor is partially
oxidised to form carbon dots, its surface contains
a wide variety of oxygen-containing groups,
including hydroxyl groups, carboxyl or carboxylic
acid groups, and ether/epoxy groups. Prior to
utilisation, carbon dots were altered to equilibrate
potential wells on the energy surface, reduce
cytotoxicity, and enhance fluorescence quantum
yield. Infrared spectroscopy can ascertain the
adequacy of passivation in modified carbon dots.
2 The presence of carboxyl groups on the surface
was indicated by absorption peaks at 1724 cm{
''and 3307 cm{ '.. A double bond was indicated
by a peak at 1579 cm-1, and the presence of ether
linkages was suggested by an absorption peak at
1097 cm-1.%°

Nuclear Magnetic Resonance (NMR)

NMR spectroscopy can be used to study
structure, verify purification, and reveal molecular
species of carbon nanodots. It is used to identify the
hybridisation of carbon atoms within a crystalline
lattice and the nature and mode of their bonding.
By separating sp® carbons from sp? carbons, NMR
measurements can be employed to determine the
structural insights of carbon nanodots. Arenes (sp?)
display resonance between 90 and 180 ppm, while
aliphatic (sp*) carbons resonate between 8 and 80
ppm. The carbon-13 (**C) NMR range revealed
the absence of aliphatic carbons, with no single
peak below 120 ppm. *? The majority of the peaks
that emerged within the 120—150 ppm range were
caused by aromatic carbons. The development of
the carbon dots from sp? carbons was confirmed
by '*C NMR spectroscopic estimations. 2
X-ray Diffraction (XRD)

XRD is an effective procedure for
characterising carbon nanodots, phase purity,
and crystal structure. *° It generally describes
the clustered nature of the surface of synthesised
carbon nanodots. The crystalline or amorphous
nature of the carbon nanodots can be ascertained
using XRD. Crystalline carbon nanodots will
show sharp diffraction peaks, whereas amorphous
carbon nanodots will have broad humps. ** The
wide peak obtained in the XRD study illustrates
a significant degree of disorder among carbon
atoms on the surface of the carbon nanodots. The
(002) plane of graphitic carbon is represented by
the peak that frequently appears in XRD patterns
of carbon nanodots, located at approximately 26°
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2¢. Some carbon nanodots may have broad peaks,
indicating a primarily amorphous structure with
some graphitic domains. 2
Application of Carbon Nanodots
Drug Delivery

Carbon nanodots are essential as
nanocarriers in the development of innovative
medication delivery systems. Innovative
nanomaterials-based targeted drug delivery
technologies provide a multitude of benefits,
including the ability to visualise drug sites
using imaging agents on the carrier, transport
macromolecular therapeutics, implement a variety
of therapeutic strategies, administer multiple
drugs simultaneously, enhance the delivery of
hydrophobic medications, and facilitate targeted
delivery to specific cells, tissues, or organs.?

Carbon nanodots have demonstrated
efficacy in drug delivery and the management of
specific disorders related to the central nervous
system (CNS). However, getting carbon dots
into the central nervous system remains the
main obstacle for these applications. To test
carbon dots’ capacity to penetrate the blood-brain
barrier (BBB) in the zebrafish model through
transferrin receptor-mediated delivery, they were
covalently linked to transferrin and labelled with
dye. Transferrin-conjugated carbon dots, unlike
carbon dots alone, may traverse the blood-brain
barrier to access the CNS.3” Moreover, further
study indicates that the mitomycin-loaded carbon
dots nanocarrier may efficiently penetrate tumor
cells, have pH-dependent release characteristics,
and exhibit biocompatibility with MCF-7 cancer
cells.! The distinctive optical and physicochemical
features of carbon dots facilitate their application
as an efficient drug delivery system, evaluation
of cancer therapy efficacy, and determination of
accurate medication dosage. However, the ability
of carbon dots to target specific disease states is
unknown, limiting its therapeutic application.’
Tissue Engineering

Tissue engineering aims to create
functional constructions capable of repairing,
preserving, or improving damaged tissues.
Carbon nanodots have a distinctive range of
physicochemical features that enable them suitable
for tissue engineering applications. Carbon nanodots
can be included into scaffolds to enhance their
mechanical strength and biocompatibility. These
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scaffolds promote cell adhesion, proliferation,
and differentiation, which are crucial for tissue
regeneration.*

It is proved that nitrogen-doped carbon
dots (NCDs) made through hydrothermal/
coprecipitation method in conjunction with
hydroxyapatite (HA) nanoparticles (NCDs-HA)
show potential in zebrafish (ZF) jaw regeneration
(JBR).This research indicates that NCDs-HA may
promote osteogenesis by modifying osteoblast
proliferation, differentiation, and mineralization.*
Carbon dots can be used to create hydrogels, which
are highly hydrated networks that resemble the
extracellular matrix. Recent research demonstrated
that hydrogels made using CNDs can create an
environment that is conducive to cell growth
and tissue formation when used as scaffolds in
tissue engineering, which facilitates cartilage
regeneration and chondrogenic differentiation.
Then these carbon nanodots can be degraded
into smaller, harmless compounds so that the
body can be easily eliminated. In the future, it is
vital to conduct comprehensive and extended in
vivo studies to examine the biodegradation, bio-
clearance, and accumulation of a variety of carbon
nanodots in primary organs, such as the brain,
kidneys, intestines, and liver. The biodegradability
of carbon nanodots is a critical determinant
in their application in tissue engineering. To
accurately evaluate the impact and biosafety
of carbon nanodots in tissue engineering, it is
imperative to conduct additional research on their
biocompatibility and cytotoxicity in a variety of
tissues.*

Gene Therapy

Gene therapy is defined as the treatment
of disease by introducing genetic material into
cells. Incorporating a tumor-suppressor gene
into tumor cells inhibits growth during gene
therapy or gene delivery. However, nanoparticle-
based carriers, such as carbon nanodots, have
demonstrated efficacy in gene therapy due
to their superior biocompatibility and safety.
Currently, highly efficient carbon nanodots are
extensively utilized for the delivery of nucleic
acids which includes siRNA, noncoding RNAs,
and DNA, as they facilitate gene delivery through
endocytosis, macro-pinocytosis, and phagocytosis.>
Hydrothermally synthesized polymeric carbon
nanodots were employed in a study to improve the
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efficiency of gene delivery during transfection. The
luciferase assay conducted in HeLa cells has shown
that the synthesised polymeric carbon nanodots
may function as multifunctional gene vectors,
with high biocompatibility, low cytotoxicity, and
increased transfection efficiency. The positively
charged DNA was efficiently condensed and its
degradation was inhibited by the synthesised
polymeric carbon nanodots.*’ In conclusion, carbon
nanodots, especially in cancer gene therapy, can
serve as versatile transmembrane nanocarriers for
the efficient delivery of drugs, genes, or both.*®
Bioimaging

Another interesting application of
carbon nanodots is their potential as bioimaging
agents for cells and organisms in both in vivo
and in vitro environments. This is due to their
photoluminescence, which is a fundamental
characteristic of carbon nanodots.?* This technology
enables detection, screening, diagnosis, and image-
guided treatment of life-threatening disorders,
including cancer, as well as cellular and single-
molecule imaging. The imaging capabilities of
carbon nanodots are derived from their distinctive
optical characteristics, such as their inherent
fluorescence, or from functional agents that are
present in their interior or on their surface.®
Recent study has shown that carbon nanodots are
functionalized with quaternary ammonium lauryl
betaine to create positively charged moieties which
are examined on three gram-positive and three
gram-negative bacterial species. The findings
indicated that carbon nanodots effectively label
gram-positive organisms, whereas no gram-
negative species were tagged. The variation in
labelling resulted from differences in cell wall
architectures and composition. The substantial
peptidoglycan layer in the cell membranes of
gram-positive species has several anionic moieties,
promoting electrostatic interactions between the
positively charged carbon nanodots and anionic
species.” The bioimaging of cellular compartments
and organelles improves understanding of the
initial symptoms and progression of a variety
of diseases, such as Alzheimer’s, Parkinson’s,
diabetes, and malignancies. Carbon nanodots were
implemented for intracellular imaging of HeLa,
MCF-7, Caco-2, HepG2, PC12, lung cancer, and
pancreatic progenitor cell lines.*
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Photodynamic Therapy

Photodynamic therapy (PDT) consists of
three key components: a light source, a photocatalyst
(PS), and oxygen. PS absorbs energy from a light
source, which causes it to transition from ground
state to excited state, resulting in three reactions: a
Type I reaction involving electron transfer between
PS and intracellular substrates, which produces
free radicals, and a Type II reaction involving
direct energy transfer to oxygen molecules, which
produces singlet oxygen. These reactions can
occur simultaneously, producing reactive oxygen
species (ROS). The Type III reaction mechanism
specifically targets biomolecules, including nucleic
acids and proteins, leading to the direct and efficient
annihilation of biological target molecules. The
resulting ROS are collectively known as ROS.
ROS refers to H202, 02", *OH, and 102.5! ROS
serve as mediators of cytotoxic effects, with their
effects restricted to specific target tissues that have
been exposed to light. This light-induced toxicity
can be employed to selectively eradicate malignant
tumours or cancer cells. A thorough examination of
the application of PDT in the treatment of cancer.
It is also identified as a novel integration of PDT
and imaging systems for a variety of disorders,
such as cancer.”? Selenium and nitrogen co-doped
carbon nanodots (Se/N-CDs) were synthesised
by researchers in** to enhance photodynamic
treatment and overcome its in vivo limitations.
Cell labelling with RNA probes, isothermal
titration microcalorimetry, and digesting methods
have all demonstrated that Se/N-CDs exhibit
selective binding to RNA. Se/N-CDs produced
ROS in the vicinity of the nuclear membrane.
The membrane degraded under light irradiation,
enabling the absorption of supplementary Se/N-
CDs. The capacity for photosensitisation was
augmented consequently. Utilising Se/N-CDs as
photosensitisers holds the potential to effectively
inhibit tumour growth.

CONCLUSION

This literature review investigates the
synthesis of carbon nanodots by both top-down
and bottom-up methodologies. Comprehending the
structural, morphological, and chemical features
of carbon nanodots necessitates the application
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of characterization techniques like TEM, XRD,
and FTIR. For the purpose of adapting their
properties to particular applications, these insights
are absolutely necessary. Carbon nanodots have
the potential to revolutionize a variety of fields,
as evidenced by their wide-ranging applications
in bioimaging, drug delivery, gene therapy, and
photodynamic therapy, among other areas. Because
of their one-of-a-kind fluorescence properties, high
biocompatibility, and low toxicity, these substances
are promising prospects for conducting research
and development in the future. We have the ability
to propel innovation and make a contribution
to the development of environmentally friendly
technological solutions if we adopt green synthesis
techniques and make progress in our understanding
of carbon nanodots. The incorporation of carbon
nanodots into applications that are used in the
real world represents a significant step toward
the achievement of technological advancements
that are both more environmentally friendly
and more efficient. The most recent version of
carbon-based nanomaterials, carbon nanodots, has
attracted considerable interest from researchers
owing to their beneficial properties, including
cost-effectiveness, remarkable fluorescence,
high solubility in water, low toxicity, and ease of
synthesis and surface functionalization. Despite
significant advancements in carbon nanodots, their
synthesis processes still necessitate improvement.
Numerous biotechnological domains remain
unexplored and necessitate focused research.
Carbon nanodots have an exciting future ahead of
them.
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