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Carbon dots: a novel platform for biomedical
applications
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Carbon dots (CDs) are a recently synthesised class of carbon-based nanostructures known as zero-
dimensional (0D) nanomaterials, which have drawn a great deal of attention owing to their distinctive
features, which encompass optical properties (e.g., photoluminescence), ease of passivation, low cost,
simple synthetic route, accessibility of precursors and other properties. These newly synthesised nano-
sized materials can replace traditional semiconductor quantum dots, which exhibit significant toxicity
drawbacks and higher cost. It is demonstrated that their involvement in diverse areas of chemical and
bio-sensing, bio-imaging, drug delivery, photocatalysis, electrocatalysis and light-emitting devices
consider them as flawless and potential candidates for biomedical application. In this review, we provide
a classification of CDs within their extended families, an overview of the different methods of CDs
preparation, their unique
photoluminescence properties, thoroughly describing the peculiar aspects of their applications in the

especially from natural sources, ie., environmentally friendly and

biomedical field, where we think they will thrive as the next generation of quantum emitters. We believe
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that this review covers a niche that was not reviewed by other similar publications.

1. Introduction

The fast progress of novel nanomaterials development creates
more efficient platforms in different fields, leading to applica-
tions in the biomedical, energy, photonics, material, environ-
mental and catalysis industries.'” Despite the countless
advantages demonstrated by nanomaterials, their exploitation
is limited because, in the majority of cases, they require toxic
chemical reagents for their synthesis. Hence, they are not
considered to be environmentally friendly. Therefore, to
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eliminate hazardous chemical reagents, great endeavours have
been made to design and introduce reproducible, environ-
mentally friendly nanostructures.>*

Carbon dots (CDs) are zero-dimensional carbon nano-
materials (1-10 nm) with unique optical properties and were
introduced in the scientific community by Xu et al. in 2004.”
CDs are mainly categorized by their chemical structure, which
determines their peculiar properties. These new nanomaterials
exhibit sp> or sp® hybridization and usually are decorated with
oxygen-based groups on their surface, as well as other chemical
groups left from post-treatment processes.®® Given their 3D
quantum confinement and surface effects, CDs exhibit unique
optical properties, such as electrochemiluminescence, photo-
luminescence (PL), and chemiluminescence.'*"¢

PL emission spectra of carbon dots can cover a spectral range
from ultraviolet to visible and near infrared,'” as a function of
their intrinsic dimensions. Improving the manufacturing
processes plays a critical role in the PL efficacy, spectral purity
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and stability which critical for certain relevant
applications.*®"

It is well-known that the quantum size effect and the surface
nature of the CDs are two very influential factors on their PL
characteristics. However, the precise mechanisms are still
under debate and both, electron donor or acceptor, can create
photoluminescence. Photoinduced CDs are both excellent
electron donors and acceptors. Thus, they can be quenched
efficiently by either electron acceptors or donors."”

Besides, the emission wavelengths can be adjusted by
chemical components and the processes used for their
synthesis. For instance, in the controlled thermal pyrolysis of
citric acid and urea, the spectral emission peak of the generated
CDs can be gradually changed by regulating the thermal-
pyrolysis temperature and the ratio of reactants.*® In contrast,
fabricated CDs by a one-step hydrothermal process have been
shown to display a broad band emission over the whole visible
wavelength range.*

Relying on these exclusive optical properties and their
intrinsic biocompatibility, CDs are competitive alternatives to
well-known semiconductor quantum dots (SQDs), containing
potentially toxic compounds and heavy metals.>*** Additionally,
CDs offer excellent water solubility, high chemical and optical
stability,'® magnificent biocompatibility, and are cost-effective
and environmentally friendly. The combination of these attri-

butes makes CDs a promising candidate for numerous appli-

are

cations, such as fluorescent markers, bioimaging agents,
photocatalysts, sensing, and optoelectronic devices.>*°

The difference in the structure of different CDs primarily
stems from the synthesis process and raw materials used.** CDs
are produced from a variety of synthetic or natural carbon
sources.**** Thus, a significant number of protocols have been
developed for their fabrication, involving both natural and
synthetic precursor strategies. Compared to synthetic carbon

sources, the natural and sustainable carbon sources and
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Table1 A summary of review articles from the past eight years devoted to the synthesis, photoluminescence (PL) mechanism, and applications
of CD

Authors Year Reviewed synopsis Ref.

Li et al 2012 This article focuses on the synthesis of CDs, surface functionalization, PL properties, and their 10
applications in photocatalysis, photovoltaic, energy and sensors. Moreover, the photo induced
electron transfer ability and light-harvesting capability of CDs are discussed

Yang et al. 2013 This article reviews the hydrothermal, solvothermal, and microwave synthesis of fluorescent CDs 42
and their sensing applications as nanoprobes for ions, organic and biological molecules and
target gases. Furthermore, the application of CDs in cell imaging and drug delivery is discussed

Wang et al. 2014 In this article, the progress in the synthesis of CDs is summarized, focusing on various synthesis 43
methods, size control, and modification strategies. Furthermore, the properties and applications
of CDs have been reviewed, including their photoelectric properties, luminescent mechanism,
and applications in biomedicine, optronics, catalysis, and sensing

Hong et al. 2015 This review article surveys the synthesis, functionalization, and biocompatibility of carbon 48
nanomaterials and their progress in biological imaging and nanomedicine therapy
Zheng et al. 2015 This paper explores the problems associated with CDs, such as the broad emission spectrum, low 44

quantum yield, and low-yield synthesis methods. It is concluded that most CDs emit in the green
or blue spectral range. Meanwhile, excitation and emission at long wavelengths are particularly
desired for deep tissue imaging

Zhu et al. 2015 This review article explores the synthesis methods and properties of three CDs and the advances 45
in elucidating the PL mechanism of these materials
Cayuela et al. 2016 In this review, the decorated fluorescent dots serve as central nano scaffolds, which helps 50

assemble and display one or more functions, such as targeting or sensing biomolecules and bio-
imaging. They concluded that the efforts should be directed to design a multifunctional platform
by controlling drug release, targeting, monitoring pharmacokinetics, and biodistribution.
Although they are considered promising multi-modal phototherapeutic agents for enhanced
cancer therapy in future clinical applications, further investigations are needed, particularly for
carbon-based dots

Reiss et al. 2016 This article reviews the synthesis of semiconductor nanocrystals and colloidal quantum dots in 51
organic solvents, emphasizing earth-abundant and toxic heavy metal-free compounds
Zhou et al. 2017 In this review article, the progress in imaging using CDs doped with heteroatoms (X-CDs) is 52

summarized. The design strategies, doping species, properties, PL mechanism, and bioimaging
applications are discussed

Namdari et al. 2017 This article describes the novel application of CDs for in vivo imaging and their potential for 53
imaging tumours in the near future

Tuerhong et al. 2017 This review article highlights the progress made in polymer-based CDs, including the effect of 54
polymers on the formation of CDs, their fabrication, and applications

Tao et al. 2017 This review article focuses on polymer-based carbon dots and summarizes their formation 55
process, properties, and PL mechanism

Chen et al. In this article, graphene quantum dot-based nanohybrid materials are discussed in regard to 56

their method of synthesis, physicochemical properties, and specific biocompatibility
characteristics compared to other nanostructured materials

Das et al. 2018 This review article summarizes the synthesis methods of CDs made from natural sources. These 46
include electrochemical synthesis, microwave, confined pyrolysis, or solution chemistry
Zhang et al. 2018 This review paper discusses the recent progress in the synthesis, characterization, and 47

applications of CDs made from natural sources. The applications include bioimaging, solar cells,
sensors, and catalysis

Chan et al. 2018 This review illustrates a series of various carbon dot-based sensors in terms of their sensing 57
mechanism. In addition, these sensors' sensitivity and selectivity for detecting different elements
comprising of heavy metals, cations, onions, and so forth are investigated

Ghosal et al. 2019 This review focuses on current methods of CDs preparation. It also evaluates the impact of 58
synthesis methods and the fluorescence properties of CDs in the biomedical area, specifically
focused on therapeutic platforms

Wagner et al. 2019 In this review paper, recent signs of progress and obstacles in the design of quantum carbon dot 59
are discussed, and various approaches to improving the quantum yield stability by
bioconjugation clearance are explained. Also, it provides a detailed overview of the distribution
and toxicity of quantum dots

Yuan et al. 2019 In this review, in addition to general information about the synthesis methods of CDs and their 60
optical properties, new insights are given at room temperature phosphorescence, delayed
fluorescence properties, and their optoelectronic applications, such as light-emitting diodes,
lasing, solar cells, and photodetectors. Additionally, obstacles faced in materializing these
applications are discussed

Su et al. 2020 This article provides a comprehensive scope of CDs application in the bioimaging of normal and 61
cancer stem cells and tumour cells, two-photon fluorescence imaging, in vivo imaging,
biosensing, and different platforms of cancer therapy

© 2022 The Author(s). Published by the Royal Society of Chemistry Nanoscale Adv, 2022, 4, 353-376 | 355
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Table 1 (Contd.)

Authors Year Reviewed synopsis Ref.

Koutsogiannis et al. 2020 This article focuses on the effects of CDs development methods and its bioimaging properties as 62
a cancer theranostic agent

Goreham et al. 2020 This review article explicitly emphasizes the modifiable properties of CDs as a labelling agent for 63
particularly extracellular vesicles tracking and their application in bioimaging and biosensing

Wang et al. 2020 In this article, the properties of semiconductor quantum dots produced via inorganic or organic 64
modification methods are categorized. The pros and cons of various fabrication methods in
relation to their function in the mechanical field of bioimaging and drug delivery are discussed

Liu et al. 2020 In this article, the authors evaluate and compare the properties of traditional quantum dots and 65

carbon dots. They also present a bright scheme of physicochemical properties and methods of
preparation, along with a novel outlook for the comprehensive identification of traditional

quantum dots and carbon dots

resources,**” such as biomaterials***° and food waste,*® offer
low or zero additional cost, high water solubility, and lower
cytotoxicity.***

A number of review articles have thoroughly discussed the
synthesis aspects of CDs in the past'®***** and more recently.***’
Others have explored the biological aspects of CDs in applica-
tions, such as biomedicine and bioimaging.**»*** Table 1
reports a summary of several review articles in the past eight
years regarding CDs. Overall, most of the review articles have
been dedicated to either the synthesis and characterization of
CDs or their applications in the biomedical field.

Mechanism

Application

e Subtly tuning
e Multi-color CDs
¢ Optical stability

This review article focuses more on the characterization and
classification of CDs, mainly produced by natural sources, for
biomedical applications. A brief introduction to carbon dots
and different classes of CDs is first presented, followed by
a discussion on various synthesis routes for the production of
CDs (particularly from natural sources). The optical properties
of CDs are then explored in details. Lastly, the progress made in
the biomedical fields, specifically in three different areas of
biomedicine, bioimaging and bio/chemo sensing, are outlined.
To conclude, the future outlook and further recommendations
on the field of interest are discussed (Fig. 1).

A

>
e Internal structure
(amorphous to nearly
crystalline)
¢ Nonquantitative surface
structure
¢ Virtual size polydispersion
1\ J

Synthesis

* Well-defined Structure
® Precise Sizes

* Green Synthesis

* Mass production

e Understanding of the
synthesis mechanisms

Fig. 1 The addressable areas of research for CDs.
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2. Carbon dots families

The families of CDs can be categorized into three sub-classes
based on their origin and nature, namely carbon nanodots
(CNDs), graphene quantum dots (GQDs), and polymer carbon
dots (PCDs). Each sub-class of CDs exhibits a different set of
surface chemistry, as depicted in Fig. 2, and consequently
exhibit different optical properties.

2.1. Carbon nanodots

Carbon nanodots (CNDs) are quasispheroidal carbonaceous
nanoparticles of less than 10 nm in size. CNDs are carbon
nanoparticles without a crystal lattice. Carbon nanoparticles with
a crystal lattice are called graphene quantum dots (GQDs), which
are discussed in the next section.®® CNDs have been extensively
studied to better understand the origin of their photophysical
behaviour,'>*7 and to develop more efficient synthesis routes in
which the size and surface chemistry can be finely tuned.””*

Rhee and Kwon first developed a size-controlling synthesis
process for CNDs where they used a “water-in-oil” emulsion as
a nanoscale self-assembling platform.”*”* Surfactant molecules
encapsulated the formed micelles of water in an immiscible oil.
The CNDs were then developed by elevating the temperature to
250 °C for 2 hours under argon. They also evaluated the effect of
different temperatures (160 and 200 °C) to optimize CND
production. Furthermore, the carbonization and capping
process of CND were performed under the optimized tempera-
ture. It was found that the water-surfactant concentration could
regulate the size of the micelles. Therefore, this method could
offer size tenability with a narrow size distribution.

Rhee and Kwon also found that different-sized CNDs had
non-identical band gaps and hence different PL behaviours.
The PL peak blue-shifted by approximately 25 nm upon
increasing the size of the CNDs from 1.5 to 3.5 nm. These
results, which are opposite to what was expected from the
quantum size effect, were further explained by sp> hybridisation
exhibiting specific energy gaps due to bonding with oleylamine
ligands that acted as auxochromes to reduce the energy gaps. As
a result, large CNDs with relatively small ligand/sp” clusters had
larger band gaps than small CNDs. Therefore, the broad
absorption peak near 370 nm was obscured in large CNDs, and
the maximum PL peak was shifted to 360 nm.

By employing different fabrication pathways, various func-
tional groups, including highly polar groups, such as carboxyl

Fig. 2 Illustration of three different types of carbon dots (CDs), from
left to right: carbon nanodots (CNDs), graphene quantum dots (GQDs)
and polymer dots (PDs).

© 2022 The Author(s). Published by the Royal Society of Chemistry
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(-COOH) and amine (-NH,), are exploited for the surface
modification of CNDs,**”%”” making them suitable for a range of
biomedical applications, such as nanobiosensors. Such func-
tional groups have different energy levels, resulting in a series of
surface trapping states in CNDs that dominate the emission
spectrum. A higher degree of surface oxidation or other effective
passivation can result in more surface defects, resulting in
a red-shifted emission. The modified CDs are extremely pho-
toluminescent, either in suspension or solid-state. Their emis-
sion encompasses the visible spectral range and expands into
the near-infrared; the latter property allows the dots to be
utilized in biosensing applications.

2.2. Graphene quantum dot

Graphene quantum dots (GQDs) are made of a single-layer carbon
core connected to different chemical groups on the surface.”®”
GQDs have received considerable attention in recent years
because of their photostability,*® small size,*"*> biocompatibility,*
highly tunable photoluminescence properties,** multi-photon
excitation,® electrochemiluminescence,”* ease of modifica-
tion,**®*” and chemical inertness.®®**° Because of their small size
and biocompatibility, GQDs can serve as an active carrier in bio-
imaging,”* optical sensing,”** and drug delivery,’** while
enabling visual monitoring of the drug release kinetics.®” More-
over, their exceptional catalytic and physicochemical properties
can be substantially utilized in various biomedical applications,
further discussed in the following sections.

2.3. Polymer carbon dots

Polymer carbon dots (PCDs) are fluorescent nanoparticles that
are primarily made of macromolecules as the carbon source,
where the carbon core is grafted with polymer chains on the
surface.”®”*?¥1%> The macromolecular carbon sources used for
the production of PCDs are generally m-conjugated polymers,
and the PL centres are attributed to the formation of the carbon
core. After the m-conjugated macromolecules, the fluorophores
are processed by dehydration, condensation, carbonization, or
assembly routes. >

Their synthesis route governs the PL mechanism of PCDs.
For instance, Liu et al. synthesised photoluminescent polymer
nanodots (PPNDs) by a grass hydrothermal process. They re-
ported that an enhancement in the reaction temperature
resulted in a size reduction and a surge in the quantum yield.
They revealed that their synthesised PPNDs also possessed
a suitable sensitivity for detecting Cu(u) ions with a low detec-
tion limit of 1 nM in the water samples.*®

Qiao and co-workers created core-shell polymer dots on
nanospheres by polymerizing carbon tetrachloride and ethyl-
enediamine trapped in nanoparticles. Their study utilized
a novel approach called “ship-in-a-bottle” to confine functional
polymer chains in hollow nanospheres. Using this approach,
they developed functional PCDs in hollow silica nanospheres
and hollow carbon nanospheres. In addition to the feasibility of
the isolation process, these core-shell structures could serve as
carriers for different cargos, such as fluorescent imaging
molecules and drugs.”

Nanoscale Adv., 2022, 4, 353-376 | 357
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Zhu et al. utilized a moderate hydrothermal treating meth-
odology to transform linear, non-conjugated polyvinyl alcohol
(PVA) into fluorescent PCDs. According to this report, partially
carbonized PCDs maintains the PVA chain structure, while their
single PL excited state was demonstrated via ultrafast spec-
troscopy. The pH-dependent PL behaviour and bright fluores-
cence quality of PCDs, in the presence of polymers, such as
chitosan-based hydrogels, PVA and so forth, make them an
excellent candidates for bioimaging.”*%%%¢

3. Strategies of carbon dots synthesis

Based on the source of the substrate and the reaction method, the
basic synthetic techniques for preparing CDs are conceptually
categorised into “top-down”*"'” and “bottom-up”*®® approaches.

3.1. Bottom-up approach

One of the most effective ways to produce fluorescent CDs on
a large scale is the “bottom-up” approach, schematically
depicted in Fig. 3. In general, bottom-up methods applied
organic molecules or macromolecules as the precursors for the
fabrication of CDs. This methodology has gained considerable
popularity in recent years due to its operational simplicity,
controllable reaction conditions, the possibility of using inex-
pensive raw materials, and the feasibility of a one-step high-
volume CDs synthesis.”*"*****

Various reports have confirmed the bottom-up synthesis of
CDs using small organic molecules as the precursor via
combustion, plasma, and thermal synthesis approach."**** In
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these processes, the small molecule precursors undergo
multiple critical steps, including dehydration, condensation,
polymerization, and further carbonization and modification.”

Several precursors have been used as the starting component
for creating CDs via the bottom-up approach, including
organic salts, such as octadecylammonium citrate or diethylene
glycol ammonium citrate,'** coffee grounds,"® glycero
t-glutamic acid,"’” ascorbic acid,"® citric acid,** and ethyl-
enediaminetetraacetic acid disodium salt.”* Since the CDs'
structure, surface-functionalization, and photoluminescence
are directly associated with the precursors and the synthesis
procedures, the selections of suitable starting materials and
sets of optimized conditions are fundamental steps in CDs
manufacturing via bottom-up methods. For instance, similar
CDs made with the same synthesis method, but using different
precursors, can lead to different behaviours and hence different
applications.”****

The bottom-up methods typically require elevated reaction
temperatures, high-grade carbon precursors, toxic organic
solvents, and alkaline/acid treatments. Yet, the beneficial
effects of controllable size and optimisable synthetic conditions
outweigh their harsh synthesis conditions."* Highly adaptable
bottom-up strategies lead to endless possibilities for concur-
rently tuning the properties of CDs and their applications.'*
However, it should be noted that applying high temperature
and harsh reaction conditions to the organic molecules lead to
condensation, nucleation, and subsequent formation of highly
polydispersed CDs, which might not be suitable for specific
applications.

116
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Fig. 3 Schematic illustration of the production routes of CDs: (a) "bottom-up” synthesis, where CDs are prepared from organic molecules or
polymers through hydrothermal, calcination, microwave radiation, and not limited to these methods; (b) “top-down” synthesis, where CDs are
prepared from larger sized carbon resources through acidic oxidation, hydrothermal cutting, and electrochemical methods.
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The prevalent bottom-up approach includes microwave
irradiation, hydrothermal/solvothermal treatment, and pyrol-
ysis, which are briefly discussed in the following sections and
some examples of their applications.

3.1.1. Microwave irradiation. Microwave irradiation is
considered to be a rapid, convenient and inexpensive method in
which the decomposition of chemical bonds, as well as
carbonization of precursors, occur via the electromagnetic
irradiation in the wavelength range from 1 mm to 1 m."*%**”
However, even a slight change of the reaction parameters, such
as irradiation power and absorption properties of the precur-
sors, could produce low-quality CDs with a high level of poly-
dispersity and large average sizes."®

One of the most appealing attributes of this microwave
irradiation for the synthesis of CDs is its very rapid reaction
time. For instance, Liu and his colleagues used a disaccharide,
such as sucrose, as the carbon source and diethylene glycol
(DEG) as the reaction media to synthesise green luminescent
CDs via microwave irradiation, within only one minute. The
DEG-stabilized CDs (DEG-CDs) had an average size of about
5 nm, and could be well dispersed in an aqueous solution with
a transparent appearance. The DEG-CDs displayed upconver-
sion PL spectra and showed a fixed emission peak at 540 nm.
This emission peak did not shift as the excitation wavelength
was altered from 320 to 380 nm, confirming that the emission
was recorded from the lowest single state without being affected
by excitation mode. The highest upconversion PL was obtained
at the excitation wavelength of 740 nm. These upconversion PL
properties provided an efficient system to be incorporated into
the C6 glioma cells with low cytotoxicity, presenting their
potential for bioimaging applications.'*?

In another example, Zhai et al. investigated the microwave-
mediated synthesis of CDs from citric acid and a number of
amine molecules to produce highly luminescent CDs. The
amine molecules, especially the primary amines, displayed
a dual function as N-doping starting materials and surface
passivating agents for the CDs, which improved the PL perfor-
mance. The quantum yield values significantly increased by
increasing the N content of the CDs synthesised from citric acid
and 1,2-ethylenediamine, reaching 30.2%. The resultant CDs
were highly biocompatible and exhibited a high potential for
biomedical applications."**

3.1.2. Hydrothermal/solvothermal treatment. The hydro-
thermal treatment is arguably one of the unique techniques
used to fabricate new carbon-based nanomaterials due to its low
cost, non-toxicity and environmentally friendly features.*
Typically, a solution of organic precursors is sealed in a hydro-
thermal reactor at a high temperature.” Using hydrothermal
carbonization (HTC), CDs can be produced from various
organic materials, including cysteine (cys) and citric acid,"*
glucose,* food waste,*® chitosan,"*>*** banana extract™**** and
many other natural polymers.**®

The CDs synthesised via the hydrothermal method possessed
remarkable optical properties, and the post-treatment reactions
in most cases are plain. Mohapatra et al. synthesised highly
photoluminescent CDs by HTC of orange juice, resulting in a QY
(quantum yield) of 26%.> These ‘‘semiconductor quantum
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dots” (1.5-4.5 nm in size) were used in bioimaging because of
their low toxicity and high photostability. Liu et al. considered
a one-step process for fabrication of amino-functionalized fluo-
rescent CDs by HTC of chitosan at 180 °C for 12 h."*

Solvothermal carbonization, followed by organic solvent
extraction, is another commonly used technique for synthe-
sizing CDs.*>**¢ In this method, carbon-yielding compounds are
heated in high boiling point organic solvents, such as ethanol,
dimethylformamide (DMF), glycol, and formamide, followed by
extraction and purification procedures. Bhunia et al. produced
hydrophilic and hydrophobic CDs from carbohydrate carbon-
ization with diameters of less than 10 nm.*¢

The hydrophobic CDs were produced by mixing various
amounts of carbohydrates, octadecylamine, and octadecene,
followed by heating to 70-300 °C for 10-30 min. The hydrophilic
CDs could be produced by heating the aqueous solution of
carbohydrates at various pHs. The hydrophilic CDs with red and
yellow emissions could be developed by mixing an aqueous
solution of carbohydrates with concentrated phosphoric acid,
then heating to 80-90 °C for 60 min.

3.1.3. Pyrolytic process. The pyrolytic reaction typically
occurs under high endothermic heat, controllable pressure, and
an inert atmosphere in the presence of a high concentration of
acid and alkali solutions. Under the pyrolytic conditions, the
chemical bonds in the organic molecule precursors undergo
a series of decomposition processes, cleaving the carbon
substrate into a nanoparticle. The physicochemical properties
of the synthesised CDs can be modulated by changing the
reaction conditions of pyrolysis, for instance, its temperature,
pH value and duration of the process.'*”

Due to its ease of use, scalability, rate of production, and low
cost, pyrolytic reactions are prevalent for the production of
carbon dots."*®**° For instance, Feng et al. employed a facile
pyrolytic method to develop carbon dots from readily available
p-glucose and r-aspartic acid as the precursors. In their process,
the solution of starting precursors in aqueous NaOH was sub-
jected to 200 °C for 20 min. The obtained CDs were about 2.28 +
0.42 nm in diameter. The prepared CDs displayed optimal
biodegradability and adjustable colour emission properties that
could be used for labelling C6 glioma cells in the absence of
targeting molecules. Their results also confirmed that the CDs
could pass through the blood-brain barrier and accurately
target the malignant tissue.'*

3.2. Top-down approach

Unlike the bottom-up approach, where CDs are produced from
smaller molecules, larger sized carbon sources are used to create
smaller CDs in the top-down approach (Fig. 2b). In the top-down
approach, the CDs are obtained by oxide cutting carbon
resources, such as graphite powder,"** carbon rods,"** carbon
fibres,'** carbon nanotubes,”*** carbon black,'** graphene oxide
(GO),**® activated carbon,'* and even candle soot."*’

The oxide cutting methods used for downsizing the carbon
resources, which create CDs, inevitably leave behind negatively
charged oxygenated groups on the resultant carbon dots, creating
a hydrophilic and defective surface in the graphitic structure. 