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Abstract

Among various quantum dots, carbon quantum dots (CQDs) are getting much
more attention due to their nontoxicity and high water solubility. CQDs with or
without functionalization/passivation possess different fluorescent properties.
Moreover, simple and economical procedure involved in their preparation makes
them a reliable substitute for nano-materials/semiconductor quantum dots. Due
to their tunable fluorescent properties, these carbon quantum dots find application
in anticancer studies, tissue engineering, nano-medicine and targeted drug
delivery, electrochemical sensing, bio-sensing, and bio-imaging. Also, these
CQDs are capable of showing high conductivity and therefore can be useful for
improving the electrical/conductive nature of different materials. The CQDs can
find significant role in LEDs. CQDS can be prepared by top-down approaches or
bottom-down approaches. Top-down approaches involve arc discharge method,
laser ablation, electrochemical oxidation, and chemical oxidation, and the
bottom-down approaches include combustion, pyrolysis, microwave-assisted
method, ultrasonic method, oxidative acid treatment, and hydrothermal methods.
In this chapter we have tried to give an insight to the preparation and biological
applications of CQDs.
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3.1 Introduction

Carbon quantum dots (CQDs) are a new class of fluorescent carbon nano-materials
of less than 10 nm size. CQDs are also referred to as carbon nano-dots (CNDs) and
carbon dots (CDs/C-dots), which can be defined as having a carbogenic nucleus
with functional surface groups. Discovery of CQDs was serendipity, when Xu and
co-workers in 2004 saw some residual fluorescent nanoparticles during the
purification process of single-wall carbon nanotubes (SWNTs) (Xu et al. 2004). It
was Sun and team who named these particles as carbon quantum dots (Sun et al.
2006). The chemical character of CQDs varies from amorphous to nanocrystalline
and has predominant sp? carbon, the spacing of which consists of graphitic or turbo-
static carbon (Baker and Baker 2010; Zheng et al. 2011). CQDs are typically
composed of 53.93% carbon, 2.56% hydrogen, 1.30% nitrogen, and 40.33%
oxygen. The intriguing features of carbon dots are their chemical inertness, low
photo-bleaching and photodegradation, low cytotoxicity, and excellent
biocompatibility. Due to the existence of oxygen moieties, the dots have proven to
be an extremely soluble material in aqueous solution (Baker and Baker 2010; Zheng
et al. 2011). Functional groups such as —OH, -COOH, and -NH, and other CQD
surface groups make them more water soluble (Cao et al. 2007). For these reasons,
CQDs had drawn broad attention for various ranges of applications in technology,
engineering, and particularly biomedical fields.

One of the most interesting characteristics of CQDs is the size-dependent optical
absorption. Carbon dots have strong absorption in both ultraviolet and visible region
(Li et al. 2010a). CQD’s luminescence characteristics include electroluminescence
and photoluminescence (PL), the most prominent of which is the latter. Carbon
quantum dots have outstanding optical properties such as elevated fluorescence
stability, non-blinking, adjustable excitation, and wavelengths of emission (Li et al.
2010a; Jia et al. 2012; Wang et al. 2013a, 2014). The precise understanding behind
the emitting mechanism of CQDs is uncertain, but scientists speculated it involved
quantum containment impact, surface trap stabilization, or exciton recombination
radiation (Li et al. 2012). The presence of surface energy traps is stated to result in
surface passivation emissions ascribed to CQD’s photoluminescence (PL) (Sun
et al. 2006). Moreover the photo-excited CQDs act as efficient electron donors and
acceptors; therefore, electron acceptor or electron donor molecules in alternatives
can be readily quenched. The CQDs also act as an appropriate candidate for light
energy conversion, photovoltaic devices, and associated applications owing to their
capacity to display photo-induced electron transfer property (Shen et al. 2012).
CQDs with their simplistic methods of synthesis displayed a plethora of immense
implications in the field of chemistry, engineering, biology, as well as medicine.
Various precursors such as chemical, green, and waste products can be used to
synthesize CQDs. Carbon dot synthesis is widely divided into two classifications,
top-down and bottom-up. Top-down technique usually includes splitting bigger
carbonaceous materials (Xu et al. 2004), whereas bottom-up synthesis process
includes supported path and carbonization where a smaller precursor molecule
forms nano-carbon dots through a series of chemical reaction (Baker and Baker
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2010). Supported route is referred as blocking of nanoparticle agglomeration during
high-temperature treatment (Wang et al. 2015a). Both approaches of synthesis
require particle size control, proper measures against agglomeration during
carbonization, and surface passivation. Method of arc discharge, chemical oxidation,
laser ablation, electrochemical oxidation, etc. are included under top-down
approaches. Generally dots synthesized by means of these methods lack fluorescence;
an additional passivation is necessary to produce light emission. Bottom-up
approaches include combustion, pyrolysis, oxidative acid treatment, microwave,
ultrasonic, and hydrothermal methods, which serve more attraction and attention in
recent decades due to their simplest preparation routes and inexpensive carbon
sources (Li et al. 2012). Nowadays green synthesis is gaining more for the CQD
synthesis. In the present chapter, we mainly focus on various methods of synthesis
of CQDs and discuss their potential applications in different fields of therapeutics.

3.2  Synthesis

During the synthesis of single-walled carbon nanotubes by arc discharge technique
(Xu et al. 2004), Xu et al. found carbon nano-dots in 2004. Laser ablation and arc
discharge are altered technique of physical vapor deposition (PVD) involving the
condensation of the strong carbon atom formed by warm gaseous carbon atom.
Laser ablation is a simplistic, environmentally friendly, and effective technique for
producing CQDs in which the surface conditions of particles can be adjusted. In this
process, the carbon material is irradiated under elevated pressure and temperature
with a laser beam in the presence of an inert gas as a carrier. Usually, carbon dots
are prepared by dispersing the carbon precursor in a solvent by ultra-sonication and
dropping the resultant suspension onto a glass cell; later those glass cells are treated
as carbon target for laser irradiation/ablation. The surface of CQDs may be changed
by choosing appropriate organic solvents to achieve tunable light emission. After
laser irradiation, for the development of fluorescent carbon dots, the reaction
mixture is subjected to centrifugation, purification, and surface passivation. Li et al.
declared an easy laser ablation method to produce CQDs employing a common
solvent as the liquid medium (such as acetone, ethanol, or water) and nano-carbon
materials (less than 50 nm) as the carbon precursor (Thongpool et al. 2012; Qu et al.
2013). By adding nitryl with arc discharging fuming nitric acid, Xu et al. enhanced
the hydrophilicity of the synthesized dots. The electrophoretic separation eventually
resulted in three groups of fluorescent nanoparticles emitting blue-green, yellow,
and orange at distinct molecular weights. Hu et al. in 2011 merged the multistep
synthesis process into one-step reaction for simplifying the reaction as well as
obtaining CQDs with better fluorescence. They combined laser ablation and
passivation using polyethylene solution under laser radiation for 2 h and finally
obtained fluorescent CQDs of size 3.2 nm with a quantum yield of 12.2%.
Furthermore they developed CQDs of varied fluorescence by choosing different
organic solutions (Hu et al. 2011).
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Electrochemical synthesis is one of the CQD synthesis approaches by applying
direct current from comparatively big carbon products such as graphene, graphite,
carbon fiber, etc. The significant factors for generating CQDs through the
electrochemical oxidation method are hydroxyl groups and an alkaline atmosphere.
In electrochemical synthesis, three electrode systems are imparted; two Pt sheets
were used as operating and counter-electrodes, and one calomel electrode installed
on the lugging capillary was used as reference electrodes. In such a manner that the
distance between the two Pt sheets is about 3 c¢m, the electrodes are fixed with a
rubber plug. The precursor solution is to mix alcohol and water in a fundamental
medium, and the length of the response is until the transparent solution becomes
black. Later, equal ethanol volume is added to salting out sodium hydroxide (added
for alkalinity). The mixture is kept overnight for evaporation of solvent, and a solid
product is formed which after separation and purification yields carbon quantum
dots. Zhao and Xie effectively synthesized CQDs using electrochemical method
employing a 3.0 V electro-oxidized graphite column electrode (GE) with a Pt
counter electrode in 0.1 M potassium dihydrogen phosphate aqueous solution as the
electrolyte supporting solution (Zhao and Xie 2017). Subsequently, the resulting
oxidant solution needs ultra-sonication, ultra-filtration through a 22.0 mm filter
membrane, washing, and drying. Kang and his colleagues revealed another
electrochemical operation for producing CQDs of 1-4 nm using alkali-assisted
electrochemical techniques (Li et al. 2010a). Another simple strategy of producing
high-quality CQDs is the use of small graphite pieces by accurate cutting into
ultrafine particles of a graphite honeycomb layer. In 2016, Canaveri and his
colleagues discovered that the CQD characteristics depended considerably on the
moment spent in the method of electrolysis. The benefit of this synthesis is that by
tuning the intensity of the applied present, size-dependent photoluminescent
characteristics can be accomplished. Zhou et al. developed 2.8 nm large fluorescent
carbon dots from multi-walled carbon nanotubes as the working electrode and later
cultivated in carbon diaphragm using chemical vapor deposition (CVD) method and
variable cycle voltage (Zhou et al. 2007). In another study, Hou et al. acquired
water-soluble functionalized fluorescent CQDs with two Pt sheets (1.5 x 2 cm™) as
positive and negative electrodes through electrochemical carbonization of sodium
citrate and urea (Hou et al. 2015). Despite of all the advantages, major disadvantages
in electrochemical synthesis are the tedious purification procedures of the
synthesized carbon nanoparticle and lesser production yield.

Other strategies in carbon quantity dots synthesis involve (Fig. 3.1) hydrothermal
method (Wang et al. 2013b; Xu et al. 2014; Dong et al. 2014; Gao et al. 2013; Shen
et al. 2018), microwave-assisted pyrolysis method (Tang et al. 2014; Zhu et al.
2009; Wang et al. 2012; Rodriguez-Padrén et al. 2018; Yang et al. 2012), ultrasonic
method (Oza et al. 2015), and acid dehydration method (LeCroy et al. 2014), and
among those, the former two are the most widely used ones. Hydrothermal method
of CQD preparation was first introduced by Liu and co-workers in 2007. It is the
most common and easiest technique for the synthesis of carbon dots using both
chemical and green precursors. Typically, in the presence of either air or organic
solvent, the precursor is carbonized in an autoclave at elevated temperature. The
blend is permitted to cool at room temperature after full carbonization, and products
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Fig.3.1 Schematic
representation of various
methods used in CQD
synthesis

can be extracted with an organic solvent. They chose candle ash as a carbon source
and blended it with nitric acid via heat reflex and produced a black homogeneous
solution and purified it further through a sequence of centrifugation, dialysis, and
gel electrophoresis to achieve CQDs of distinct particle sizes. They discovered it
even under the same excitation wavelength (dex, 315 nm); particles of different
sizes showed different emission wavelengths in its fluorescence which signifies the
better optical character of florescent CQDs (called elementary excitation and multi-
emission). Many CQDs were subsequently synthesized using hydrothermal meth-
ods and using various carbon sources that considerably improved the quantity
output of CQDs. Depending upon the precursor, hydrophilicity and hydrophobicity
of the synthesized florescent CQDs can be manipulated. Normally surface passiv-
ation is not required; however, there is limited control over the particle sizes. In
2013, Gao et al. used C* as a carbon source and CTAB as a passivator to prepare
elevated fluorescence CQDs with a quantum yield of up to 60%.

Microwave method of CQD synthesis was introduced in 2009 by Zhu and co-
workers, to synthesize novel CQDs showing that fluorescence depends up on the
reaction time. Sugar moieties are generally used as a source of carbon and polymeric
oligomers as a response medium. In their experiment, Zhu et al. chose carbohydrates
as a source of carbon and PEG-200 as a solvent and coating agent, and the response
took 2—10 min under 500 W microwave power radiation (Zhu et al. 2009). The
colorless solution transforms into pale yellow and then dark brown in a couple of
minutes, depicting the formation of CQDs. Wang and co-workers synthesized CQDs
from eggshells by initially burning eggshell into ashes and mixing it with sodium
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hydroxide solution and treating in microwave radiation for 5 min (Wang et al. 2012).
Chandra et al. synthesized CQDs of shining bright green fluorescence in 3 min 40 s
from sucrose using microwave radiation in phosphoric acid environment (Chandra
etal. 2011). These low-cost economic syntheses of carbon dots are now widely used
for various industrial and biological applications. The carbon dot synthesis of
oxidative acid therapy utilizes waste soot as a carbon precursor. Waste soot is a mass
of carbon particles from incomplete hydrocarbon combustion. The therapy includes
reflux ionization in acidic medium of waste soot, followed by centrifugation,
neutralization, and purification. Typically, burned waste soot was mixed with nitric
acid and refluxed for 12 h. The carbon particles are collected by centrifugation after
room temperature is reached. The collected mixture undergoes neutralization with
sodium carbonate and extensive dialysis against water for obtaining pure carbon
dots. The advantages of these acid treatments are efficient introduction of functional
groups like carbonyl, carboxyl, amines, and epoxy to the synthesized CQDs which
bestow them requisite properties for imaging application. However, the storage
stability of thus synthesized carbon dots is minimal.

To remove amorphous carbon, catalyst, and other impurities introduced during
the synthesis, it is essential to purify carbon nano-material for biological
implementation. The typical purification processes used after synthesis are plasma
oxidation, high-temperature annealing, and some chemical treatments. Surface
passivation and functionalization are two critical steps for selective implementation
in bio-imaging, drug delivery, etc. in post synthesis of carbon dots. Surface
passivation decreases the damaging impact of surface contamination on their optical
properties and gives them a high level of fluorescence. It is also a significant step in
achieving PL property for CQDs with a size of 1.5-2 nm (Dimos 2016). It is
typically performed by covering the carbon quantum dots surface with a thin layer
of oligomers (PEG), thionyl chloride, thiols, and spiropyrans. Both the acid therapy
and the passivation of the surface enhance the quantum yield of synthesized carbon
dots as well as enhanced florescent emissions. Similarly, surface functionalization
is very important for the synthetic carbon dots’ florescent behavior. Wet chemical
treatment involves acid reflux, and dry treatments such as RF-plasma treatment and
treatment with strong acids such as H,SO,, HNO;, KMnO,, OsO,, K,Cr,0,, CCl,,
CF,, Ox(g), and SF;s are employed. It introduces functional groups like carbonyl,
ketone, hydroxyl, ester, alcohol, fluorine, thiol, amines, and carboxyl which can
function as surface energy traps and lead to fluorescence emission behavior
variations in CQDs. Numerous studies to functionalize and modify the surface of
CQDs such as covalent bonding have been carried out to date (Dong et al. 2012; Yin
et al. 2013) along with p—p interactions (Li et al. 2011), sol-gel (Mao et al. 2012;
Wang et al. 2011), coordination (Zhao et al. 2011), which renders them solubility,
biocompatibility and low toxicity. CQDs have big quantities of oxygen-containing
groups that enable them to bind covalently to other functional groups. The latest
strategy for surface alteration of CQDs is covalent bonding with chemical agents
comprising amine groups to recover the photo luminescence of CQDs, which has
been shown to be highly efficient in changing the characteristics of CQDs (Liao
et al. 2013). Li et al. studied that the PL of prepared CQDs originated from
carboxylate groups produced on the particle surface (Li et al. 2010b). They stated
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that on the surface of the preliminary carbon precursors generated by laser
irradiation, several oxygen-containing radicals could potentially be the cause of
PL. The primary features of these functional CQDs are high stability and outstanding
photo-reversibility. Another attractive advantage for creating functional group is
that it can load smaller therapeutic molecule by covalent conjugation or non-
covalent adsorption onto the CQDs. Doping with heteroatoms, sulfur, nitrogen, and
magnesium ion, other than surface passivation and functionalization, can increase
the quantity yield up to 83%. The most preferential use of nitrogen as a dopant is
that it can donate its electron to carbon dots so that the change in electronic
configuration contributes in increased quantum yield. It can either be accomplished
by selecting precursor-containing nitrogen or by post-functionalization.

3.3 Applications

Since the discovery of CQDs and their fluorescent properties and tenable surface-
related properties, research has been done with the material for its implementation
in different fields of applications (Fig. 3.2). All the current fields of applications of
CQDs are discussed below.

3.3.1 Bio-imaging
Live cell bio-imaging is an imperative tool for elucidating the dynamics of biologi-

cal mechanism. Maintaining the cellular ambience is very critical in live cell imag-
ing, as the environmental factors can duly impose abiotic stresses. When light

Biosensing

Targeted drug Tissue
delivery engineeri

Fig. 3.2 Biological implementation of carbon quantum dots; CQDs display adjustable physical
and chemical properties and could therefore be used in different biological areas such as bio-
sensing, bio-imaging, etc.
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radiation interacts with the cell, temperature rises owing to the excitation of light
active molecules that can boost free radical formation. It is therefore essential to
require minimum energy or a source of low intensity light radiation to decrease
oxidative stress. Traditionally, fluorescent probes were used in bio-imaging studies,
to understand cellular processes (Luo et al. 2013). Rhodamine 6G is one of the best
commercially available organic fluorophores with quantum yield up to 80%; how-
ever, the major drawbacks of such probes are photo-bleaching, less photostability,
narrow excitation, and emission wavelength and cytotoxicity. One of the remarkable
properties of doped CQDs that distinguish them from conventional organic dyes is
their resistance from photo-bleaching and photodegradation. The unique fluorescent
properties, excitation-dependent multicolor emission, high photostability, high
aqueous stability, superior cell permeability, surface modification capability, and
good biocompatibility have made carbon dots a versatile material for bio-imaging
and sensing. Unlike semiconductor nanocrystal-like quantum dots, CQDs are non-
toxic in nature. Semiconductor quantum dots have been advantageous over flores-
cent samples but are less biocompatible because most QDs have toxic heavy metals
such as Cd, Pb, and Hg in their structure. Even if they have ground coverage, the
likelihood that toxic metals will be released into the medium is not negligible
(Jaishankar et al. 2014). CQDs could address effectively all of the aforementioned
complications. Internalization of carbon dots by the cell is a temperature-dependent
process, and it takes place at ambient temperature of 37 °C. They translocate into
the cell via endocytosis; hence, coupling with membrane-translocating peptides can
enhance the process. CQDs are used as fluorescent markers to test multiple cellular
organs such as the endoplasmic reticulum, Golgi body, nucleolus, mitochondria,
lysosome/endosome, etc. (Fig. 3.3), and CQDs can be efficiently removed from the
body via excretion, within an hour of their intravenous injection (Longmire et al.
2008).

Carbon dots are very specific in their visible lengths of excitation and emission
waves, and they also have elevated brightness at individual dot concentrations. Yang
et al. first discovered the applicability of using CQDs in bio-imaging through the
deployment of CQDs as a FL contrast agent in 2009. Several studies revealed the
use of different CQDs in cellular fluorescence imaging using different cell lines,
including Caco-2 (Dias et al. 2019), Ehrlich ascites carcinoma (Ray et al. 2009),
HEK?293 (Luo et al. 2013), pig kidney (Ray et al. 2009), B16F11 (Luo et al. 2013),
murine P19 (Liu et al. 2009), BGC823 (Wang et al. 2011), and HeLa (Xu et al.
2015). Yang et al. used pegylated CQDs with adequate contrast for in vivo optical
imaging (440 pg in 200 pL) by subcutaneously injecting CQDs into mice (Yang
et al. 2009). Tao et al. used the same protocol and then collected images from
455 nm to 704 nm at distinct wavelengths after subcutaneous injection of aqueous
CQD solution (Tao et al. 2012). In 2012, Hahn et al. developed diamine-capped
pegylated CQDs to label B16F1 and HEK293 (Tao et al. 2012). In addition,
real-time bio-imaging was produced possible by Hang’s and colleagues’ job, where
they reported that CQDs could be used for real-time bio-imaging by delivering
hyaluronic acid (HA) derivatives specifically for the purpose (Goh et al. 2012).
HA/CQD hybrids are synthesized through amidation reaction between amino
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Fig. 3.3 CQDs’ ability as a fluorophore in bio-imaging: The CQDs exhibit fluorescence under
UV lights. Due to their smaller size, they can easily enter into the cells. Based on its functionality,
it may locate into the nucleus or in the cytoplasm. Hence, the nucleus or cytoplasm can be easily
visualized through the fluorescent microscope

groups on the surface of CQDs and carboxylic groups of HA. The in vivo imaging
results revealed that these hybrids could employ target-specific delivery in the liver
(Goh et al. 2012).

A combo of optical imaging (OI) and magnetic resonance imaging (MRI) is the
latest appealing technology in bio-imaging using CQDs, where optical imaging pro-
vides quick screening, while MRI provides physiological and anatomical data and
elevated spatial resolution (Lee et al. 2012). Because of its small cytotoxicity com-
pared to commercial Gadovist VR, Gd(III)-doped CQDs could be used in biomedi-
cal research for multimodal imaging. In 2012, Bourlinos AB et al. prepared ultrafine
water-dispersible Gd(IIT)-doped CQDs with dual MRI/FL personality through heat
decomposition (Bourlinos et al. 2012) and thus acquired particles showing bright
FL in the visible region and showing powerful T1-weighted MRI (Bourlinos et al.
2012). In the presence of small Fe;O, nanoparticles for MR/FL multi-imaging, a
6 nm iron oxide double CQD was recently synthesized by pyrolysis of organic mol-
ecules (Srivastava et al. 2012). The CQDs produced by hydrothermal chitosan car-
bonization with amino acids were used to evaluate the cyto-compatibility of human
lung adenocarcinoma cells (A549) (Yang et al. 2012). Zhang and Huang et al.
revealed a tiny molecular fluorescent carbogenic complex that could selectively
stain the nucleolus rich in RNA (He et al. 2016). Recently it has been revealed that
CQDs generated by the hydrothermal one-pot response of m-phenylenediamine and
L-cysteine can efficiently target the nucleolus. It offers high-quality nucleolus imag-
ery in living cells, enabling nucleolus-related biological behavior to be tracked in
real time, as opposed to SYTO RNASelect, a widely used commercial nucleolus
imagery in fixed cells (Hua et al. 2018). These multifunctional CQDs prevent
lysosomal/endosomal trapping and target nucleolus selectively and bring
protoporphyrin IX (PpIX, a commonly used photosensitizer) into the nucleus
effectively (Hua et al. 2018).

By its excitation-dependent fluorescence emission, numerous studies revealed the
cell imaging ability of doped CQDs. CQDs are shown as multicolor nano-samples
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due to excitation-dependent fluorescence emission, which can be excited with dis-
tinct excitation wavelengths. For example, on 543, 488 and 405 nm excitation, Zhai
et al. (2012) reported that C-dots incubated with L.929 cells could emit red, green,
and blue fluorescence (Zhai et al. 2012). The in vivo fluorescence image of CQDs
injected into the nude mouse with different agitation wavelengths shows a better
contrast between the signal and background signal over 595 nm long, which is also
efficient for in vivo imaging (Yang et al. 2009; Tao et al. 2012) (Timur 2018).

3.3.2 Bio-sensing

Biosensors are the type of analytical device which converts biological signals/
response to electrical signals (Shankar et al. 2012, 2013). There are various types
of biosensors present at the moment, like DNA sensor, enzyme sensors, protein
sensors, etc. Nano-biosensors are considered to be the most important of different
biosensors because they are capable of detecting biochemical signals and/or bio-
physical signals related to a specific disease at the level of one or a few molecules
(Chandra et al. 2017). Nano-biosensors were effectively used to detect several bio-
molecules in vitro as well as in vivo. This technology is anticipated to revolutionize
point-of-care and personalized diagnostics and be highly useful for early identifi-
cation of disease (Chandra and Segal 2016). CQDs are capable of serving as either
great electron donors or electron acceptors, making them suitable for monitoring/
sensing different materials and parameters such as cell iron, copper, pH, proteins,
enzymes, vitamins, and nucleic acid (da Silva and Gongalves 2011). The mecha-
nism behind the detection of ions is through the surface functional groups on
CQDs, which show distinctive affinities to different target ions, resulting in an
electron or energy transfer process quenching of PL intensity (Fig. 3.4). When the
interaction is broken by external force, the PL is restored. Qu et al. established
CQDs in 2013 using dopamine as the raw material that could be used as a Fe**
detector with a stronger 0.32 uM detection threshold (Qu et al. 2013). For example,
Xu et al. created a CQD-based ultrasensitive sensor in 2015 through a one-step
hydrothermal therapy of potatoes for phosphate detection (Xu et al. 2015).
Recently, Yang et al. built a fluorescent turn-on scheme in which a novel oligode-
oxyribonucleotide (ODN)-CDs and graphene manufactured the optical sensor to
identify Hg?*. The method behind the sensing was FRET, graphene oxide could
quench the fluorescence of ODN-CQDs via FRET, and luminescence was later
retrieved with the addition of Hg?* by removing ODN-Ds from graphene oxide
owing to the creation of T-Hg>T duplex (Cui et al. 2015). Tian and colleagues
produced aminomethylphenylterpyridine (AE-TPY) CQDs to determine changes
in the pH value of physiological circumstances such as tumors. Thus, manufac-
tured PL sensors with great selectivity and sensitivity could be used to monitor pH
value gradients in a range of 6.0-8.5 (Kong et al. 2012). They showed the applica-
bility of these sensors in mice’s living cells and tumor tissues, which in the near
future will require in vitro and in vivo applications. The CQDs have recently been
used to identify the importance of intracellular pH in living pathogenic fungal cells
(Cui et al. 2015).
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Fig. 3.4 Functional groups present in the functionalized CQDs have the ability to target certain
biological molecules; binding to these molecules could result in the quenching of PL of CQDs
which forms the basis of bio-sensing application

Bio-sensing of nucleic acid is based on adsorption by CQDs (as a fluorescent
quencher) of the fluorescent single-stranded DNA (ssDNA) probe through p—p
interactions. When ssDNA is hybridized with its target and double-stranded DNA
(dsDNA) is formed, the desorption of the hybridized dsDNA from the surface of the
CQDs causes its florescence to recover, resulting in the detection of the target DNA
(Li et al. 2011). DNA-labeled CQDs have been created to detect proteins and
enzymes; Maiti and colleagues have created CD-dsDNA sensors for histone detec-
tion (Maiti et al. 2013). The PL of this sensor would be quenched in the presence of
dsDNA, while PL could be retrieved with the addition of histone owing to the pow-
erful connection between histone and dsDNA through unwinding of dsDNA from
CQDs. Quantitative protein detection can therefore be calculated from restored
fluorescence. C-dot-based sensors widely detect biomolecules such as amino acids
and vitamins. Xu et al. and Wang et al. in 2015 detected riboflavin and vitamin B12
using surface functionalized CQDs. Ratio-metric sensing protocol was adopted for
detection, and CQD-based ratio metric sensors could detect riboflavin with high
sensitivity even in 1.9 nM (Xu et al. 2015; Wang et al. 2015b). Novel nano-sensors
composed of CQDs and gold particles were developed to detect cysteine, by Liu and
Zang et al. in 2015 (Deng et al. 2015). In addition, Jana et al. in 2015 fabricated a
turn-on CQD-based sensors that could detect cysteine with better sensitivity and
selectivity (Jana et al. 2015).

3.3.3 Electrochemical Sensors

The biomolecules which are electrochemically active can be easily determined by
means of electrochemical techniques such as cyclic voltammetry (Shankar and
Swamy 2014), differential pulse voltammetry, etc. (Shankar et al. 2009). In the field
of electrochemical sensing, the electrochemical characteristics of CQDs have
recently been studied. In the presence of other molecules such as ascorbic acid and
serotonin, Shereema and crew launched CQD-based carbon paste electrode for the
electrochemical determination of dopamine (Shankar et al. 2015). The electrochemi-
cal and capacitive properties of CQDs were reported by another team. They observed
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that rGO’s capacity was enhanced by adding a suitable quantity of CQDs to the
material. They claimed that the CD/rGO electrode in 1 M H,SO, had good revers-
ibility, excellent rate capability, fast charging, and high specific capacity (Dang
et al. 2016). He et al. claimed that a composite of CQDs and poly-ortho-
aminopyridine was capable of improving the electrochemical sensing properties of
glassy carbon electrode. Further, they used this fabricated electrode for simultaneous
detection of guanidine and adenine in a mixture (He et al. 2018). Kakaei’s team
studied the potential CQDs toward the oxidation-reduction reaction of methanol
(Kakaei et al. 2016). Identification of metanil yellow and curcumin from a mixture
of real sample was made possible with the help of CQD-fabricated electrodes, thus
opening an application in food industry, for the detection of commonly employed
adulterant (Fig. 3.6) (Shereema et al. 2018). Rene Kizek et al. manufactured CQDs
for the electrochemical determination of anticancer drug, i.e., etoposide (ETO), and
modified glass carbon electrode (GCE). They also suggested three distinct methods
to modify GCE with CQDs. The electrode reported was capable of detecting
etoposide with the smallest LOD relative to current detectors (Nguyen et al. 2016).
Shunxing Li et al. in 2014 synthesized CQDs/octahedral Cu,O nanocomposites and
coated it on the GCE surface. Surface and electrochemical properties of the
developed electrode were carried out and reported that the CQDs/octahedral Cu,O-
based electrode exhibits low electron transfer resistance. They also launched the
electrode to detect glucose and hydrogen peroxide electrochemically (Li et al.
2015). Houcem Maaoui and his colleagues built and reported similar types of
CQDs/Cu,0/GCE in 2016 and used the same to determine glucose in patient serum
(Maaoui et al. 2016). The Liu Junkang group reported a detailed investigation into
the modification strategy of glassy carbon electrode with a hybrid material consisting
of graphene aerogel and octadecylamine-functionalized carbon dots and their
application in the electrochemical determination of acetaminophen (Ruiyi et al.
2018). Sundramoorthy and his team recently revealed electrochemically exfoliated
carbon quantum electrodes modified in 2018 (Devi et al. 2018). In their method,
electrochemical exfoliation method synthesized CQD using graphite rods in alco-
holic NaOH was cast on a GCE or screen-printed carbon electrode (SPCE) for elec-
trode manufacture. Electrochemical studies with these electrodes disclosed that the
reported electrode could act as a dopamine electrochemical sensor with a 0.099 pM
detection threshold (Fig. 3.5).

3.3.4 Nano-medicine and Targeted Drug Delivery

CQDs have been proved to be nontoxic and been reported for in vivo studies; this
made it valid for nano-medicine application. Bechet and colleagues indicated that
CQDs can be used in photodynamic therapy, a clinical procedure used for surface
tumor treatment. This technique includes the localization and accumulation of
photosensitizers in the tumor tissue, followed by irradiation using an accurate
wavelength, producing single oxygen species (Bechet et al. 2008). Andrius et al. in
Dul45 cells indicated implementation of CQDs in radiotherapy, where PEG-CQDs



3 Carbon Quantum Dots: A Potential Candidate for Diagnostic and Therapeutic... 61

apon 39]3
Current

+2e Potential

Fig. 3.5 Electrochemical sensing mechanism of electroactive molecules with CQDs: The CQDs
catalyze the electrochemical redox process of biomolecules, and the resulting current is plotted
against the potential

Targeted drug delivery

Drug

Receptor
Recipient cell

Fig. 3.6 Schematic representation of CQD-guided drug delivery system: Drugs conjugate with
CQDs through its functional groups and directly deliver to the recipient cell. The released drug
binds to the receptor site and acts specifically

covered with a silver shell were used as radio sensitizers (Kleinauskas et al. 2013).
When exposed to low-energy X-rays, electrons were ejected from the coated silver
shell, forming free radicals in the cancer cells adjacent to the CQDs-bPEI-coated
CQDs (bPEI-CQDs), which have a large number of amino acids on their surface to
condense DNA, making them suitable for gene carrier function (Hu et al. 2014).
The nanotechnology-based drug delivery system has been gradually developed in
recent years. The most explored drug delivery scheme is based primarily on AuNPs,
but because of its toxicity, it limits its clinical treatment applications (Alkilany and
Murphy 2010). Additionally, the requirement of thiol group for drug loading and the
difficulty in tracking the AuNPs in in vivo system due to the quenching of fluoro-
phores impose more limitation of drug choice (Kumar et al. 2013; Dulkeith et al.
2002). Therefore, CQDs serve as a good substitute for AuNPs, and different func-
tionalizations could lead to better options for drug conjugation in conjunction with
target agents and thus to a rise in drug delivery decisions (Fig. 3.6) (Kumar et al.
2013).

Zheng and team synthesized CQDs conjugated with platinum-based anticancer
prodrug oxidized oxaliplatin through chemical coupling and were able to demon-
strate the distribution of the conjugated CQDs by tracking the fluorescence signal
(Zheng et al. 2014). The introduction of quinolone (photosensitive molecule) into
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the CQD-based drug delivery scheme revealed a controlled release mechanism
(Zheng et al. 2014). In this system, fluorescent characteristics of CQDs helped to
activate photo-regulated drug release as a monitoring mechanism for drug delivery
and quinoline molecules. Similarly, the release of pH-induced drugs was also
recorded (Zheng et al. 2014; Karthik et al. 2013). A study on controlled release
mechanism of DOX conjugated CQDs in HeLa cells showed that it drastically
increased the drug efficacy. The CQDs-DOX conjugate did not exhibit any visible
negative effect on normal cells, unlike on cancer cells (Gogoi and Chowdhury
2014). In addition, PEG-functionalized CQDs enabled longer circulation time in
physiological systems and localized treatment there (Lai et al. 2012).

3.3.5 Tissue Engineering

CQDs hold excellent platform for tissue engineering, particularly mesenchymal
stem cell (MSC)-based therapy (Shao et al. 2017a). CQDs were also apparently
researched for implementation in bone tissue engineering, where the synthetic via-
ble nanocomposite exhibited elevated load-bearing capacity and bioactivity. It is
collectively called carbon dot decorated hydroxyapatite nanohybrid, a manufactured
novel biomaterial. Colocasia esculenta’s aqueous extract of corms was taken as a
precursor to CQDs and CaO from the shell of the egg served as a precursor to
hydroxyapatite. It showed great biocompatibility, proliferation of cells, and activity
of alkaline phosphatase against an osteoblast cell line, MG-63. The final
nanocomposite verified its effectiveness as a bone-regenerating material by further
enhancing its mechanical characteristics (Gogoi et al. 2016). In 2017, Dan Shao and
colleagues created rat bone marrow mesenchymal stem cells (rBMSCs) based on
citric acid carbon dots and their derivatives. The CQDs support long-term monitoring
and differentiation of rBMSCs into osteoblasts by encouraging osteogenic
transcription and mineralization of matrixes without influencing cell viability (Shao
et al. 2017b). Alginate-derived CQDs have excellent gene delivery applicability as
well as a fluorescent sample for visualizing the process of gene uptake. For the one-
step green synthesis method, sodium alginate, a polysaccharide separated from
seaweed, was used as a carbon source (Zhou et al. 2016). These CQDs which are
positively charged have low toxicity, the ability to condense plasmid DNA, and the
ability of CQDs produced by microwave-assisted pyrolysis to deliver SOX9 plasmid
DNA in a non-viral manner. The successful delivery of SOX9 gene to the mouse
embryonic fibroblasts (MEFs) induces chondrogenesis after in vitro transfection
(Cao et al. 2018). Recently, collagen-derived carbon quantum dots with outstanding
photo stability were also reported. Synthesized CQDs are reported to be deficient in
photo-bleaching and are successfully introduced for the cell imaging in the 3D
printed scaffold. It has an excellent application in the field of tissue engineering to
monitor the efficiency and the success of regenerative medicine (Dehghani et al.
2018).



3 Carbon Quantum Dots: A Potential Candidate for Diagnostic and Therapeutic... 63

3.3.6 Anticancer Study

CQDs with hydroxyl group synthesized from styrene soot have been reported for its
anticancer property. In this study, it was found that the CQDs have deleterious effect
on the cancer cells (A549) and it showed negligible influence in non-cancerous cell
(HEK 293T) (Fig. 3.7). The angiogenic study using these dots showed that it
possesses anti-angiogenic properties too, as evidenced by the downregulation of
angiogenic markers and fewer vessel density, when analyzed by CAM assay
(Shereema et al. 2015). Walnut oil-synthesized CQDs through green synthesis also
demonstrated anticancer activity against cell lines MCF-7 and PC-3. By activating
caspase-3, the CQDs caused apoptosis in these cells (Arkan et al. 2018). CQDs
produced from L. plantarum LLC-605 are capable of inhibiting the development of
E. coli biofilm through a one-step hydrothermal carbonization technique and act as
highly compatible and less toxic anti-biofilm material (Lin et al. 2018). Chang et al.
produced CQDs from fresh tender ginger juice having on the surface groups of
hydroxyl and carboxylate. They explain the efficient function of prepared CQDs in
selective growth inhibition of hepatocarcinoma cell lines without influencing the
growth of normal mammalian epithelial cells (MCF 10A) and liver cells (FL83B) in
the suggested research. The flow cytometric assessment disclosed that a significant
uptake of CQDs and the production of reactive oxygen species have been observed
and induce apoptosis in HepG2 cells and are pointless in A549, MDA-MB-231, and
HeLa cells (Li et al. 2014). In vivo studies were also carried out to prove the efficacy
of CQDs to reduce tumor size that proposed the new strategy for therapeutic
applications in liver cancer. Arkan et al.’s research showed that CQDs produced
from walnut oil using hydrothermal techniques have cytotoxic and apoptotic
potential on cells of prostate and breast cancer. Studies were conducted with PC-3
and MCF-7 cell lines, and the impact of prepared CQDs on caspase-3 and caspase-9
activity was verified. The findings acquired indicate that the CQDs specifically
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Fig. 3.7 The interaction of CQDS with anticancer property and ability to distinguish between a
normal cell and cancer cell make it a perfect candidate for anticancer therapy, CQDs also possess
potential antibiotic properties
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boost the MCF-7 and PC3 cell lines caspase-3 activity. In addition, CQD levels also
play a vital role in the operation of caspase-3. On the other hand, CQDs in the
MCF-7 and PC-3 cell lines could not increase the activation of caspase-9 (Arkan
et al. 2018). All these studies suggest that the starting material decides the
functionality of the synthesized CQDs to a great extent and hence their capability to
inhibiting the growth of different cancer cells. Other than the applications mentioned
in this chapter, CQDs have been exploited for a plethora of application in different
fields of science but mostly for its tunable fluorescence property. The application of
CQDs holds promising prospects, and a plenty of applications are still to be explored
in both biological and non-biological field.

34 Conclusion

e This carbon material possesses size less than 10 nm, which on surface passiv-
ation shows strong and tunable fluorescence emission properties and physical
properties.

* High stability, excellent conductivity, and low toxicity among others are among
their features.

e Different chemical, electrochemical, and physical methods can achieve CQD
synthesis, which can be widely categorized into two kinds: top-down and
bottom-up. Other methods, such as laser ablation, electrochemical synthesis
methods, hydrothermal method, microwave-assisted pyrolysis method, ultrasonic
method, acid dehydration method, etc., are frequently used.

e CQDs get great attraction due to their optical stability, nontoxicity, and solubility
and can be easily functionalized with various functional group moieties or can be
doped with heteroatoms on the surface, making them suitable candidate for
biological applications like bio-imaging, nano-medicine and targeted drug
delivery, bio-sensing, and electrochemical sensing.

e CQDs can be used as a significant material for in vitro and in vivo live cell imag-
ing studies due to fluorescence and cell viability.

e It directly tags to the cellular organelles and reduces the drawbacks of organic
fluorophore with high toxicity, photo-bleaching, etc.

e It is also known as multicolor nano-probe, due to excitation at different excita-
tion wavelengths. Through the surface functional group they intract with differ-
ent molecules in different way, this intraction helps to sense the presence of
various materials, making it another promising application of CQDs known as
bio-sensing.

* The ability to work as a drug delivery system makes CQDs an important factor
in clinical and anticancer applications. Electrochemical sensor application of
CQDs recently gained more attraction; tissue engineering and anticancer study is
an important application.
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e Due to the diversity in synthesis, surface functionalization and biological appli-
cation make CQDs an important target for future applications.

e In anutshell, CQDs are proving to be a good replacement for a plethora of nano-
materials present at this time period. CQDs have overcome the limitation with
the currently used materials in all the mentioned applications. Thus, in a period
of time, these dots may bring more refinement and more applications.
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