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A review on plant derived carbon quantum dots
for bio-imaging
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Carbon quantum dots (CQDs) have emerged as a potent competent to classical metal-based
semiconductor quantum dots owing to their fascinating characteristics, such as high biocompatible
nature, high solubility in water, excellent chemical stability, low toxicity, surface passivation, remarkable
conductivity, and tunable optical characteristics. Such exceptional properties of CQDs prevail in their
application as bio-imaging probes. Despite expensive protocols and environmentally threatening
processes, research is focused on utilizing CQDs via a green synthesis approach. The present review
summarizes the development of plant derived CQDs and their synthesis methods, modification
strategies, characterization techniques, properties, and the application of CQDs for advanced bio-

rsc.li/materials-advances imaging applications.

1. Introduction

In the current scenario, immense attention has been paid
towards synthesizing QDs for multifunctional applications.
The QDs are classified specifically on the basis of their archi-
tectural and material diversity. QDs can be classified into
perovskite-based QDs, core-shell QDs, magnetic QDs, metal
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dichalcogenide-based QDs, and carbon-based QDs, as depicted
in Fig. 1. Perovskite-based QDs have been hotly pursued in
current semiconductors owing to their quantum confinement
effect and defect-tolerant nature. These QDs inherit the per-
ovskite crystal structure with the chemical formula ABX;. In
ABXj;, A refers to the cations such as Cs" methylammonium
(MA") or formamidine (FA"), B mainly refers to divalent metals
such as Pb**, sn?*, cu®*’, Ni**, Co**, or Mn?', and X refers to
halogens (I, Br, or Cl™).! Excellent optical properties of
perovskite quantum dots, such as high photoluminescence
quantum yield approaching unity, narrow emission bandwidth,
and tunable wavelength covering the entire visible spectrum,
serves perovskite QDs for their application in next-generation
optoelectronic devices and information displays. Colloidal QDs
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Fig. 1 Classification of quantum dots.

such as cadmium selenide (CdSe), lead sulfide (PbS), and
indium phosphide (InP) are synthesized by suspending semi-
conductor materials in a suitable solvent and are widely used in
display technologies, lighting, and biological imaging
applications.?

Core-shell QDs are hierarchical structures having a core of
one material surrounded by a shell of another material. In
these CQDs, the core and the shell are mainly made up of type
II-VI, IV-VI, and III-V type semiconductors, such as (CdS) ZnS,
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(CdSe) Zns, (CdSe) CdS, and (InAs) CdSe.> These QDs aim
toward improving the quantum dot stability, enhancing its
photoluminescence and provide better protection against oxi-
dation. Magnetic QDs are basically made from magnetic mate-
rials such as iron, zinc, cobalt, or nickel in their specific
composition.* These quantum dots can exhibit both optical
and magnetic properties, making them suitable for applica-
tions in spintronics, data storage, and magnetic resonance
imaging (MRI).

Metal dichalcogenide quantum dots (QDs) are nanoscale
semiconductor materials that consist of metal atoms (such as
molybdenum or tungsten) bonded to chalcogen atoms (such as
sulfur or selenium) in a layered crystal structure.” These
quantum dots exhibit unique optical and electronic properties
due to their size confinement, which makes them highly
attractive for various applications in optoelectronics, photo-
nics, and quantum technologies.® Metal dichalcogenides are
layered materials with a thickness of only a few atoms. This 2D
structure gives rise to unique properties, such as quantum
confinement and strong excitonic effects. These properties
are of interest for applications in quantum computing, infor-
mation storage, and spintronics. These QDs can be functiona-
lized with biomolecules to enable specific targeting and
imaging biological systems. Their small size, biocompatibility,
and bright emission make them valuable tools for bioimaging
and biosensing applications. The also have an ability to
undergo redox reactions that make them suitable for super-
capacitors and batteries, where they can enhance energy sto-
rage capacity and cycling stability.

Carbon quantum dots (CQDs) are typical zero-dimensional
quasi-spherical shaped crystalline nanoparticles with ultra-
small sizes (less than 10 nm) exhibiting quantum confinement
effect. CQDs mainly possess a sp> conjugated core and contain
oxygen content in the form of multiple oxygen-containing
species represented by several functional groups like ether,
carboxyl, epoxy, hydroxyl, and aldehyde groups.””® CQDs are
composed of carbon based materials such as graphene and
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Fig. 2 Properties of CQDs.

carbon nanotubes. They have unique optical and electronic
properties. They have potential applications in bioimaging,
sensors, and optoelectronic devices. They have remarkable
properties, such as high electron conductivity, outstanding
water solubility, high photoluminescent quantum yield,
fluorescence property, tunable excitation, emission character-
istics, enhanced electro-catalytic activity, low toxicity, high
solubility, excellent biocompatibility, and long-term chemical
stability (Fig. 2).>"°

In recent years, green synthesis routes for synthesis of CQDs
are highly preferred over chemical methods due to their super-
iority in terms of chemical exposure, simple synthesis proto-
cols, low cost, sustainability, non-toxicity, eco-friendliness, and
cost-effectiveness.'™'* Interestingly, the precursors for green
synthesis are highly abundant in the earth in the form of
plants. Plant parts, including root, stem, leaf, fruit, flower,
and seed, have been used in the synthesis of green CQDs.
These precursors are cheap, safer, highly abundant, and envir-
onmentally friendly as compared to others. Plant precursor-
based synthesis does not need a separate reactant for doping,
surface passivation, or post modification due to the inevitable
presence of carbohydrates, proteins, amino acids, and other
biomolecules, which provide sufficient elements for the surface
functionality of CQDs.

CQDs have gained significant attention in the field of
bioimaging due to their unique properties and advantages over
other quantum dots (QDs) made from different materials.
CQDs exhibit high biocompatibility than semiconductor-
based quantum dots. The demands of biocompatibility and
hydrophilicity are highly urged in biological applications,
including bioimaging. CQDs are highly water soluble and are
capable of dispersing in all biological media. This hydrophili-
city stabilizes CQDs as a potential candidate for labeling and

© 2023 The Author(s). Published by the Royal Society of Chemistry
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imaging biological samples without additional modifications.
CQDs offer excellent size tunability, enabling precise control over
their physical and optical properties. By adjusting the synthesis
parameters, such as reaction time or precursor concentration, the
size of CQDs can be tailored to optimize their photoluminescent
properties for specific bioimaging applications. These QDs exhibit
excellent photoluminescent properties, including high quantum
yield, tunable emission wavelengths, and high photostability.
These properties make them ideal for fluorescence-based bioima-
ging, where they can be used as bright and stable probes for
visualizing biological structures and processes. Compared to
other types of QDs, the synthesis of CQDs is generally straightfor-
ward, cost-effective, and environmentally friendly. Carbon-based
precursors, such as citric acid or glucose, are readily available and
relatively inexpensive, allowing for large-scale production of
CQDs. Carbon quantum dots can be easily functionalized with
various biomolecules, such as antibodies, peptides, or targeting
ligands, to achieve specific targeting and imaging biological
targets. This versatility allows for the development of targeted
bioimaging probes with enhanced specificity and sensitivity.
CQDs exhibit good stability under physiological conditions, main-
taining their optical properties over time. They are less prone to
photobleaching and degradation compared to some other types of
quantum dots, ensuring reliable and long-lasting imaging results.
These advantages position carbon quantum dots as promising
candidates for bioimaging applications, offering a combination of
biocompatibility, water solubility, tunable optical properties, cost-
effectiveness, and functionalization versatility that make them
highly attractive in the field of biomedical imaging.

Further, carbon dots are classified into graphene quantum
dots (GQDs), carbon quantum dots (CQDs), carbon nanodots
(CNDs), and carbonized polymer dots (CPDs) on the basis of
their formation mechanism, micro-/nanostructures, chemical
structure, and morphology.”"® GQDs refers to the single or
multilayer graphite structures possessing chemical moieties or
functional groups on the surface/edge or interlayer spacing.
These GQDs are prepared through the top-down method that
involves the breakdown of carbonaceous precursors (carbon
fibers, carbon rods, carbon nanotube, graphite powder, and
carbon black) into small pieces. The optical properties of GQDs
are dominated by the size of n-conjugated domains and the
surface/edge structures.'* In terms of morphology, CQDs,
CNDs, and CPDs are spherical structures, whereas GQDs dis-
play anisotropy with lateral dimensions larger than their
height. In contrast with GQDs, the synthesis of CQDs and CPDs
is done via bottom-up approaches in the form of different
processing treatments, such as assembly, polymerization,
chemical crosslinking, and carbonization. CQDs are crystalline
and inherit a large number of chemical functionalities that
impart the intrinsic state luminescence and quantum confine-
ment phenomenon. CNDs are amorphous quasi-spherical dots
that do not exhibit the quantum confinement phenomenon. In
the amorphous graphitic sp® structures of CNDs, the near-UV to
blue emission is observed. This emission is anticipated to be
the recombination of the photogenerated electron-hole pairs.
Notably, CPDs are the crosslinked nanohybrid and carbonized
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polymer hybrid structures of carbon and aggregated polymers,
having a carbonized core at the center enveloped by either the
polymeric chains or functional groups. CPDs exhibit higher
stability, better compatibility, easier modification, and
functionalization.”> The molecular state and crosslinked
enhanced emission effect in CPDs are responsible for the
optical characteristics of CPDs.

This review gives a brief overview of carbon quantum dots
mainly derived from plant precursors. Initially, the prominent
synthesis approaches for synthesis of CQDs is discussed and
then modification strategies, characterization, and properties
of CQDs are also discussed. The role of these CQDs on their
application in bioimaging is critically reviewed.

2. Synthesis of plant derived CQDs

There are various methods reported for the synthesis of plant-
derived CQDs, mainly comprising top-down (cutting larger
carbon materials) and bottom-up (fusing small precursor mate-
rials) approaches. The top-down approach of CQDs involves arc
discharge, laser ablation, chemical ablation, electrochemical
carbonization, and ultrasonic synthesis, whereas bottom-up
synthesis comprises thermal decomposition, microwave pyro-
lysis, chemical oxidation, hydrothermal/solvothermal process,
pyrolysis template, and plasma treatment.'®>° Bottom-up
approach is widely adopted over bottom-up methods owing to
its high yield. The most preferable methods for the synthesis of
plant derived CQDs are shown in Fig. 3.

2.1 Hydrothermal method

The hydrothermal method is one of the simple, affordable, and
environmentally beneficial ways of synthesizing CQDs from
natural sources. This process encompasses all four significant
processes involved in synthesizing CQDs: carbonization, dehy-
dration, passivation, and polymerization.”*” Typically, the pre-
cursors and suitable solvent are mixed and sealed in the Teflon-
lined autoclave at elevated pressure and heated at high
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temperatures for several hours. The heating temperature is
usually maintained between 150 °C to 250 °C. As a result, the
color of the solution changes to brown or yellow, indicating the
formation of CQDs. In addition, the particle shape, surface
chemistry, and crystalline phase can be tailored by adjusting
the temperature, pressure, solvent, and reaction time. However,
the CQDs obtained are not of uniform size and require filtra-
tion for uniform-size distribution. For example, Gopinath Pack-
irisamy et al. reported the synthesis of CQDs with better
solubility, biocompatibility, quantum yield, and chemical sta-
bility as bioimaging agents for the sensing of metal ions.
However, the enhanced properties arise due to the passivation
of CQDs by oligoethyleneamine. Further, on insertion as a
biolabeling agent into Zebrafish embryos, the CQDs display
better fluorescence in green, followed by blue and red as an
alternative for contrasting probes.>* As a step forward, Divya
Ottoor et al. synthesized CQDs from groundnuts by facile and
effective hydrothermal carbonization as a bioimaging agent for
the imaging of MCF breast cancer cells. At the end of bioima-
ging studies, the CQDs did not show an apparent change in
morphology and shape, proving their efficiency for bioimaging
applications.>* Nagappan Rajendiran et al. synthesized CQDs
from sweet corn (Zea mays L. var. rugosa) as a fluorescent probe
for imaging of A549 cells. As an outcome, the in vitro hemolytic
assay and ESR estimation demonstrated that the prepared
CQDs had good hemocompatibility properties at 250 g mL ™"
concentration on human RBCs.*® Similarly, Aschalew Tadesse
synthesized nitrogen-doped carbon quantum dots from lemon
with better photo fluorescence properties for bioimaging appli-
cations. On investigation, the NCQDs display high quantum
yield, better fluorescence properties, stability, and better bio-
compatibility serving as an essential candidate for in vitro and
in vivo imaging applications.*®

2.2 Microwave method

Microwave treatment is a streamlined, scalable, low-cost, eco-
friendly, and rapid way to produce CQDs. Microwave radiation
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Fig. 3 Different approaches for synthesis of CQDs. Figure is reproduced from the ref. 21 under Copyright © 2022 Creative Commons Attribution (CC

BY) license.
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offers fast in situ temporary heating, producing high-quality CQDs
and reproducibility. This method involves exposing a reaction
mixture containing carbon precursors to electromagnetic radia-
tion, usually within 1 mm to 1 m. The microwave chamber is
uniformly heated due to the electromagnetic waves being con-
verted to thermal energy. The generation of the microwave effect
arises due to the material-wave interaction and dipolar polariza-
tion of molecules in the solution. Following irradiation, the
molecules reorient, which causes collisions and a rise in solution
temperature. The polarity of the reacting molecules has a sig-
nificant impact on the efficiency of this method. Though micro-
wave heating is an efficient method for synthesizing CQDs from a
plant source, solvents with high boiling points cannot be used.
For example, Feitosa et al. synthesized CQDs by microwave-
assisted method from cashew gum through a two-step process
involving depolymerization and carbonizations for its application
in bioimaging.”” As a step forward, Milan Kumar Bera et al.
synthesized CQDs with a size range of 2.7 nm to 10.4 nm from
the leaf of calotropis gigantea (crown flower) by the microwave-
assisted method. The synthesized CQDs work efficiently as a
fluorescent agent for biolabeling bacteria and viruses.”® Similarly,
Architha et al. developed fluorescent CQDs for bioimaging appli-
cations employing Mexican mint leave as precursors,* as shown
in Fig. 4.

2.3 Chemical oxidation method

Chemical Oxidation is the most common top-down route for
preparing CQDs because of various advantages such as high
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yield, high purity, low cost, and reasonable control over the
size. It is used to exfoliate and break down large chunks of
carbon into smaller pieces while simultaneously adding hydro-
philic groups like hydroxyl (-OH) or carboxyl (-COOH) groups
that could improve the water dispersion and FL characteristics
of the resulting particles. The oxidants such as HNOj;, phos-
phoric acid (H;PO,), and sulfuric acid (H,SO,) are used to
facilitate the carbonization of plant parts to get CDs, as shown
in Fig. 5. In most cases, the parts of the plant are first
carbonized, then combined with a chemical oxidant, followed
by separation and purification operations. Thus, producing
CQDs using the chemical oxidation approach is simple, scal-
able, and does not require expensive equipment. Gunjal et al.
prepared CQDs by oxidizing mahogany fruit shell powder using
H,SO, and HNO;. By adequately combining dried shell powder
with concentrated H,SO, and neutralizing, activated carbon
was formed from the mahogany fruit shell. The mixture of
50 mL of 1.0 M HNO; solution and 0.5 g of activated carbon was
then sonicated for 10 min. After sonication, the mixture was
subjected to reflux for 12 h, causing a colour change to
brownish yellow, symbolizing the formation of CQDs. The
sodium carbonate (Na,CO;) served as a neutralizing agent.
For example, Kailasa et al. synthesized mutlicolour emissive
carbon dots, namely B-, G-, and Y-CMCDs, from muskmelon by
employing different oxidizing agents and tuning the reaction
parameters. Fig. 5 represents the fabrication of multicolor-
emissive CDs from muskmelon. The synthesized CQDs were
tested on Cunninghamella elegans, Aspergillus flavus, and
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Fig. 4 Synthesis process of CQDs by microwave method reproduced with permission from ref. 29 Copyright © 2021 Elsevier.
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Fig. 5 The fabrication of multicolor-emissive CDs from muskmelon. The figure is reproduced with permission from ref. 30 under Creative Common

License Copyright © 2019 American Chemical Society.

Rhizoctonia solani cells, exhibiting better nontoxicity and bio-
compatibility, proving an excellent fluorescent probe for ima-
ging purposes.®

2.4 Pyrolysis method

The pyrolysis technique is simple and economical for the bulk
production of carbon dots. In this technique, the materials are
subjected to heat in the presence of controlled pressure above
the melting point in the absence of oxygen. Under this atmo-
sphere, physical and chemical changes occur in organic pre-
cursor substances, resulting in carbon-containing solid
residues. CQDs are, in general, obtained after further conden-
sation and nucleation. Pyrolysis treatment is a well-known
method for producing CQDs. It is an irreversible thermal
decomposition reaction in which the plant part materials
decompose in an inert atmosphere. It involves physical and
chemical changes in materials, producing solid black carbon
residue. This method has the benefits of being rapid, simple,
and eco-friendly, but it is difficult to scale up and produces a
broad size distribution. Commonly, pyrolysis is performed at
very high temperatures and under controlled pressure, forming
black carbon materials that can be separated and purified to
obtain the CQDs.

By pyrolyzing the watermelon peels at low temperatures and
filtering the mixture, Zhou et al. synthesized CQDs on a large
scale. The produced C-dots exhibit strong blue luminescence,
excellent water solubility, and good stability in a wide range of
pH solutions and high salinity solutions. As an outcome,
the obtained CQDs were used to image HeLa cell lines.*

3956 | Mater. Adv., 2023, 4, 3951-3966

Meanwhile, by pyrolyzing lychee seeds, fluorescent CQDs were
synthesized with a quantum yield of 10.6% and used for
imaging Hep G2 cells.*” In addition to lychee seed, lychee
exocarp was also employed to synthesize CQDs. Due to their
better compatibility and fluorescent property, the obtained
CQDs serves as an excellent nanoprobe for imaging of cancer
cells.*® Similarly, Liangliang Zhang utilized peanut shells as a
precursor for synthesizing CQDS by pyrolysis method for multi-
color imaging of living cells. The produced C-dots exhibit
excellent stability, high fluorescence luminescence, good water
solubility, and good resistance to photobleaching, ionic
strength, and pH changes.** Table 1 shows different methods
for the synthesis of CQDs from various plants.

3. Modification strategies for CQDs
characteristics
3.1 Tuning the shape and size

The size-dependent PL emission has been prominent in CQDs
due to quantum confinement effects. Tuning the shape and
size is highly desired for characteristic applications. The optical
band gap of CQDs is determined by size and shape, along with
the fraction of the sp>-sp® hybridized domains. Until now,
precise control of the CQDs’ size below 5 nm has been difficult
to implement.”'® Currently, shape and size tuning is practiced
via the adoption of preparation and post-preparation treatment
such as filtration, dialysis, centrifugation, column chromato-
graphy, and gel-electrophoresis. Confined pyrolysis is an

© 2023 The Author(s). Published by the Royal Society of Chemistry
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Table 1 Different methods for the synthesis of CQDs from various plants
Parts
Plant name used Size (nm) Synthesis method Applications Ref.
Seawood Hydrothermal Toxicological effects 35
Azadirachta indica, Ocimum tenuiflorum, Tridax Leaves  6-12 Chemical oxidation In vitro cell imaging 36
procumbens
Watermelon Peel Fruit 2.0 Carbonization Live cell imaging 31
Mangifera indica Leaves 1-5 Pyrolysis Detection of metal ions 37
Calotropis gigantea (crown flower) Leaves 2.7 to 10.4 Microwave-assisted Bio-imaging of bacteria, fungi and plant 38
synthesis cell
Catharanthusroseus (white flowering plant) Leaves Hydrothermal Detection of multi-ions 39
Spinach Leaves 5.6 nm  Hydrothermal Fe** detection 40
Plectranthus amboinicus Leaves 2.43 + Microwave-assisted Bioimaging 29
0.02 synthesis
Phoenix dactylifera Leaves  5-15 Hydrothermal Cell imaging 41
Sweet corn <2.4 Hydrothermal Bioimaging 42
Coriander Leaves  1.5-2.98 Hydrothermal Bioimaging 43
Cydonia oblonga Fruit 4.85 Microwave-assisted Cell imaging 44
synthesis
Groundnut Seed 2.5 Hydrothermal bioimaging of MCF-7 cells 24
Manilkara zapota Fruit — Hydrothermal Imaging of cells 45
Citrus lemon Fruit 1-6 Hydrothermal Imaging of cells 26
juice

effective strategy to tune and obtain uniform sizes of CQDs
using an organic precursor in nanoreactors via three steps. (i)
absorbing the organic precursor into porous nanoreactors via
capillary force (ii) pyrolysis of the organic precursor confined in
the nanoreactors into carbonaceous matter, (iii) release of the
as-synthesized CQDs by removing the nanoreactors. Porous
silica and core shell nanoparticles are widely employed nanor-
eactors for this technique, whereas thermally unstable poly-
mers are employed as block matter to overcome the aggregated
carbonaceous entities during thermal treatment.

3.2 Elemental doping

Fluorescent properties can be finely tuned via heteroatom
doping (metals/non-metals) in CQDs. Elements such as nitro-
gen (N), sulfur (S), boron (B), phosphorus (P), fluorine (F), and
silicon (Si) are highly preferred for elemental doping in CQDs
via post-treatment processes.'®*®*” The nature and bonding
configuration of doped heteroatoms highly influences the
physicochemical preparation of CQDs. Heteroatom doping in
CQDs not only avails the more reactive but is also added to the
carbon network of CQDs to tune the initial band gap and
establish new energy levels. Namely, heteroatom doping
enables alteration of the electron orbital region of sp® hybridi-
zation in the carbon core as well as sp> hybridization on the
surface. It endows CQDs with bandgap narrowing, wider light
absorption, and higher QYs. The energy gap between the w
orbital of O, N, and S and the n orbital of C reduces in turn.
After doping elements such as N and S, the energy required for
electron transition from the m orbital of C-O, C-N, and C-S to
the n orbital is lower, which can greatly improve the fluores-
cence QYs of doped CQDs. N (1s> 2s* 2p?) adjacent to C (1s* 2s°
2p°) in the periodic table is the most widely used element for
heteroatom doping of CQDs. N possesses five valence electrons
and is facile to bond with C. Additionally, N exhibits a stronger

© 2023 The Author(s). Published by the Royal Society of Chemistry

electronegativity of 3.04 than that of C (2.55). Thus, N is
inclined to embed into the carbon network through substitut-
ing C. N-Doping can introduce the disturbance of the surround-
ing electronic environment, create new radiation composite
pathways, and thus adjust the band structure. The doping
mechanism mainly involves the study of the doping amount
and bonding configurations. In principle, the fluorescence
performance of doped CQDs has a positive correlation to the
doping amount.

3.3 Surface modification

Surface modification plays an intermittent role in tuning the
surface characteristics for specific applications. Functionaliza-
tion in the surface of CQDs can be done through surface
chemistry like covalent bonding, coordination, p-p interac-
tions, and sol-gel technology.”'"*® Presence of oxygen rich
species in CQDs enables them to form covalent bonding. Sur-
face passivation via covalent bonding of amine-containing
agents extensively improves the photoluminescence of
CQDs.*

4. Characterization of CQDs

Quantum dots often present superior traits in terms of struc-
tural, chemical, and optical characteristics from their bulk
counterparts, ie., nanoparticles. This enables them to be pre-
cisely investigated through various characterization techniques
and analysis protocols for their diverse applications.”® Plant
derived CQDs are characterized through microscopy, spectro-
scopy, diffraction, and mass spectrometry based on fundamen-
tal techniques. The involved techniques and the obtained
information from different characterization techniques are
tabulated in Table 2.
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Table 2 Different characterization techniques involved in the detailed characterization of plant derived CQDs and acquired information

Characterization Technique Information
Microscopic Atomic force microscopy (AFM) Topographical
Scanning electron microscopy (SEM) Surface morphology
Transmission electron microscopy (TEM) Morphology, composition, and crystallographic information
Spectroscopy Photoluminescence (PL) spectroscopy Optical characteristics, Quantum yield estimation
Ultraviolet-visible (UV-VIS) absorption spectroscopy Identification of electronic transition bands
Infrared (IR) spectroscopy Chemical functionalities, structural composition
Raman spectroscopy Chemical structure, phase, molecular interaction
Energy dispersive spectroscopy (EDS) Elemental composition
Nuclear magnetic resonance (NMR) spectroscopy Chemical bond formations, elemental composition, identification
of functional group
X-Ray photoelectron spectroscopy (XPS) Electronic state of elements
Diffraction X-Ray diffraction (XRD) analysis Crystallinity, phase purity, particle size
Scattering Dynamic light scattering (DLS) analysis Particle size distribution
Small/wide-angle X-ray scattering Averaged particle size, shape, distribution, surface to volume ratio
Stability Zeta potential measurement Stability of quantum dots
Mass Electrospray ionization Quadrupole time-of-flight tandem Elucidation of the chemical structures of desired nanosized quan-
spectrometry =~ mass spectrometry tum dots

Matrix-assisted laser desorption/ionization time-of-flight

mass spectrometry

5. Properties of CQDs

5.1 Optical properties

CQDs have attracted tremendous interest in recent years due to
their exceptional characteristics, such as low toxicity, small
size, ease in functionalization, eco-friendly synthesis, and
diverse imaging capabilities. However, the insights of optical
characteristics play a vital role in determining the application
oriented tunability of CQDs. Understanding the optical proper-
ties of CQDs is of great significance for the controllable devel-
opment of top-designed CQDs with functional purposes.

5.1.1 Absorbance. Absorbance plays a vital role in charac-
terizing CQDs for diverse applications. CQDs synthesized using
different synthesis methods exhibit characteristic absorption
curves. In general, CQDs show a strong absorbance in the
ultraviolet region, i.e., 200-400 nm, accompanied by a tail into
the visible light spectrum, i.e., 400-700 nm. The strong absorp-
tion peak observed at 230 nm is assigned to the n-r* transition
of C—=C, whereas the shoulder peak at 300 nm is assigned to
the n—n* transition of the C—=0/C—=N bond. It is widely stated
that absorption characteristics of CQDs are highly influenced
by the types and content of surface groups, size of n-conjugated
domains, and variation in the concentration of the oxygen/
nitrogen content in carbon cores. Different practices have been
adopted to tune the absorbance characteristics of CQDs. For
example, surface engineering of CQDs alters their absorption as
well as emission spectra, and heteroatom doping regulates
absorption characteristics due to their alteration in the m-n*
energy levels and induction of surface defects.

5.1.2 Photoluminescence. Interestingly, photolumines-
cence (PL) is the most appealing property of CQDs that exhibits
excitation-dependent luminescence spectra from ultra-violet to
visible to near infrared region. The PL characteristics can be
extensively tuned by altering the excitation wavelength invol-
ving the quantum confinement effect. Multi spectra can be
obtained from a single CQD by varying excitation wavelengths
without changing the chemical structure or size. In general,

3958 | Mater. Adv, 2023, 4, 3951-3966

CQDs exhibit PL spectra in blue and green regions. Acquisition
of this phenomenon in red and NIR can be achieved by
optimizing reaction parameters and precursors for carbon. This
spectrum can be tuned by surface engineering, varying the
initial precursors, and synthetic methodologies for CQD synth-
esis. In certain cases, CQDs exhibit up conversion PL, where the
peak maxima in emission spectra appear at the shorter wave-
length when subjected to excitation using a longer wavelength.
This optical phenomenon serves CQDs as a potential contender
for in vivo bioimaging with improved photon tissue penetra-
tion, reduced background autofluorescence, and low photon-
induced toxicity at longer wavelengths in the NIR region.

5.1.3 Quantum yield. Quantum yield (QY) is also one of the
vital parameters of CQDs for their applications in photodevices.
QY mainly refers to the ratio of the number of photons emitted
to those absorbed by the CQDs.”®>® Tremendous efforts have
been laid by the researchers in further enhancing the QY of
CQDs, which is a prerequisite for its applications. This can be
achieved by practicing surface modification and heteroatom
doping in CQDs. Surface modification effectively transforms
the electron withdrawing group into electron donating group
without any sacrificial shape of the carbon nanostructure. On
the other hand, heteroatom doping lead to the alteration in
bandgap and characteristic electron densities that increases the
QY of CQDs.

5.1.4 Phosphorescence. Ambient temperature phosphores-
cence is a fascinating characteristic of CQDs owing to the
intersystem transition from the lowest excited singlet state to
a triplet state and radiative transition from the lowest excited
triplet state to the ground state. The first aims to facilitate the
intersystem crossing ability by enriching the spin-orbit cou-
pling by transition metals, while the second involves suppres-
sion of non-radiative transitions by restricting rotation and
vibration.’® These two processes are crucial for generating
ambient temperature phosphorescence from organics. This
can be achieved by employing CQDs with enormously cross-
linked structures containing non-conjugated groups (C—0 and

© 2023 The Author(s). Published by the Royal Society of Chemistry
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C=N) due to their strong spin-orbit coupling and heteroatom
doping (N, P etc.) that promotes the n-n* transition of C=0
and C=N favouring ambient temperature phosphorescence.

5.1.5 Chemiluminescence. = Chemiluminescence (CL)
mainly refers to the generation of light through a chemical
reaction. CQDs exhibit the CL phenomenon when dissolved in
aqueous solvents via redox reaction with the formation of
unstable products from intermediate radicals.?**° The CL in
CQDs is possibly accredited to either three reasons, ie., (1)
excitation after direct oxidation, (2) through the enhancement,
and (3) inhibition of their luminescence. Additionally, CQDs
are capable of emitting photons in the visible region when
subjected to electrically induced excitation, commonly referred
to as electrochemiluminescence.

5.2 Electrochemical properties

CQDs are highly preferred over other carbon-based nanomater-
ials owing to their low toxicity, cheaper cost, and eco-
friendliness. The presence of chemical moieties like hydroxyl,
carboxyl, and amine functional groups on the surface of CQDs
enables a high density of active sites for surface modifications,
which is highly beneficial in electrocatalytic activity.*® Capabil-
ity of being doped by N, P, S, and B enables CQDs in intra-
molecular charge transferability via improvement in electronic
traits of CQDs. The heteroatom-doped CQDs exhibit excep-
tional electrochemical performance due to the enhancement
of intrinsic activity of surface functional sites, distortion of
their electronic configuration, tuning of local densities, as well
as the acceleration of adsorption and desorption phenomena.

5.3 Biological properties of CQDs

The carbon quantum dots (CQDs) are a novel, nanostructured
carbon-based material with a strong emission fluorescence.
Ultrafine particles smaller than 10 nm in size compose this
one-of-a-kind, quasi-spherical carbon nanoparticles.>* In 2004,
during the purification of single-walled carbon nanotubes,
CQDs were initially identified as a component of luminous
nanoparticles. Sun et al. suggested a method to create CQDs by
straightforward surface passivation and chemical modification
for increasing fluorescence emission.”® It is commonly
accepted that CQDs follow the core/shell concept, with the
carbon core consisting of graphitic pieces and the shell con-
sisting of different surface functional groups. Conjugated chro-
mophore fragments from the core and/or surface contribute to
the luminescence.>® CQDs are one of the recently discovered
allotropes of carbon, and they have several useful properties.
These include minimal cytotoxicity, strong biocompatibility,
persistent chemical inertness, efficient light harvesting, and
amazing photoinduced electron transfer. CQDs are promising
candidates for a wide range of applications in biosensors, such
as electron transfer-based detection of copper ions in living
cells.>>” These zero-dimensional, spherical, water-soluble
nanoparticles have variable luminescence and are photostable,
making them an exciting scaffold for use in biomedical,
photocatalytic, and sensing applications.”® CQDs have
potential applications in biosensor, green reductant, and
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biomarker, bioimaging,’>®® optoelectronic devices,*" etc. The
biological property of carbon dots depends on the source from
where it is derived. Generally, the biomass derived carbon dots
are known for biocompatibility as their size is too small and are
made of carbon core formed from biomass. The biomass
derived carbon dots can also be an excellent vector for drug
delivery because of their excellent biocompatibility and the
capability to pass through the cell membrane, and also show
an exceptional biocompatibility as high as 15 mg mL ™"
concentration.®” BCQD can be tracked while we try to tag a
particular substrate due to its excellent fluorescent property,
which will, in turn, help us to track the drug delivery process
and will be able to confirm that the targeted drug is delivered to
the correct position. As a result of their high photocatalytic
activity, CQDs have found widespread use in the photocatalytic
area. One example is the visible-light-responsive CQDs made
from pear juice and used to effectively degrade methylene blue
by Kim et al.>*** CQDs have been explored as biocompatible
fluorescent dyes for in vivo imaging as an alternative to carrying
drug molecules due to their low or non-toxicity. The photode-
gradation of CQDs made from various carbon sources cannot
be tolerated. CQDs are an excellent option since they may be
tailored for PL emission by introducing a wide variety of
functional groups.®**® Due to the thick background in the
NIR “‘water window,” PL emission of CQDs in the NIR region is
particularly important and crucial for in vivo optical imaging.
The CQDs with strong absorptivity can make up for reduced
fluorescence yield in bioimaging when compared to other heavy
metal QDs. Sun et al. originally suggested a method for staining
Caco-2 cells using PEG1500N passivated CQDs for cellular
imaging, indicating that CQDs can be used in fluorescent
labelling of cells.®” Carbon dots are an excellent source for
drug delivery when the carbon dot is made of the same kind of
material that we wish to target. In order to examine drug
delivery, Ding and colleagues created BCQDs utilizing genomic
DNA as a carbon source to target the genomic DNA of cancer
cell and deliver it from cytoplasm to nucleus by means of
irradiation, as shown in Fig. 6.>*

5.3.1 Multiphoton imaging. The fluorescent imaging
method, known as two-photon excitation microscopy or 2PEF,
is very effective for capturing images of scattering living tissues
with a thickness of up to one millimetre. Two-photon excitation
necessitates simultaneous excitation by two photons with
wavelengths greater than the emitted light, in contrast to
conventional fluorescence microscopy, where the excitation
wavelength is shorter than the emission wavelength. The image
is successfully created by scanning the sample with the laser
while focusing on a particular spot in the tissue. Two long-
wavelength photons, often near-infrared (NIR) photons, are
simultaneously absorbed by the luminophore in the well-
studied up conversion luminescence process known as two-
photon fluorescence (TPF), which results in a short-wavelength
emission. TPF imaging enables deeper penetration into bio-
tissues by using NIR excitation.®® The dependence of the
observed luminescence intensity on the excitation laser power
is used to confirm the two-photon nature of the luminescence
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with pulsed infrared laser excitation. The confocal microsco-
pe’s external detector is used to capture the luminescence
signals, and a precision power meter is placed in the focus
plane to measure the laser powers for excitation.®® Due to their
intense two-photon activity, C-dots produce dazzling luminos-
ity in the visible when excited by pulsed lasers in the near-
infrared. The C-dots’ estimated two-photon absorption cross-
sections are comparable to those of the top semiconductor
quantum dots or core-shell nanoparticles in terms of
performance.®® There have been numerous reports of CQDs
with TPF features; however, the majority of these reports relied
on the use of NIR-I photons (750-950 nm), particularly the
800 nm excitation, which is still plagued by serious scatter
problems for in vivo study. NIR-II (>1000 nm) excitation with
little tissue absorption and the scatter is necessary to further
enhance the image quality. However, only a small number of
investigations have documented CQDs that effectively exhibit
two-photon excitation (TPE) in the NIR-II range.®®”® It is a
promising method for effective in vivo multiphoton fluores-
cence bioimaging, which is a surface modification of CQDs
with S-O/C-O groups.”®

5.3.2 Toxicity. CQDs are typically regarded as extremely
biocompatible and secure engineered nanomaterial.”® Numer-
ous cytotoxicity tests have shown that CDs have very little
toxicity (with or without surface passivation) and are easily
internalised by cells for imaging.”” Due to their excellent
biocompatibility, CQDs do not significantly alter the pathology
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(a) Diagram showing the creation of DNA-BCQD and its use in drug delivery. (b) Theragnostic agent in vivo monitoring strategy using CQDs.
Figure is reproduced from ref. 53 under Creative Common CC BY license.

of the organism once they have been ingested and can exit
through regular metabolic routes. CQDs have superior biosafety
and a higher EC50 (50% effective concentration) for organisms
when compared to metal quantum dots.”® It appears that CDs
functionalized with polymers having a neutral surface charge,
such as PEG, are the best option for cell labelling without
interfering with cellular functions. As a result, this technique
would be suitable for in vivo imaging. On the other hand,
frequently used CDs stabilised with negatively charged COO™
groups should be treated with extreme caution, primarily because
they can promote cell proliferation at low concentrations and
anomalies in the cell cycle at greater concentrations.”® Although
there have been numerous research works on the toxicity of
CQDs, some issues remain. The majority of research only eval-
uated one form of CQD at a time, and the experimental settings
used in each study may have varied. It is challenging to compare
the results of different CQDs and studies because there are no
common assays to test the toxicity of CQDs. Second, essentially no
information exists regarding the long-term effects of CQDs on
aquatic species, while the majority of studies have concentrated
on the acute toxicity of CQDs.*

6. Bioimaging applications of CQDs

Bioimaging is a technique used to monitor the biological
process to analyse cell morphology and physiological processes,

© 2023 The Author(s). Published by the Royal Society of Chemistry
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and further, it adds to the detection of 3D images of specimens
without impairing the numerous life activities such as move-
ment, respiration, etc. It is useful in bridging the observation of
subcellular structures and all of the tissues in multicellular
organisms.®' The imaging agents should have some basic
properties, such as water solubility and non-toxic to species,
with advantageous photophysical characteristics, such as sig-
nificant Stokes shifts, high quantum yields, photo bleach
resistance, extended lifetimes, and excitation/emission charac-
teristics suitable for commercially accessible hardware.®” Based
on nanoprobes, luminescent bioimaging has emerged as a
potent technique for mapping molecular events and seeing
tissues with cellular or sub-cellular resolution. It is highly
sensitive, non-invasive, and selective.®® Since their discovery
in 2004, carbon dots (CQDs, which include carbon nanodots,
C-dots, carbon quantum dots, and graphene quantum dots in
this context) have undergone tremendous development as
a result of their distinctive features and exciting potential
applications.>® Since carbon typically makes up most CQDs,
they have extremely low cytotoxicity and good biocompatibility.
They have a variety of conjugated surface groups, which are
advantageous for functionalization for various applications,
including use in light-emitting diodes (LEDs), photovoltaic
cells, catalysts, fluorescent sensors, bio-imaging agents, and
nanomedicines, allowing them to emit multiple colours of light
in the visible light region.?*®® The applications of bioimaging
are either done in vitro in cell lines or in vivo, such as to stain
the internal organ or metabolites. Bioimaging of microbes
using carbon dots is also an alternative to many corrosive dyes
that affect the environment.

6.1 In vitro imaging

In vitro bioimaging study utilizes microorganisms, cells, or
biological molecules outside of their natural biological context
to study the bioimaging property prior to in vivo studies.
Because we cannot sacrifice a life to our wish, we use animal
cell lines that partially imitate the actual cells in vivo. So, it is
necessary to study any drug that needs to be used for in vivo
studies to go through in vitro studies. Several scientists have
explored the area of in vitro bioimaging in cell lines from
biomass derived carbon dots. Many scientists used biomass
derived carbon dots for imaging different cell lines, e.g., HeLa,
and it is found that the CQDs generally stain the cytoplasmic
region of the HeLa cell and TEMPO-oxidized cellulose nano-
crystals (TO-CNCs) conjugated with NH,-CQD has better
cytocompatibility.**°® While studying the bioimaging effect
of biomass derived CQD on A549 cell, it is seen that it generally
stains the cytoplasm of the A549 cell line with the difference in
its luminance property depending upon different biomass
derived CQDs, out of which the sugarcane bagasse derived
CQDs and garlic derived CQDs gives better bioimaging of the
cytosol compared to CQDs derived from coriander leaves,
Osmanthus Fragrans (Thunb.), rice-biryani (biowaste), corn stalk
shell, fresh spinach, and lotus root.*>°'~°” Researchers have
studied the bioimaging property of biomass derived CQD in
various cells such as “LoVo cell, HepG2, MCF-7, MDA-MB 468,
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MDA-MB-231, HaCaT, MC3T3, SiHa, HT-29, PC3, K-562, Hep3B,
and MG-63 with different sources of biomass to design CQDs
such as “Bee pollens, Peanuts, Peach gum polysaccharide, Tulsi
leaves (Ocimum sanctum), P. Avium fruits, Carrots, Walnuts,
Rose-heart radish, Watermelon juice, Quince fruit (Cydonia
oblonga), Walnut oil, Fungus fibers, Allium fistulosum, Cyano-
bacteria, Rosa roxburghii, Lemon juice, Sandalwood-derived
CQDs, Citrus fruit peels, Mexican mint, and Aloe barbadensis
miller (Aloe vera) extract” and found that all of them broadly
illuminate the cytoplasm region, suggesting a nonspecific
bioimaging ability as it has not shown the property to tag
specific cell organelles. The intensity of imaging changes
according to the source of biomass.>*26:293435:4%,987110 1t 5y
be because of the different phytochemicals present in different
biomass. Phytochemicals can play a major role in the fluores-
cent potential of a carbon dot was proved by a study done using
different spices (cinnamon, red chilli, turmeric, black pepper)
to synthesise CQDs by the same method and same parameters
and found that the imaging property of each spice is different
and we know spices are known for its phytochemical diversity.
It was seen that the fluorescence quantum yields of cinnamon,
red chilli, turmeric, and black pepper C-dots were high (35.7,
26.8, 38.3, and 43.6%, respectively), and the particle sizes were
assessed by TEM to be 3.37, 3.14, 4.32, and 3.55 nm, respec-
tively, which is well explained in Fig. 7.""" It is seen that the
biomass derived carbon dots generally stain the cytoplasmic
region of the cell, but to date, no one has been able to design it
in such a way that it can target the specific cell organelles. So
further research must be done to specifically stain specific cell
organelles.

6.2 In vivo imaging

The term in vivo means inside a living system. The importance
of in vivo bioimaging is to detect the different abnormalities
inside the body system, such as knowing the presence of
cancerous cells, different hormones, proteins, and biochem-
icals. A carbon dot is made of carbon, which is biocompatible,
low cytotoxic in nature, and so it is a potent product for in vivo
bioimaging. Several scientists have worked in bioimaging,
where they explored the potential of carbon dots to be a new
alternative for nontoxic bioimaging substrates. In a study, it
was established that carbon dots prepared from curcumin
could detect the embryo of a zebrafish, and it was found that
it is nontoxic to the zebrafish. Upon injecting, the CQDs were
taken up by the 4-HPF embryo via the highly permeable
chorionic membrane. Due to the chorionic membrane’s selec-
tive character, the toxicity of embryos was lowered when
compared to cell lines. The embryo treated with CQDs at
0.5 ug mL~" had a 52% survival rate. The zebrafish embryo is
not significantly affected by the first low doses.> In the
presence of CQDs prepared from Gynostemma at concentrations
less than 400 pg mL™", the nervous and circulatory systems of
zebrafish embryos developed normally.'”® Additionally, it is
seen that the fluorescence in zebrafish embryos is primarily
green, followed by blue, and the least in red. The end result is a
superb display of CQDs in fluorescence imaging.>® Zebrafish
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Fig. 7 After 24 h of incubation with either no C-dots (untreated) or with 1 mg mL™ of citrate, cinnamon, red chilli, turmeric, and black pepper C-dots,
the LN-229 cancer cells were imaged using combined transmission and fluorescence (left) and fluorescence (right) techniques. Using a 405 nm laser and
a Zeiss LSM780 confocal microscope with a 40 objective, pictures were taken while capturing the green fluorescence that was emitted. Figure is

reproduced from ref. 112 under Creative Common CC BY license, Copyright © 2018 Vasimalai et al.; licensee Beilstein-Institut.

embryos without CQDs did not show any fluorescence 2 h after
fertilisation. On the contrary, after 22 h of incubation with
CQDs, the embryos displayed intense fluorescence, indicating
that CQDs may enter the embryos via the chorion."*® Whereas
glutathione rigidified reduced carbon quantum dots (r-CQDS)
prepared from rice biryani waste showed a bright green and red

Control

Fig. 8

fluorescence throughout the body at 488 nm when it was
injected in the tail vain of mice, as is shown in Fig. 8(A).**
Because of their functionality, the biomass derived CQDs from
banana peel exhibit strong fluorescence and an adequate
quantum yield of 20% in water. They also have excellent
water solubility. As great candidates for in vivo bioimaging

200 um 200 um

200 pm

B

(A) In vivo imaging with the entire body accumulating green r-CQDs-GS. One hour after receiving a tail vein injection, the total body fluorescent

images show a higher accumulation of green r-CQDs-GS (488 nm), and the red to flaming yellow colour expressed a higher intensity of fluorescence.
Figure is reproduced from ref. 94 under Copyright © 2019 Elsevier B.V. (B) N-CQDs made from P. acidus fruit incubated with C. elegans and imaged
while under excitation. Figure is reproduced from ref. 115 under Copyright © 2018 Elsevier B.V.
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applications, CQDs also exhibit outstanding fluorescence sta-
bility and good biocompatibility. Their excitation-dependent
fluorescence characteristics have been successfully used in
nematode multicolour imaging applications as a reliable fluor-
escent probe.''* In another study, it was found that N-CQDs
obtained from P. adusci fruits via the hydrothermal method
were non-toxic and biocompatible. Biomass derived N-CQDs
are promising optical/fluorescence nanoprobes for real-time
live-cell imaging due to their excellent optical properties and
good biocompatibility, as visualized in Fig. 8(B). Based on the
different fluorescence filters, the N-CQDs were intensely
stained and multiple fluorescences were uniformly distributed
throughout the whole body of the nematodes."*> By studying all
the work done using biomass derived carbon dots, we can come
to the conclusion that the biomass derived carbon dot is
nontoxic and have efficient fluorescence activity for in vivo
imaging. But the work done till now is not sufficient because
we need to develop biomass derived carbon dots that can
specifically target a specific biomolecule without interfering
with the nearby biochemicals, which will in turn help us to
detect different anomalies in the body.

7. Other applications of CQDs

Except bio-imaging, CQDs play a significant role in various
fields of biomedical sciences like bioimaging, biosensors,
nanomedicine, anticancer, tissue engineering, and drug deliv-
ery, as shown in Fig. 9. Exceptional physical, electrical, and
electrochemical properties of CQDs enable them to act as
sensing probes for biosensor applications. The versatile char-
acteristics such as excitation dependent emission, enhanced
photostability, less toxicity, and high-water solubility enable
CQDs as a potential candidate for glucose, iron, phosphate,
galactose, glucose, cystine, hydrogen peroxide, pH, and vitamin
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Fig. 9 Schematic diagram depicting the biomedical applications of
CQDs.
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B, sensing. In particular, CQDs are highly capable of adhering
to the drug molecules via n—n interaction and bind the drug to
the matrix. Ultra-small size of CQDs avails a significant surface
area to encapsulate and load the drug molecules. The excellent
fluorescent characteristics of CQDs help in tracing the drug
delivery pathway similar to the conventional fluorescent dyes
and semiconductor nanoparticles.

8. Conclusion and future outlook

Carbon quantum dots (C-dots, or CQDs) are a novel type of
carbon nanomaterials with diameters below 10 nm. There are
several methods for the synthesis of biomass derived carbon
quantum dots, and every method has its own advantages.
Comparing the ease of use and adaptability of hydrothermal
and microwave-assisted synthesis techniques shows that
between 180 °C and 200 °C, CQDs were hydrothermally created
in 2-12 h. By lengthening the hydrothermal period, the carbona-
tion at a lower temperature could be countered. Higher quantum
yields were generally produced by chemicals with higher purity.
Under microwave irradiation, the hydrothermal time could be
reduced to 1 h; however, even with a closed vessel and subcritical
temperatures, the quantum yield was not significantly increased.
It is to be noted that organic acids like citric acid will increase
the photo luminance property of the carbon dot, as we know that
citric acid plays a major role when reacting with carbon dots to
increase its fluorescent property. Due to quantum confinement
effects, the size-dependent PL emission has been a notable
feature in CQDs. For characteristic applications, tuning the
shape and size is greatly desired, as the size, shape, and
percentage of sp>-sp® hybridised domains all affect the optical
band gap of CQDs. Doping various metal or non-metal particles
to the carbon dot may enhance the fluorescence property as well
as it may turn it into target specific bioimaging tools. In vitro
bioimaging, drug delivery, and photocatalysis are to be accom-
plished with the help of the synthesised CQDs due to their
excellent photoinduced electron transfer, minimal cytotoxicity,
and ability to harvest light efficiently. The carbon dot is used for
various in vitro and in vivo imaging, where it targets the cyto-
plasmic region of the cell. Currently, CQD have been used to
target various cells such as HELA and MCF7 under in vitro
condition. In in vivo imaging, the CQD targets the organ as a
whole but the effect of fluorescence can also be observed in the
adjacent cells of the target organ. It is noted that if we design the
carbon dots that can specifically target the cell organelles, then it
would be a great success in the field of bioimaging as well as if
we can design it in such a way that it can differentiate between
live cells and dead cells. It will give us a great advantage to use a
non-cytotoxic an inexpensive bioimaging material. Currently, the
CQD is not particularly target specific when added alone but the
addition of some metal or nonmetal may increase its specificity.
Hence, we must try to develop the CQD in such a way that it only
stains the specific target as well as target specific cell organelles.
We can also see the role of various naturally occurring acids in
the bioimaging property of CQD.
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