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Abstract: Recent developments in nanotechnology and process chemistry have expanded the scope
of nanostructures to the biomedical field. The ability of nanostructures to precisely deliver drugs to
the target site not only reduces the amount of drug needed but also reduces systemic adverse effects.
Carbon nanostructures gained traction in pharmaceutical technology in the last decade due to their
high stability, ease of synthesis, tunable surface chemistry, and biocompatibility. Fullerene, nanotubes,
nanodiamonds, nanodots, and nanoribbons are among the major carbon nanostructures that have
been extensively studied for applications in tissue engineering, biosensing, bioimaging, theranostics,
drug delivery, and gene therapy. Due to the fluorescent properties of functionalized nanostructures,
they have been extensively studied for use as probes in cellular imaging. Moreover, these nanostruc-
tures are promising candidates for delivering drugs to the brain, bones, and deep-seated tumors. Still,
research gaps need to be addressed regarding the toxicity of these materials in animals as well as
humans. This review highlights the physicochemical properties of carbon nanostructures and their
categories, methods of synthesis, various techniques for surface functionalization, major biomedical
applications, mechanisms involving the cellular uptake of nanostructures, pharmacokinetic con-
siderations, recent patents involving carbon-based nanostructures in the biomedical field, major
challenges, and future perspectives.

Keywords: carbon nanostructures; green chemistry; drug delivery; biomedical applications; theranostics

1. Introduction

The discovery of a 0-D carbon allotropic structure called fullerene in 1985 by Robert
Curl, Harold Kroto, and Richard Smalley was a breakthrough in the field of materials
science [1]. These unique carbon hollow structures have gained traction in biomedical
research. The fine-tuning of carbon atoms to form nanostructures such as carbon nanotubes,
carbon nanoribbons, carbon nanodots, carbon diamonds, carbon onions, graphene nanopar-
ticles, etc., were explored by materials scientists for potential applications in targeted drug
delivery, bioimaging, tissue engineering, and so on [2]. The physicochemical characteristics
of carbon nanostructures, such as mechanical, optical, and electrical properties and surface-
to-volume ratio, offer the potential for desired surface modification and functionalization.
Thus, carbon-based nanostructures have been extensively explored for tumor targeting,
biosensing, and theranostics [3].

These nanostructures comprise sp2/sp3 hybridized carbon atoms bonded to form cage-
like geometries. The size and shape of these structures can be fabricated in accordance with
the amount of drug to be loaded and the target site [4]. The size of carbon nanostructures can
range from 1 to 100 nm. Hybridization of the structures with other polymers has also been
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explored to create nanocarriers with distinctive properties, as they are more biocompatible
and selective, and less toxic [5]. Carbon nanostructures with surface-functionalized moieties
can be loaded with drug molecules. These carrier systems, when targeted to the site of
interest, are taken up by receptor-mediated endocytosis or direct penetration into deep-
seated tumors due to their high tissue permeability [6,7]. Thus, carbon nanostructures
provide promising insights into developing novel formulations for selectively targeting the
CNS, hepatocytes, bone marrow, cancer cells, and so on [8]. Unlike liposomal preparations,
the ease of synthesis, functionalization, and higher stability of carbon nanostructures make
them materials of interest for developing targeted drug therapies [9].

This review explores the fundamental properties, synthetic pathways, functionaliza-
tion, and various architectures of carbon nanostructures. A comprehensive description of
the biomedical applications for each of these nanostructures is also presented, along with a
review of current challenges and future perspectives.

2. Properties of Carbon Nanostructures

Different carbon-based nanomaterials make up the carbon family. Zero-dimension
structures, such as fullerene and carbon dots, one-dimensional carbon nanotubes (CNT),
two-dimensional graphene, and nanodiamonds (NDs), are examples of carbon-based
nanomaterials (NDs) [10]. Carbon nanocages can be created by reducing the size of one-
dimensional carbon structures down to the nanoscale level [11]. Similar to macroscopic
allotropes, the characteristics of a particular carbon nanostructure depend on the type of hy-
bridization that the nanostructure’s carbon atoms adopt [12]. Since carbon nanostructures
are made entirely of carbon, they have high stability, excellent conductivity, low toxicity,
and are environmentally friendly. Their mechanical, thermal, and electrical conductivities
are distinctive [13]. The Young’s moduli and tensile strength for carbon nanotubes and
graphene (GR) are in the ranges of 1 TPa and 130 GPa, respectively. The thermal conductivi-
ties of CNTs and GR are around 3000–3500 W/mK and 5000 W/mK, respectively [14]. CNTs
and GR have promising potential to improve electrodes for neural interfaces because they
are naturally excellent electrical conductors with adjustable biocompatibility. According to
one theory, carbon-based nanomaterials could be used to create artificial scaffolding that
would interface with neuronal activity and encourage neuroregeneration, for instance, after
spinal cord injuries or other brain disorders [15]. This could only be obtained with particu-
lar types of carbon nanostructures, as such scaffolding requires unusual physical properties,
exceptionally high mechanical strength, and electrical conductivity [4]. Since carbon nanos-
tructures are hydrophobic in nature, formulation development poses a great challenge.
Surface modification, functionalization, co-polymerization, and the use of surfactants have
all been investigated as ways to improve the dispersion of carbon nanostructures in water
and other appropriate solvents [16]. In addition, the tuning of various carbon nanos-
tructures with smart bio-responsive polymers, such as magnet-sensitive, redox-sensitive,
light-sensitive, pH-sensitive, and electrolyte-sensitive polymers, can achieve better drug
targeting in in vitro and in vivo conditions [17]. Figure 1 summarizes the many features of
carbon nanostructures that enable their biomedical applications.C 2022, 8, x FOR PEER REVIEW 3 of 30 
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3. Green Approaches for Synthesis of Carbon Nanostructures

The synthesis of nanomaterials involves the generation of chemicals that are toxic to
animals, humans, the environment, and microbiota. Moreover, the raw materials required
for the synthesis of these nanostructures are toxic themselves [18]. Therefore, it is necessary
to develop new green routes for synthesis of nanomaterials. Chemistry is the emerging
field of science focusing on reducing the use and generation of hazardous chemicals by
developing sustainable and eco-friendly technologies. These technologies are not only safe
and cheap but also find a useful application in nanomaterial synthesis, with high yield and
economic value [19].

Plants have extensively been explored for their application in the green synthesis
of carbon nanomaterials. Plants contain a variety of nutritious compounds that come
from the different parts of the plant, including the leaves, fruits, stems, bark, roots, and
seeds such as steroids, flavonoids, alkaloids, flavones, polyphenols, saponins, tannins,
terpenoids, and other compounds [18]. Secondary metabolites present in plant extracts
act as lowering, stabilising, and capping agents for bioreduction reactions involved in
nanomaterial synthesis. The antioxidants and hydrophilic components included in these
plant extracts address the issue of carbon nanoparticle long-term stability and solubility [20].
In 2017, Tripathi et al. [21] prepared carbon nanotubes from extracts of Juglans regia (walnut),
Rosa (rose), and Azadirachta indica (neem) at a temperature of 575 ◦C using thermal chemical
vapor deposition [21]. The CNTs thus formed had diameters in the range of 8–15 nm.
In 2020, Damera et al. [22] prepared fluorescent carbon nanoparticles by hydrothermal
technology from eucalyptus twigs for bioimaging [22].

Apart from plants, waste-derived production of carbon nanomaterials has also been
explored by chemical engineers. Bio-sludge, e-waste, plastic, rubber tires, and shavings
from muffle furnaces are among the significant but least explored sources for synthesizing
carbon nanomaterials [23]. In 2017, Maroufi et al. [24] reported the synthesis of carbon
nanoparticles from waste rubber tires under high-temperature conditions (>1550 ◦C). The
decomposition of waste rubber tubes led to the formation of carbon nanoparticles with a
specific surface area of 117.7 m2/g and a diameter of 30–40 nm. In another study, carbon
nanotubes were synthesized from plastic waste (polyethylene tetraphthalate). The rotating
cathode arc discharge technique was employed to prepare multi-walled carbon nanotubes
at a temperature of approximately 2600 ◦C [25].

In 2018, Liu et al. [26] developed fenbufen-loaded single-walled carbon nanotubes.
As binary green solvents, 1-butyl-3-methylimidazoliumtetrafluoroborate and choline chlo-
ride/ethylene glycol were utilized. The functional monomer was 4-vinylpyridine (4-VP),
while the cross-linking monomer was ethylene glycol dimethacrylate. The action of this
drug-loaded nanostructured polymer was regulation of fenbufen release and improved
overall bioavailability. Table 1 lists some recently developed green approaches for the
fabrication of carbon nanostructures.

Table 1. Green routes for the synthesis of carbon nanostructures.

Nanostructure Source of Carbon Green Pathway Application Reference

Quantum dots Green tea Hydrothermal Photodynamic
therapy [27]

Quantum dots Zingiberis rhizoma Pyrolysis Analgesic [28]

Nano onions Carbonization Tomatoes Theranostics [29]

Nanodiamonds Coal Laser ablation Bioimaging [30]

Nano horns UV/H2O2 oxidation Cellulose Drug delivery [31]
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4. Classification of Carbon Nanostructures

Carbon-based nanostructures are classified on the basis of dimensional characteristics
(0-D, 1-D, 2-D, and 3-D) and allotropic forms (fullerene derivatives, graphene derivatives,
and other amorphous forms), as presented in Figure 2.
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4.1. Fullerene

The structure elucidation of fullerenes reveals that these are closed, hollow cages
with sp2 hybridized carbon atoms. However, these cages cannot be produced only from
hexagonal rings. Fullerenes, buckminsterfullerene, and C60 are examples of endohedral
fullerenes, often known as buckyball clusters or buckyballs. Each of these compounds
contains fewer than 300 carbon atoms [32]. Euler’s theorem can be used to show that a
spherical surface must have exactly 12 pentagons [33]. This group of fullerenes, which
are closed-cage carbon compounds, is identified by the symbol Cn, where n stands for the
total number of carbon atoms. Fullerenes have 12 pentagons and a variable number of
hexagons. Depending on the number of hexagons involved, different sizes of fullerenes
can be synthesized. There are two alternative values for n: n = 20 or n = 20 + 2k (k = 1,
2, 3, etc.) [34]. Fullerenes provide a number of functional sites that make it possible to
bind chemical components of targeting ligands in the three-dimensional structure, which
makes it easier to target cells. In addition to this, it is possible to optimize their allotropes,
pharmacokinetic properties, therapeutic results, and other characteristics such as size,
hydrophilicity, and colloidal stability in an environment that mimics the body’s natural
conditions [35].

This molecule’s low solubility in many organic solvents and insolubility in water
present challenges for its use in pharmaceutical applications. Different approaches have
been employed to make these structures more hydrophilic and water-dispersible [36]. The
preparation of two-phase colloidal solutions, fullerene co-polymerization, derivatization of
fullerenes, encapsulation in smart polymers (polyvinylpyrrolidone, cyclodextrins, micelles,
calixarenes, liposomes, etc.), and chemical modification (addition reactions with carboxylic
acids, amino acids amphiphilic polymers, and polyhydroxyl groups (fullerenols)) are a few
strategies for enhancing the dispersibility of carbon nanostructures [37].
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4.1.1. Synthesis

Pyrolysis of higher polycyclic molecules, such as naphthalene, corannulene, or poly-
cyclic aromatic hydrocarbons, can be employed to synthesize fullerenes. In the presence of
argon or other inert gases, these compounds break down through the cleavage of hydrogen
bonds at high temperatures (approximately 1000 ◦C), producing C60 and C70 [29]. Another
method for producing fullerenes uses an arc discharge. Two graphite electrodes are sub-
jected to a high voltage, and the discharge causes the graphite to vaporize, resulting in
plasma. Fullerenes are produced when graphite plasma condenses into particles which are
then deposited on the reactor walls [38]. Another method involves the resistive heating of
carbon rods under a partial helium atmosphere. As a result, the carbon rods release a thin,
white plume that mimics soot and is gathered on glass shields that surround the carbon
rods [39].

4.1.2. Functionalization

The use of functionalized fullerenes in therapeutics and diagnostics is constantly
expanding. They primarily use functionalized derivatives for quenching reactive oxygen
species, targeted drug delivery, and bio-imaging [40]. Surface functionalization is an
effective method that can be utilized to render fullerene soluble and dispersible in organic
as well as water-based solvents. There are two chemical processes that can be utilized to
modify the fullerene surface: (A) complexation with a solubilizing agent to partially cover
the lipophilic surface of fullerene, and (B) covalent surface-functionalization. Both of these
processes are described in more detail below. A typical method for the functionalization of
C60 involves grafting amine groups onto the molecule by first combining it with a variety
of primary aliphatic amines, such as n-propylamine, t-butylamine, and dodecylamine [41].
The Prato reaction of an azomethine ylide with a C60 molecule produces a stable product
that grafts a pyrollidine ring to C60. This is another common amination process [42].

4.1.3. Applications
Biosensing

Fullerenes have been found to be stable, biocompatible, highly responsive to biochem-
ical reactions, and have very fast response times. C60 compounds are employed to develop
biosensing techniques [43].

In 2022, Kurbanoglu et al. [44] used conjugated polymers and fullerenes to create a
fullerene-based electrochemical tyrosinase (Tyr) enzyme inhibition biosensor for the drug
indomethacin (INDO). Three conjugated polymers including benzoxadiazole, thienopy-
rroledione, and benzodithiophene moieties were employed for this, along with fullerene
as a transducer modifier for catechol detection. A highly sensitive and quick-response
catechol biosensor could be made using a specific mix of these compounds. The effect of the
chronoamperometric measurement parameters on the biosensor response was investigated.
Catechol biosensing was achieved at concentrations ranging from 0.5 to 62.5 µM, with a
detection limit of 0.11 µM. Tyr inhibition was measured, and INDO was found to have an
I50 value of 15.11 M and a mixed type typical of enzyme kinetics [44].

The pharmacokinetic response in specific individuals varies, which results in non-
responsiveness for a specific reason. One of the major reasons could be the presence/
alterations/deficiencies of the genes encoding the enzymes that metabolize these drugs.
The detection of such genetic alterations can be achieved by fullerene-based biosensors.
People with the CYP2C19*2 gene require more doses of clopidogrel [12]. Therefore, to
detect the presence of this gene in humans, Zhang and colleagues 2018 [13] constructed
an ultrasensitive electrochemical biosensor (cC60/CeO2/PtNPs). To generate the signal
probe, the fullerene-based nanoparticles were labeled with the signal probe. Following
the sandwich reaction of the CYP2C19*2 gene between the capture probe and the signal
label, a distinct electrochemical signal resulting from the signal label’s catalysis of hydrogen
peroxide would be detected. Amperometry was used to record electrochemical signals. The
approach demonstrated a strong linear relationship between the current and the logarithm
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of CYP2C19*2 gene concentrations in the 1 fM to 50 nM range, with a limit of detection
(LOD) of 0.33 fM (S/N = 3). When compared to possible interference-causing chemicals,
the suggested approach demonstrated high specificity to target DNA [13,44].

Drug Delivery

Fullerene is a carbon compound of interest due to its biocompatibility. Its challenging
aspects, nevertheless, are the safety concerns and the desire to increase drug loading. These
issues have been addressed by using a variety of techniques, such as super-positioning
the hydrogen bonds, stabilization with an OH group, and functionalization with an OH
group [39,45].

In 2022, Giannopoulos et al. [46] developed a molnupiravir-loaded fullerene-based
nanocarrier system, since molnupiravir has been shown to be quite effective in reducing
the duration of hospitalization related to COVID-19. This formulation had two molnupi-
ravir molecules externally linked to carboxy fullerenes, known as dendrofullerene. Two
correctly produced nitrogen single bonds (N-N) were used as linkers between the den-
drofullerene and the two molnupiravir molecules to create the final structure of the C60
derivate/molnupiravir conjugate. This resulted in the synthesis of a drug system with
increased water-solubility that released the drug in a synchronized manner to the target
organs [46].

Raza et al. (2015) [47] studied the possibility of C60 fullerene use for docetaxel delivery
to malignant cells. The drug was carboxylated, acylated, and conjugated to C60 fullerenes.
The nanoconstruct developed boosted docetaxel bioavailability by 4.2 times and lowered
drug clearance by 50%. This system regulated the release of drugs and was shown to
be beneficial to erythrocytes. The cytotoxic capability of the tested MCF-7 and MDA-
MB231 cell lines were likewise amplified many times, demonstrating greater efficacy with
lower doses.

In photodynamic cancer therapy, certain photosensitizers are used for generating
reactive oxygen species in the tumor microenvironment [47]. These ROS elicit a potent
cytotoxic effect on cancer cells while preserving the physiology of adjacent normal cells. The
target specificity and hydrophobicity of the photosensitizers provide a significant challenge
in cancer photodynamic therapy [48]. Many techniques have been explored to conjugate
carbon nanostructures with photosensitizers. Iron oxide nanoparticles (IONPs) were first
deposited onto the surface of fullerenes before being PEGylated. A potent PDT capacity
and strong superparamagnetism were shown by the C60-IONP-PEG nanocomposite [30,49].

C60-lysozyme demonstrated effective endogenous reactive oxygen species generation
in a different investigation. Due to its photodynamic activity in HeLa cells, exogenous H2O2
production causes activity afterward [50,51]. Table 2 summarizes some recent advances in
fullerene-based drug delivery systems.

Table 2. Recent developments in fullerene-based drug delivery systems.

Nano System Functionalized With Technique Used Drug Used Application Reference

Heterofullerene BC59,
SiC59, and AlC59

Pristine C60 and
heterofullerene Conjugation Hydroxyurea Treatment of myeloid

leukemia [52]

Al and Si doped fullerene Pristine C60 and
chloroquine

Chemical
interaction Chloroquine Enhanced efficacy

against COVID-19 [53]

C60-Dex-NH2 TPFE Conjugation siRNA Treatment of prostate
cancer [31,54]

C60-nano complex Cisplatin Conjugation Cisplatin Enhanced penetration
in tumor cells [55]

C60-DOX DOX-complex Covalent
interaction Doxorubicin

Enhanced in vitro
cytotoxicity in cancer

cells
[56]
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4.2. Carbon Nano-Onions

Carbon nano-onions (CNOs) are zero-dimensional carbon nanoparticles that may be
identified by their tightly closed, onion-like shells that have multiple layers and enclose
one another entirely. These CNOs have a C60 or C80 fullerene at their center, an interlayer
distance of about 3.4 Å, and a diameter of between 1.4 and 50 nm [8]. The carbon atoms
in the carbon onion have undergone sp2 hybridization. Due to the intrinsic sp2 surface
of CNOs, covalent and non-covalent functionalization is simple, and various functional
groups can be attached [57]. Recently developed CNOs have a wide range of uses, including
their use as photothermal agents in photothermal cancer therapy and use of their cargo-
like characteristics for drug administration. Similar to fullerenes and other carbon family
nanostructures, carbon nano-onions also lack water dispersibility, but can be made water
dispersible upon surface functionalization and employed for drug delivery [58].

4.2.1. Synthesis

Carbon nano-onions are synthesized by various methods to obtain structures with the
desired surface area, size, shape, oxygen content, density, shell count, and conductivity.
Electron beam irradiation, ball milling of graphite, chemical vapor deposition, underwater
arc discharge, ion-implantation, various plasma procedures and pyrolysis, and thermal
annealing are among some commonly used techniques for the synthesis of carbon nano-
onions [59]. Carbon nano-onions of 30–50 nm are produced via the pyrolysis of carbon nano-
diamonds at 1000–1500 ◦C in a vacuum [28]. A novel method for the synthesis of CNOs
was developed by A. Guo et al. in 2021, who reacted hydrothermal citric acid at 180 degrees
Celsius in the presence of KNO3. According to the TEM-based formation process, there were
three stages of reaction: the dehydration of citric acid into graphene quantum dots (GQD);
the growth and piling into graphitic nanosheets (GS), which roll up into graphitic hollow
polyhedrons (GHP) due to interface energy; and then the disordering and rearrangement
into spherical CNOs with the lowest interface energy in the hydrothermal solution. All of
these stages took place sequentially [60]. To prepare CNOs, thermal annealing of DNDs
is currently thought to be the best approach. This method has the largest potential for
industrial mass production since it produces CNOs that are narrowly distributed and
extremely pure [61].

4.2.2. Functionalization

Different methods, such as radical addition, cyclopropanation, 1,3-dipolar cycloaddi-
tion, fluorination, reduction, alkylation, and oxidation, can covalently functionalize the sp2

surface of CNOs. Targeting, bioimaging, and biosensing compounds are often covalently
bonded to nanocarrier surfaces [62]. Another example is the click reaction between an
azide- and acetylene-functionalized CNO molecule [50,63]. Non-covalent interactions of
importance to CNO-based nanocarriers include stacking, charge, lone pair, polar, and
dipole interactions, as well as hydrophobic and dipole-induced dipole interactions. Van
der Waal forces also extend to charge-dipole interactions, dipole-dipole interactions, and
dipole-induced dipole interactions [64]. The covalent functionalization, specifically by
oxidation, increases their water dispersibility and expands the potential for amidation and
esterification processes [28,65].

4.2.3. Applications
Biosensing

In 2022, Sharma et al. [66] developed an ex situ mixing technique to create a ZnO/CNO
nanocomposite. The electrochemical sensing response of the ZnO/CNO nanocomposite
for a linear range of glucose concentrations (0.1–15 mM) was investigated using cyclic
voltammetry. The ZnO/CNO nanocomposites showed greater glucose sensing capabilities
with a sensitivity value of 606.64 A/mM cm2. Using this technology, non-invasive skin-
attached sensors for biomedical purposes could be created [66].



C 2023, 9, 3 8 of 28

Carbon nano-onions (CNOs) were used as supports by Sok and Fragoso (2018) to im-
mobilize alkaline phosphatase, horseradish peroxidase, and glucose oxidase [67]. Initially,
carboxylic groups were produced on the surface of CNOs by oxidation, which was followed
by covalent coupling using a soluble carbodiimide. According to thermogravimetric analy-
sis, the specific enzyme load contained roughly 0.5 mg of protein for every mg of CNO.
Without changing to the ideal pH and temperature, the mounted enzymes demonstrated
improved storage stability. This developed nanobiocatalyst is potentially interesting for
biosensing and other biotechnological applications because of these characteristics [67].

Drug Delivery

Carbon nano-onions, when functionalized, can be made water dispersible and utilized
for site-specific delivery of drugs. Their low toxicity and minimal inflammatory potential
make the CNOs suitable for targeted drug distribution. They are a promising drug carrier
due to their enormous surface area and readily available pi-electrons. For pH-responsive
drug release, in 2019 Mamidi et al. [58] developed zein protein hydrogels infused with
poly 4-mercaptophenyl methacrylated CNOs (f-CNOs). In order to create the nanosystem,
oxidized CNOs were functionalized using 4-mercaptophenol, then methacrylated and poly-
merized to produce f-CNOs. Acoustic cavitation was used to integrate this nanomaterial
into a zein protein matrix. Investigations into its drug release indicated that the system
exhibited a pH-sensitive release pattern, with the quickest release occurring between pH
7.4 and 9.0, making it a promising candidate for drug therapy against colorectal cancer.

In 2021, Ahlawat et al. [68] developed acetylcholinesterase inhibitor-loaded CNOs to
increase the efficacy of an anti-Alzheimer’s drug in crossing the BBB and to release the
drug in a sustained manner at a pH of 7.4. The size distribution of these nanostructures
ranged from 1 nm (35%) to 15 nm (65%). Animal models were used to assess the ability of
these water-soluble CNOs to penetrate the BBB and inhibit the acetylcholinesterase enzyme.
These CNOs were found to be rapidly eliminated within six days of administration rather
than accumulating in the brain, as shown by the gradually rising concentration of CNOs in
excreta [68]. Some recently investigated carbon nano-onion systems for drug delivery are
given in Table 3.

Table 3. Recent developments in CNO-based drug delivery systems.

Nanosystem Drug Used Application Reference

Polycaprolactone/fts i
nanocomposite fibers Doxorubicin pH dependant release of

drugs at the tumor site [69]

f8DIN CSL_CIT composite
hydrogels 5-FU Sustained and site-specific

release of 5-FU [70]

HADIN CSL_CI HA-Phospholipid Targeting of overexpressed
CD44 cancer cells [71]

CTAB-CNOs CTAB Antimicrobial action
against Escherichia coli) [72]

PHPMA-CNOs = f-CNOs Doxorubicin
Thermosensitive,

prolonged, and site-specific
release of drug

[73]

4.3. Carbon Quantum Dots

Carbon quantum dots (CQDs) are the newest member of the nanomaterial family,
possessing ease of synthesis. CQDs were serendipitously discovered while processing
single-walled carbon nanotubes (SWCNT) [10,74]. Since then, CQDs’ fluorescence charac-
teristics have been thoroughly investigated as fluorescent biocompatible-nanostructures.
With a particle size of less than 10 nm, CQDs are quasi-spherical carbon nanostructures.
CQDs are spherical zero-dimensional allotropes that exhibit a number of intriguing char-
acteristics, including biocompatibility, environmental friendliness, conductivity, optical
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qualities, water solubility, and low toxicity [74]. When exposed to light, these chemicals
generate reactive oxygen species (ROS), which can kill bacteria and hence treat illnesses [75].
Both crystalline and amorphous CQDs are possible. In CQDs, the carbon hybridization is
sp2, while sp3 hybridization has also been documented in a few instances. CQDs’ crystal
lattice parameters are around 0.34 nm [76]. CQDs are administered parenterally, as a
minimal dose is required, and a larger volume of distribution can be achieved throughout
the body. Depending on the target tissue of interest, the surface of a CQD is functionalized
with particular ligands for their preferential uptake by specific tissues [77].

4.3.1. Synthesis

The synthesis methods for CQDs can be broken down into two categories: top-down
and bottom-up. The top-down method involves breaking down a larger bulk item or nano-
material into particles smaller than 10 nm [78]. High-energy ball milling, electrochemical
synthesis, and laser ablation are all examples of top-down methods for creating CQDs.
While solvothermal, pyrolysis, reverse micelles, microwave-assisted synthesis, hydrother-
mal, combustion, ultrasonic, chemical vapor deposition (CVD), and others are examples of
bottom-up processes for making CQDs, which refers to carbonization or synthesis from tiny
molecules [79]. Controlling the size of CQDs can be accomplished through post-synthesis
changes such as filtering, dialysis, sonication, centrifugation, column chromatography, and
gel electrophoresis [73].

The low-cost industrial synthesis of CQDs is achieved from pure graphite electrodes,
electrochemically exfoliated in a variety of pH electrolytes, including H2SO4, NaCl, and
NaOH, to produce CQDs at a low cost [80]. Another method for producing carbon gas
plasma with an intense laser pulse in organic liquids is laser ablation. A Q-switched
ND:YAG laser system is used to irradiate natural graphite flakes that are suspended in an
ethanol and diethylenetriamine solution. N-doped quantum dots resembling graphene
are created when the laser-induced plasma plume condenses, and they grow to a size of
roughly 6 nm [81].

4.3.2. Functionalization

Surface functionalization has a considerable impact on the carbon dots’ absorbance
and photoluminescence characteristics [82]. CQD functionalization affects other properties
by changing their ability to interact with drugs, other chemical molecules, ions, and bodily
organs. As a result, surface functionalization (for example, cell internalization, cell local-
ization, and cytotoxicity) is one of the most important possibilities to consider in terms of
CQD biological applications [34]. CQDs can have their surfaces functionalized with a wide
variety of macromolecules, any of which may be electrically neutral or charged (positively
or negatively). Polyethylene glycol is an example of a macromolecule that does not have a
charge (PEG) [83]. PEG works to block an immune response by inhibiting protein binding
that is not specific to any one protein. Additionally, it is biodegradable and compatible
with living organisms. CQDs can be positively charged by cationic macromolecules such
as polyethyleneimine; therefore, these CQDs are able to bind to proteins with a nega-
tive charge that are found in cell membranes (PEI). Therefore, positively charged CQDs
have an effect on the structural integrity of cell membranes, which makes cell transfection
possible [84].

On the surface of CQDs, there are numerous functional groups (-OH, -COOH, -NH2,
etc.) that can serve as active coordination sites for transition metal ions. Electrocatalytic
performance may be improved by heteroatom doping on CQDs with other inorganic
substances such as metal phosphides and metal sulfides [85].

4.3.3. Applications
Bioimaging

CQDs are crystalline semiconductors with optical and electrical characteristics. Thus,
CQDs can serve best for designing point-of-care-testing (POCT) diagnostics. The detection
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of early biomarkers of neurodegeneration, cardiac ischemia, and diabetic pathologies can
help in timely decision-making for precise therapeutic interventions [86].

The most advantageous and noticeable characteristic of CQDs is their photolumi-
nescence. The chemistry and the quantum confinement of CQDs are the two key factors
that influence their optical characteristics. The two leading bands in the usual absorp-
tion spectrum of CQDs are located at about 230 and 350 nm [87]. Drug delivery can be
visualized using CQDs. Feng et al. developed a nanocarrier based on cisplatin(IV) prodrug-
loaded and charge-convertible CQDs [CQDs-Pt(IV)] for image-guided drug delivery in
2016. CQDs-Pt(IV) were coated with an anionic polymer containing dimethylmaleic acid,
which showed a charge conversion in the tumor’s slightly acidic extracellular environment
(pH = 6.8). Furthermore, the positive charges on the nanocarrier made it simpler for it
to pair with and internalize in the negatively charged cellular membranes. CQDs-Pt(IV)
nanocarriers were used in in vivo studies that revealed strong tumor-inhibition efficacy
and few adverse effects [88].

Another study conducted by Gao et al. in 2017 [89] used a fluorescent CQD that
had been turned on as a theranostic nanoprobe. CQDs (P-CQDs/HA-Dox) were made
by combining doxorubicin-conjugated hyaluronic acid with a carbon dot modified with
polyethyleneimine. The functionalized P-CQDs/HA-Dox served as an effective tool for self-
targeted imaging, hyaluronidase detection, and drug delivery. By explicitly focusing on the
CD44 receptors that are overexpressed in cancer cells, the resulting nanoprobes improved
internalization. Once within the cells, hyaluronidase was activated, causing the HA-Dox
to break apart and release doxorubicin, which resulted in the P-CQDs’ fluorescence [89].
Some recently explored bioimaging techniques employing CQDs are given in Table 4.

Table 4. Recent developments in CQDs-based bioimaging techniques.

Nanosystem Method Application Reference

CQD-RhB-Si Nps Surface functionalization In vivo imaging of Cu2+

in body tissues
[34]

N-P-CQDs In situ hydrothermal
synthesis

Imaging of Fe3+ ions and
cell imaging

[90]

FA-CQDs Solvothermal process Fluorescent imaging of
blood vessels [91]

B1,B2-CQDs Thermal carbonization Imaging of myoblasts
(mouse satellite) [92]

N-CQDs Hydrothermal process Fluorescent staining of E.
coli and S. aureus [93]

Drug Delivery

Due to the unique characteristics of CQDs, including small size, water solubility, high
cell membrane permeability, low toxicity, fluorescence emission, chemical inertness, ease of
production, possible functionalization, and drug loading, CQDs have drawn increasing
attention as a means of drug delivery.

Nitrogen-containing CQDs were covalently bonded to 7-(3-bromopropoxy)-2-quinol
ylmethyl chlorambucil (Qucbl) by Karthik et al. (2013) [94]. An in vitro study revealed
that the cytoplasm and nucleus of the drug-loaded CQDs were colonized. The drug-
loaded CQDs controlled drug release in order to irradiate and destroy cancer cells [94].
Photoluminescent features can also be used as an adjuvant to cancer cell drug therapy.
In 2015, Beack et al. [95] reported that a CQD-chlorine e6-hyaluronate (CQD-Ce6-HA)
molecule was also efficient in the photodynamic therapy treatment of mouse melanoma.
Thermal decomposition of glycerin resulted in CQDs, which were then conjugated with
Ce6, a benign photosensitizer with a strong singlet oxygen generation. For targeted delivery
to cancer cells, hyaluronic acid was added to the CQD-Ce6 combination. As a result of
inducing apoptosis, the created CQD-Ce6-HA compound completely inhibited melanoma
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skin cancer in a mouse model [95]. Some recently investigated CQD-based nanosystems
are given in Table 5.

Table 5. Recent developments in CQD-based drug delivery systems.

Nanosystem Drug Application Reference

FA-Gd-CQD Doxorubicin Anti-cancer effect against Hela cell lines [96]

QA-N-CQDs Gemcitabine Theranostic system for breast cancer cell lines [97]

m-CQD-HA Hyaluronic
acid Site-specific delivery of HA to chondrocytes [98]

N-CQD-Insulin Insulin Oral delivery of insulin [99]

Mn/CQD/SiO2-
naproxen Naproxen Drug delivery and tracer system [100]

4.4. Carbon Nanotubes

Carbon nanotubes (CNTs) are one-dimensional structures with sp2 hybridized carbon
atoms that are hollow and cylindrical [101]. In 1991, Japanese scientist Sumio Iijima became
the first person to discover CNTs. These tubes vary in diameter, length, chirality, and layer
count [96]. CNTs are similar to graphene sheets, which are hexagonal networks of carbon
atoms rolled up in specific directions based on their chirality. SWCNTs are produced by
rolling up a single graphene layer, whereas multi-walled CTNs (MWCNT) are produced by
rolling up multiple graphene sheets [16]. These tubes have a variety of appealing qualities
because of their varying elasticities, strengths, and rigidities [60]. The Young’s modulus of
elasticity determines how strong they are (ratio of stress to strain). CNTs are thought to
have a tensile strength of 100 GPa. These nanotubes lose their flexibility permanently as
a result of a process known as plastic deformation that takes place under extreme stress.
It was discovered that the specific Young’s modulus values of MWCNTs are lower than
Young’s modulus values of SWCNTs [102]. CNTs have a generally high length-to-diameter
aspect ratio; for SWCNTs, the diameters typically range from 0.4 to 2.5 nm, while the
lengths can range from 20 to 1000 nm, whereas for MWCNTs, the diameters range from
1.4 to 100 nm (thousands of times thinner than a human hair) and the lengths range from
1 to 500 nm [103]. CNTs have a specific internal volume because of their tubular form,
which can be exploited to house particular functional moieties. Additionally, CNTs are
more reactive than pristine graphene due to the existence of the curvature in their structure;
thus, chemical functionalization of their surface becomes easier [104].

4.5. A. Single-Walled Carbon Nanotubes

SWCNTs are essentially graphene sheets that have been folded and extended. Patterns
on a graphene sheet can be affected by both the sheet’s diameter and its C-C orientation.
As a result of their powerful interactions, single-wall carbon nanotubes have limited
solubility and are difficult to disperse in the aqueous phase. It has been suggested that the
SWCNTs can undergo chemical alteration in order to make them more soluble in water and
better disperse themselves throughout it in order to boost their potential applications in
biomedicine and pharmaceuticals [101,105].

4.6. B. Multiple-Walled Carbon Nanotubes

The electric and chemical properties of multi-walled carbon nanotubes (MWCNTs)
are more complex due to the presence of many layers of graphene sheets that compose
their structure. Nanotubes of this sort can range in size anywhere from 5 to 50 nm [106].
The structural complexity and variety in this class are a result of wrapping one CNT
around another, with an interlayer dispersion of 3.4 Å. MWCNTs are, therefore, not as well
understood. If the structure is only slightly altered, the desirable material qualities might
be lost [107].
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4.6.1. Synthesis

As the initial CNT synthesis process, the arc discharge method is well-known and fre-
quently utilized [108]. In the arc discharge mechanism, two electrodes made of exceedingly
pure graphite are spaced 2–3 mm apart. In addition, one of the electrodes contains traces of
metal catalysts such as Fe, Co, Ni, or Mo. In a He environment, the voltage between the
reaction chamber electrodes is then used to generate a DC arc discharge. The graphite and
metal catalyst evaporate and condense as the discharge is triggered, resulting in carbon
soot containing both SWCNTs and MWCNTs collecting on the cathode and/or reactor
walls [104,109].

Laser ablation is another process used to create nanotubes. A laser procedure is used to
create nanotubes, as the name suggests. The more sophisticated laser ablation technique is
used to overcome the drawbacks of the electric arc technique. Both SWCNTs and MWCNTs
can be produced using this method. The regular use of this method results in the synthesis
of more nanotubes. A pulsed laser is used to ablate the carbon target during the synthetic
process. In the presence of an inert gas and a catalyst, pulsed laser ablation of the graphite
target is carried out in this manner [110].

The process of chemical vapor deposition is another method that is frequently applied
to generate CNTs. Alcohols, methane, ethane, acetylene, and other hydrocarbon precursors
are broken down in the presence of a metallic catalyst at high temperatures. When a
reaction gas is pushed through a flow furnace at a temperature of 1000 ◦C, hydrocarbon
molecules disintegrate into active carbon species on the catalyst surface and infiltrate the
metal catalyst. As the broken-down hydrocarbons permeate the metal, the CNT develops
between the substrate and the catalyst [31,110].

4.6.2. Functionalization

Pristine CNTs cannot be used for drug administration because they are insoluble in
biological fluids when they are not functionalized with organic molecules. Intact CNTs form
tightly packed bundles as a result of van der Waals interactions, rendering them insoluble in
common solvents such as water [110]. Examples of techniques for improving the solubility
of CNTs include copolymerization, organic functionalization, and acid treatment to provide
carboxylic end groups. During the process of direct covalent sidewall functionalization, the
formation of a covalent bond causes a change in the carbon hybridization from sp2 to sp3,
as well as a concomitant loss of the p-conjugation that is characteristic of the aromatic rings
of graphene. This loss of p-conjugation is due to the fact that the sp3 carbon hybridization
is more stable than the sp2 carbon hybridization [111]. This mechanism can be produced
by the atoms at the ends of the CNTs as well as in the defects of the CNTs by reacting with
certain substances that have a high chemical reactivity. As a result of the polar or non-
polar groups that are grafted onto the surface, the functionalization process allows carbon
nanotubes (CNTs) to disperse in solvents, which is one of the essential advantages of the
process [112]. PEGylated phospholipids are an example of the kind of noncovalent coating
that can be applied to SWCNTs [113]. Using linear/branched PEGs of different molecular
weights, Liu et al. (2008) [114] produced noncovalently functionalized SWCNTs to test
the long-term effects of CNTs given intravenously to mice. Although, the weak bonding
provided by hydrophobic contacts, van der Waals interactions, and other interactions limits
the capacity of non-covalent functionalization to transport drugs, which can improve the
dispersibility of CNTs [114].

4.6.3. Applications

Since nanotubes are hydrophobic, their even dispersion is difficult because of their
limited solubility in aqueous solutions. It becomes difficult to uniformly integrate them
with the API (active pharmaceutical ingredient). Various methods for dispersing CNTs
in water and non-aqueous liquids have been recently investigated, with a focus on both
physical difficulties and chemical strategies [16]. Examples of physical strategies include
radiation, plasma treatment, and ultrasound. Additionally, a variety of materials have been
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used to distribute CNTs, such as inorganic monovalent salts, inorganic peroxides, mineral
acids, salts of organic acids, aromatic compounds, biomolecules, and polymers. As a result,
in order for them to perform the function of carriers, they must go through the previously
mentioned alterations [34].

Theranostics

CNTs have opened the door to research into their potential as theranostic and drug
delivery system carriers due to their easy cell membrane permeability [114]. In 2020,
Golubewa et al. [115] reported that glioblastoma cells had been shown to be effective
in accumulating SWCNTs. The resulting large agglomerates enabled the photo-induced
destruction of cancer cells by picosecond laser irradiation. Additionally, they used the
CARS (Coherent anti-Stokes Raman scattering) imaging method and showed that it is
viable for both the visualization of cancer cells and its photo-induced SWCNT-conditioned
destruction, providing compelling evidence that this technology is helpful for nano thera-
nostics [115]. In a different study, Song et al. (2016) [116] developed a carbon nanotube ring
with gold nanoparticle coatings (CNTR@AuNPs). This CNTR bundle nanostructure was
developed as a photoacoustic (PA) contrast agent for image-guided cancer therapy, as well
as a cancer cell detection probe. It was embedded in a gap of closely spaced AuNPs. The
CNTR@AuNP displayed noticeably greater optical and Raman signals when compared
to a CNTR coated with an entire Au shell (CNTR@AuNS) and pure CNT@AuNP. The
significantly increased PA signal and photothermal conversion capacity of CNTR@AuNP
were effectively used for imaging and image-guided cancer therapy in two tumor xenograft
models [116].

Biosensing

The detection of biomolecules with high precision is crucial in the diagnosis of various
diseases for making timely decisions regarding pharmacotherapy. CNTs have a promising
role in designing such technologies [117].

Glucose oxidase (GOx)-based catalysts were developed by Christwardana et al. in
2017 [118] and are capable of measuring glucose in the widest concentration range, ac-
curately calculating the blood glucose concentration and enhancing the sensitivity of the
glucose biosensor. A hybrid composite material with CNT reinforcement was generated
using this catalyst. According to the analyses, a hybrid material modified with CNTs
that has good chemical stability and high catalytic activity can be used to make a high-
performance glucose biosensor with leading attributes. An excellent glucose sensitivity
of 47.83 µAcm−2 mM−1, a low Michaelis–Menten constant of 2.2 mM, and broad glucose
concentration detection were all displayed by the catalyst [118]. Another study designed
reusable, inexpensive, and efficient lung cancer immuno-sensing biosensors using graphene
oxide (GO) and carbon nanotubes (CNTs). Using CNT-based nanocomposites, the pres-
ence of the biomarker (hTERT) was found in the concentration range of 5 ng mL−1 to
50 ng mL−1. Due to the favorable properties (peak current, stability, repeatability, and
reproducibility) acquired by employing the CNT, the simultaneous bianalyte detection of
biomarkers (MAGE A2/A11) expressed in serum was also demonstrated [119].

Drug Delivery

CNTs have been extensively investigated for target-specific drug delivery due to their
ease of fabrication and biocompatible properties. Drug loading into the end-capped CNTs
can be accomplished both during and after CNT synthesis [120]. The diameter, surface
tension, reactiveness, melting temperature, and sensitivity of the CNTs are all essential
factors in drug loading. After synthesis, drug loading can be achieved by electrically
opening the ends of the CNTs, corroding the angled end parts of the tube with an acid, or
oxidizing the CNT with CO2 [121].

CNTs are potential carriers in brain-targeted drug delivery. MWCNTCOOHs were
utilized to carry oxaliplatin to the brain for the treatment of orthotopic gliomas. The
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TAT-PEI-B copolymer was created by combining the BBB piercing peptide transcriptional
activator, the glioma-targeting chemical biotin, and polyethyleneimine. Afterwards, the
TAT-PEI-B-MWCNT-COOH@OXA complex was formed by mixing MWCNT-COOH and
oxaliplatin. Characterization studies revealed that MWCNT had OXA loaded on its surface.
The in vitro investigations included rat glioma cells as well as human glioma cells (U87 and
U251). Mice with an artificially produced orthopedic brain glioma were used in in vivo
experiments. This nanosystem was found to be more cytotoxic than free oxaliplatin [122].
The activity of functionalized CNTs has also been tested against pathogenic bacteria. The
antibacterial activity of MWCNTs conjugated to ionic and non-ionic surfactants against
E. coli growth was studied. Gram-negative E. coli was found to be more toxic to MWC-
NTs coated with cationic surfactants. Anionic surfactant-coated MWCNTs were more
hazardous than non-ionic surfactant-coated MWCNTs due to the combined toxicity of the
surfactant [123]. Some promising studies on NCTs are given in Table 6.

Table 6. Recent developments in CNT-based drug delivery.

Nanosystem Drug Application Reference

MWCNTs/Gemcitabine
(Ge)/Lentinan-Le Gemcitabine-Lentinan Chemophotothermal therapy for cancer [124]

PEGylated-MWCNTs Dexamethasone CNS delivery of dexamethasone for ischemic stroke [125]

Magnetic MWCNTs-Epirubicin Epirubicin Site-specific and prolonged release of epirubicin for
bladder cancer [126]

CA/SWCNT-Gl Curcumin Antibacterial activity against B. cereus and E. coli [127]

SWCNT-COOH- Levodopa Levodopa pH-dependent CNS release of levodopa [128]

SWCNT-Acetylcholine Acetylcholine CNS delivery of Ach, restoring memory in mice [129]

4.7. Nanodiamonds

Nanodiamonds (ND) are an allotrope of carbon (sp3 hybrid) with diameters of 2–10 nm
and possessing a high surface area. They are diamond-shaped nanocrystals with tetrahe-
dral carbon atoms organized in a cubic 3D lattice, and they have the electrical properties
of diamond (high charge carrier mobility and breakdown field). NDs have a graphite
shell that resembles an onion. The three types of NDs include diamondoids (1–2 nm),
ultrananocrystalline particles (2–10 nm), and nanocrystalline particles (1–150 nm). The
nitrogen-vacant positions at the center of nanodiamonds make them fluorescent; thus, NDs
are suited explicitly for bioimaging purposes [60]. The large surface area, high thermal
conductivity, inherent biocompatibility, and ease of functionalization make NDs suitable
candidates for biomedical applications. NDs, similar to any other carbon nanostructures,
are hydrophobic and thus possess a tendency to agglomerate in aqueous solutions with
poor dispersibility [102]. Various techniques such as ultrasonic dispersion and mechanical
grinding have been employed to form stable dispersions. However, surface functionaliza-
tion is the most effective way of modifying their physicochemical and biological properties.
Hydroxyl, carboxyl, sulfur, amino, and anhydride groups can all be used to modify the
surface of NDs [14,102]. The functionalized NDs can be covalently linked to various other
polymers and biological macromolecules to prepare NDs of particular interest [130].

4.7.1. Synthesis

The classification of diamonds is still applicable to nanodiamonds, which are created by
fragmenting enormous bulk diamonds using top-down techniques. High pressure and high
temperature (HPHT), dynamic synthesis employing detonation techniques, ball milling
of HPHT diamond microcrystals, chemical vapor deposition, and laser ablation are the
typical synthetic processes for NDs [131]. At room temperature, microcrystalline diamonds
are compressed between 0.2 and 0.8 GPa pressure. The breaking of the crystals occurs in
three stages as the pressure is increased: (1) fracturing of corners and edges, (2) cracking of
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the lattice planes, and (3) fine-tuning of particle disorder [132]. Chemical vapor deposition
and high pressure and high temperature (HPHT) methods are cost-effective and can be
used for large-scale synthesis of NDs [133].

In the detonation process, graphite or any carbon precursor is packed inside a chamber
with explosive material. The shock waves induced by the explosion increase the pressure
inside the chamber by up to 100 Gpa and the temperature to more than 1700 ◦C. These
extreme conditions enhance the rate of conversion of graphite into nanodiamonds [134]. The
HPHT process can result in synthetic diamonds with up to 300 ppm of nitrogen. A diamond
carbon atom is forced out of the structure when these diamond particles are exposed to
high-energy radiation, causing damage and vacancies (V). These vacancies travel toward
the nitrogen (N) centers during thermal annealing, creating nitrogen-vacancy (N-V) color
defect centers. The emission of fluorescence is caused by these centers. Consequently,
a wealth of research has been undertaken on high-pressure, high-temperature synthetic
diamonds for their applications in bioimaging [102,130]. The dissociation of ethanol vapor
is promoted in the chemical vapor deposition technique in a microplasma running at
atmospheric pressure and neutral gas temperatures of 100 ◦C. The ND surfaces can change,
and the non-diamond phases can be etched when H is added to the plasma atmosphere.
The fabricated NDs range in size from 2 to 5 nm and contain cubic and lonsdaleite crystal
structures. NDs have a core and shell structure at their core, but their size, shape, and
surface properties depend on the circumstances of the explosion and the conditions during
purification [135]. A portion of the surface shell is made up of graphitic structures, and the
inert core is made up of diamond carbon. A wide variety of other functional groups, such
as ether, ketone, anhydride, lactone, carboxyl, and many others, may also be present on the
surface of these ND particles. By using oxidative or reductive reactions to homogenize the
surface chemistry of NDs, uniform surface properties can be obtained [136].

4.7.2. Functionalization

It is essential to keep in mind that there might be significant variation across the various
reactants or even within batches. The situation is further complicated by the fact that it
is challenging to characterize and quantify organic functions, often yielding conflicting
outcomes [137]. NDs are often subjected to a process of surface homogenization first before
any surface functionalization because of these reasons. Such modified NDs can be employed
for tissue scaffolding or drug administration by physically adsorbing or chemically grafting
tiny molecular compounds or nucleic acids onto them [138]. To produce silanized NDs,
NDs are first oxidized and carboxylated, and then surface modification is employed (NDs-
NH2). The ND surface can be oxidized when the amorphous/graphitic coating of the
diamond core is removed using strongly oxidizing substances such as potent acids, singlet
oxygen in NaOH, potent ozone, and air treated with a catalyst [139]. DNA sequences
and polymeric molecules are attached to the ND surface by electrostatic contact. The
most popular and efficient method of functionalization is the esterification of the hydroxyl
groups through high-temperature -OH carboxylation, which is accomplished by succinic
anhydride. Another approach for derivatizing NDs involves covalently anchoring dyes
and receptors to siloxanes, which have been successfully employed for drug delivery [140].

Surface functionalization has also become a cutting-edge method of ND aggregate
size reduction. By functionalizing with long alkyl chains, the particle size can be reduced
from 15 µm to 150–450 nm. Compared to their native form, the long alkyl chain-modified
NDs are highly dispersible in organic solvents [131,140].

4.7.3. Applications
Bioimaging

The unique optical, chemical, and biocompatible properties of NDs make them the pre-
ferred candidates for developing bioimaging technologies. As discussed above, the nitrogen
vacancies in NDs make them fluorescent and are used to detect specific biomolecules [140].
In comparison to commonly employed fluorophores, NDs have a higher advantage for
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long-term cellular imaging due to the extraordinary photostability of (N-V)- defect centers.
In contrast to similarly sized red fluorescent polystyrene nanospheres, which photobleach
during the first 30 min of photoexcitation, the red fluorescent NDs (100 nm) exhibit no pho-
tobleaching after being constantly exposed to a 100 W lamp for 480 min. ND fluorescence
can withstand photoblinking for up to 1 millisecond [141]. In 2010, Mohan et al. studied
long-term in vivo imaging in C. elegans using fluorescent NDs. The colloidal solution of
NDs was fed to C. elegans, while microinjection of NDs was administered into the gonads of
C. elegans. The cellular development process of C. elegans was studied for several days, and
bioimages of the GI tract and tissues with high brightness were obtained. No cytotoxicity or
genotoxicity was reported in the long-term study [142]. In another study, single high-dose
fluorescent NDs were administered to rats. Bio-distribution and pharmacokinetics of NDs
were studied. The liver and spleen were significant sites of distribution, and high-contrast
fluorescent and SEM images were obtained with no cytotoxicity [143]. In 2013, Merson
et al. [144] prepared SiV-containing NDs using the CVD process and silicon ion implanta-
tion for optical imaging of stem cells. Zurbuchen et al. (2013) [145] developed fluorescent
NDs with N vacancies. ND cellular uptake was validated by optical microscopy, which
revealed significant in vitro fluorescence.

Gene Therapy

NDs are ideal carriers of genetic material to bodily tissues due to their high surface
area and tunable surface chemistry. In 2012, Alhaddad et al. [102] synthesized siRNA (short
interfering RNA)-loaded NDs coated with polyallylamine (PAH) and polyethyleneimine
(PEI). This formulation was administered to Ewing sarcoma cells. The PEI-coated and
siRNA-loaded NDs increased the penetration of the target gene into the Ewing sarcoma
cells, and the silencing of oncogene EWS-Fli1 was observed [146]. In another study, a
siRNA and ND complex was obtained through electrostatic conjugation. The penetration
and delivery of siRNA inside hepatocellular carcinoma cells were reported to be higher
than the activity of liposomal formulations [147]. Another interesting study was conducted
by Al Qtaish et al. in 2022 [148], where hybrids of NDs and niosomes were prepared,
called nanodiasomes. The transaction efficiency of nanodiasomes was studied on HEK-
293 cells, and increased clathrin-mediated endocytosis of gene-loaded nanodiasomes was
observed [148]. NDs can also find applications in peptide and small molecule delivery
using techniques such as enzyme immobilization and CRISPR-Cas9 [149].

Drug Delivery

Apart from the high loading capacity of NDs, the release pattern of drugs from NDs
can also be tuned as desired. NDs have been functionalized with polymers and lipophilic
moieties to improve drug delivery to deep-seated tumors and the CNS. To improve their
aqueous dispersibility and cell transport, chemotherapy drugs such as 4-hydroxytamoxifen
and purvalanol-A can be adsorbed onto the surface of NDs [150].

In 2022, Tian et al. [151] prepared diazoxide-containing florescent NDs. This system
was aimed at simultaneous imaging as well as drug delivery to HeLa cells. Drug-loaded
fluorescent NDs enhanced the delivery of drug inside the cells, sustained their release by up
to 72 h, and also measured the potential of the drug to generate ROS inside HeLa cells [151].
In an anticancer study, chitosan-coated NDs were prepared to provide steric stability and
mucoadhesiveness to NDs. The chitosan-coated NDs were loaded with doxorubicin and
further coated with pentasodium tripolyphosphate. A potent cytotoxic effect was observed
on bladder cancer cell lines HT-1197 [152]. In 2022, Zhong et al. [153] fabricated iron-
nanoparticles encapsulated within graphene shells that were loaded with ferulic acid. The
prepared nanoformulation was injected subcutaneously into diabetic BALB/c mice. Ferulic
acid-loaded nanoparticles were found to be effective in lowering the blood glucose level
in mice and sustained the drug release (8.75 mg/g/day) over 30 days [153]. Some recent
studies on NDs are given in Table 7.
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Table 7. Recent advances in nanodiamond-based drug delivery.

Nanosystem Drug Application Reference

ND-DOX Doxorubicin Inducing cytotoxicity in colorectal
carcinoma cells [130]

ND-Alen Alendronate Enhancing osteogenic effect in bones [154]

ND-4-AP 4-Aminopyridine CNS delivery of epileptogenic drugs [155]

ND-Aml Amlodipine CNS delivery of amlodipine for
neurological disorders [156]

ND-PEI-Fe3O4Amox Amoxycillin Magnet-responsive delivery of
antibiotics at the target site [157]

5. Mechanism of Cellular Uptake of Carbon Nanostructures

Though the uptake of carbon nanostructures largely depends on the surface chemistry,
size, and functionalization, it has been found that nanostructures with size < 50 nm undergo
internalization by diffusion and energy-independent uptake. Nanostructures with a size
range of 50–100 nm undergo endocytosis. This phenomenon has extensively been studied
and proved in carbon nanotubes [158].

Carbon nanostructures have so far been administered to animal models by abdomi-
nal, subcutaneous, intravenous, and intra-peritoneal routes. Smaller particles are readily
distributed to body tissues. The fate of circulating nanostructures depends on the surface
chemistry of the particles [159]. It has been reported that PEGylation of carbon nanos-
tructures retards the uptake of carbon nanostructures by the reticuloendothelial system,
increasing their residence time in the body. The primary cellular uptake route for carbon
nanostructures is receptor-mediated endocytosis, also referred to as clathrin-mediated
endocytosis [160]. Clathrin, a triskelion membrane protein, is responsible for forming
capsule-like invaginations upon encountering particles of a specific size range. The ligands
on the surface of nanostructures bind to the active sites of the clathrin receptor, causing
the membrane to change shape (Figure 3). A vacuole is formed, causing the nanostruc-
tures to enter inside the cell by packing them into small vesicles called early endosomes.
The early endosome then matures into late endosomes and eventually fuses with a lyso-
some, releasing the internalized content into the cytoplasm [158]. In 2017, Li et al. [161]
demonstrated clathrin-mediated endocytosis of functionalized SWCNTs. In another study,
clathrin-mediated endocytosis was used to internalize recombinant Ricin-A chain function-
alized multi-walled carbon nanotubes in human cervical cancer HeLa cells [162].

Caveolae-mediated endocytosis is a type of receptor-mediated endocytosis that is
clathrin-independent. Caveolae are flask-shaped membrane invaginations or pits that are
50–80 nm in size and are responsible for pinching out small pieces of the cell membrane
after packing external molecules/particles. These molecules/particles are then packed
inside small vacuoles and transported toward the cytoplasm. The vesicle so-formed is
called a caveosome, which then fuses with an endosome, matures to a late endosome,
and undergoes lysosomal fusion and degradation. This process is comparatively slower
than clathrin-mediated endocytosis [163]. In 2018, Chen et al. [164] prepared COOH-
functionalized carbon nanoparticles tagged with fluorescent dye. Caveolae-mediated
endocytosis was observed in A549 mammalian cell lines. These two phenomena can easily
be observed through epifluorescence and confocal microscopy. The particles with sizes > 150
nm are not well internalized by these two processes; therefore, they undergo internalization
through clathrin and caveolae-independent pathways. Carbon nanostructures with a size
< 50 nm can penetrate the cell membrane by simple diffusion, but this also depends on
the surface characteristics of the nanostructures [165]. The process of cell internalization
by simple diffusion occurs through three steps: (A) floating of nanostructures on the cell
membrane, (B) orientation of lipophilic heads of nanostructures towards cell membrane,
and (C) sliding and penetration of nanostructures. This process is called needle-like
penetration in the case of carbon nanotubes. The cell internalization processes such as
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macropinocytosis, phagocytosis, and other active processes are less reported and are
restricted to distinctively designed carbon nanostructures [166].
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6. Pharmacokinetic Considerations

The pharmacokinetic properties of carbon-based nanostructures largely depend on
their size, shape, molecular arrangement, functionalization, solubility, and lipophilicity.
Thus, their distribution in various body tissues, cellular uptake, accumulation, recognition
by the reticuloendothelial system, degradation, and excretion are major fields of study to
design systems with desired pharmacokinetic properties [167].

The carbon nanostructures used for biomedical purposes are either functionalized or
dispersed with suitable surfactants. Such optimized systems, when administered in vivo,
have been reported to undergo excretion depending on their physicochemical characteris-
tics. Otherwise, new carbon nanostructures, as a result of their hydrophobicity, have the
tendency to aggregate and accumulate in body tissues. The metabolism of nanostructures
also depends on the microenvironment they are provided with. The metabolism of CNTs by
neutrophil peroxidase in the pulmonary tissues has been reported [168]. Carbon nanodots
have also been shown to disintegrate via peroxide catalysis in the presence of lipase [169].
Fluorescence spectroscopy and SDS-PAGE electrophoresis detected the binding of blood
proteins albumin, transferrin, Ig, and fibrinogen to the surface of carbon nanostructures.
This phenomenon restricted the cellular uptake of nanostructures, as did the tissue dis-
tribution [170]. Carbon nanostructures undergo extensive defunctionalization reactions
in the hepatocytes, leading to the conversion of functionalized nanostructures into pris-
tine nanostructures with aggregation and accumulation potential. This transformation
has been reported less in covalently functionalized nanostructures than non-covalently
functionalized nanostructures. Nitrogen-doped nanostructures undergo the least amount
of defunctionalization reactions in the liver [102]. Their carbon skeleton has a high stability,
due to which the integrity of the skeleton is maintained. This could be the significant reason
for target organ toxicity, where carbon nanostructures accumulate in specific organ for a
long duration, release ROS, and initiate apoptosis [171].

Radioisotope labeling, Raman spectroscopy, intrinsic NIR fluorescence, and micro-
scopic observation are among the major techniques to study in vivo biodistribution of
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carbon nanostructures. Among these techniques, radioisotope labeling is a quantitative
method. Radioisotopes are attached to the surface of carbon nanostructures and admin-
istered through various routes. Commonly used radioisotopes for this purpose are 14C,
125I, 86Y, 99mTc, and 111In. Studies are conducted for a pre-determined period, and the
organs of animals are collected for analysis. Liquid scintillation counters and γ-counters are
used for the tracing and quantitative analysis of the distribution of carbon nanostructures.
For convenience, carbon nanostructures can also be visualized in tissues through TEM
(transmission electron microscopy), as these nanostructures have distinguishable structures
from cell organelles [172].

7. Toxicity of Carbon Nanostructures

Carbon-based nanomaterials cannot be considered as completely inert. These nanos-
tructures have the potential to interfere with cell-signaling pathways leading to the pro-
duction of reactive oxygen species, leading to toxicity and cell death. Novel methods of
synthesis and functionalization should be investigated to fabricate safer drug-delivery
cargoes [173].

Carbon-based nanoformulations have been investigated thoroughly in vitro and in
animal models, with positive results. There are still concerns about their toxicity potential
in humans, as not much safety data are available. Cancer-based nanostructures have a high
tendency to aggregate and can accumulate in body tissues. These structures penetrate the
cell membrane by various uptake pathways [170,173]. Long-term animal studies are needed
to assess the possibility of accumulation in tissues, which could lead to target organ harm.
This effect, when intentionally developed against deep-seated tumors, can be explored for
anti-cancer therapy, but still, target specificity is a significant challenge. There is evidence
that carbon-based nanostructures behave similar to asbestos, causing toxicity in the lungs
and fibrosis. The production of reactive oxygen species (ROS), lysosomal damage, and
mitochondrial dysfunction all contribute to cytotoxicity, which eventually lead to necrosis
or apoptosis [174]. According to the National Institute of Occupational Safety and Health,
all carbon-based nanomaterials should be considered occupational respiratory risks, and
the recommended exposure control limit is 1 g/m3 elemental carbon over an 8-h exposure
period [175].

The fundamental parameters of these structures, such as shape, size, functionalization,
and aggregation index, need to be studied for designing systems with real-life applications
in clinical settings [176]. In 2014, Khalid et al. [177] investigated the toxicity of function-
alized multiwalled carbon nanotubes on Saos cell lines and found no toxicity up to a
concentration of 1000g/mL. According to Singh et al. (2006) [178], intravenous injection of
water-soluble ammonium-functionalized single-walled carbon nanotubes in mice caused
no harm; CNTs were least deposited in the spleen and liver and were quickly eliminated
in urine. In another study by Wang et al. in 2004 [179], hydroxyl functionalized single-
walled CNTs were administered intraperitoneally in mice and it was found that CNTs were
excreted in urine within 18 days, while the least accumulation of CNTs was reported in
the spleen and liver. Although lipid-functionalized and co-polymerized nanostructures
show less toxicity, comparative toxicity studies of functionalized vs. non-functionalized
nanomaterials need to be conducted to assess the relative added benefit provided by
functionalization [180].

8. Recent Patents

Many formulation scientists have developed technologies for delivery through novel
approaches. Some of the recently filed/granted international patents based on innovations
in carbon-based nanomaterials are given in Table 8.
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Table 8. List of patents on carbon nanostructures.

Patent No. Publication Date Classification Title Inventors Organization Reference

EP1558524B1 16 January 2019 Carbon
nanotubes

CNTs synthesis
by CVD

Milo Sebastian Peter
Shaffer, Alan H.

Windle, et al.
Zeon corp. [104]

IN202041056414 1 July 2022 Carbon nanodots

Ocular drug
delivery and

tracking
comprising photo-

luminescent
CNTs

K. Sudhakaraprasad,
Kumara. B. N., et al.

Yenepoya (Deemed
To Be University) [181]

WO 2017/029501
Al 23 February 2017 Carbon nanodots Conjugated

quantum dots Naasani, Imad
NANOCO

TECHNOLOGIES
LTD

[182]

WO/2022/160055 4 August 2022 Carbon
nanohorns

Method of
manufacturing

carbon nanohorns
and the carbon
nanohorns thus

produced

Braidy, Nadi
Casteignau, Fanny,

et al.
UNIVERSITÉ DE

MONTRÉAL [183]

US20200385272 6 July 2020 Carbon
nano-onion

Porosity for
catenated carbon
nano-onions and

surface area

Danny Cross,
Larry Herbert Kirby,
Thomas Frank Bailey,

et al.

Structured Nano
Carbon LLC [184]

AU2021104363 19 August 2021 Carbon
nanotubes

CNTs for
camptothecin

targeted release
in cancer

chemotherapy

Bhowmick, Mithun,
Bhowmick, Pratibha,

et al.
Individual [185]

US20200276126 3 August 2020 Carbon
nanodiamonds

Polydopamine-
encapsulated

nanodiamonds
and methods

Haksung Jung and
Keir Cajal Neuman NIH, USA [186]

9. Challenges and Future Perspectives

Biomedical research on carbon nanostructures has been expanding since the discov-
ery of fullerene. As a versatile member of materials science, carbon and its derivatives
find application in diagnostics, drug delivery, gene therapy, immunobiotechnology, and
biosensing. Still, many challenges need to be addressed to lead to some breakthroughs.
The commercial production of carbon nanostructures is the first challenge. The studies
that have been explored so far are either on a lab scale or a pilot scale. For the wider
applicability and study of carbon nanostructures, optimized methods of synthesis need
to be developed. These methods should be cost-effective, eco-friendly, and high yielding.
The generation of toxic residues with the production of carbon-based nanomaterials is a
big issue in ecotoxicity. In vitro and in vivo studies have confirmed that inhalation of these
materials are responsible for causing lung fibrosis. Thus, developing regulatory protocols
for the synthesis and commercialization of carbon nanoproducts is a significant challenge
for regulatory bodies such as the USFDA.

Another hurdle in the development of carbon nanostructure-based drug products is
poor aqueous solubility/dispersibility. Better synthesis, characterization, functionalization,
and refinement techniques need to be developed for controlling the particle size and surface
area of carbon nanostructures to significantly affect the formation of stable dispersions.
Novel functionalization methods can be explored to produce nanostructures with desired
biopharmaceutical characteristics. Apart from this, the conjugation or hybridization of
nanostructures with other polymers such as pH-sensitive polymers, magnet-sensitive
polymers, and redox-sensitive polymers can be studied if the resultant systems possess
better responsiveness in biological media. Thus, specialized nanocarriers can be designed
for the targeted delivery of drugs to the brain, liver, lungs, bones, and tumors. The drug-
delivery systems based on carbon nanostructures are solely studied in in vitro models and
in vivo studies on rodents. Data are available on the toxicity of carbon nanostructures.
This phenomenon has also been explored for cytotoxic effects in tumor cells, but with
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poor selectivity. Long-term toxicity studies should be performed, employing each type
of carbon nanostructure as per OECD guidelines. The molecular mechanisms involving
cytotoxicity should be studied so as to develop suitable functionalization routes of carbon
nanostructures with enhanced in vivo safety.

Thus, it can be concluded that functionalization is a crucial factor in deciding the fate of
carbon-based nanostructures. With advancements in green chemistry, nanostructures with
high biocompatibility can be synthesized for applications in tissue engineering, biosensing,
bioimaging, gene therapy, theranostics, and drug delivery. The data in the public domain
should be analyzed for effective decision-making. Once carbon nanoformulations are safely
tested and documented in animals, the studies should be translated to primates and then
to humans for critically evaluating the therapeutic potential of carbon nanostructures in
diseases such as cancer and neurodegenerative and metabolic disorders.

10. Conclusions

The adaptability of carbon nanostructures as platforms with the possibilities for diverse
targeting, therapeutics, and diagnostics is highlighted in this paper. These features can be
combined so that a single medication can detect, select, deliver cargo, and elicit explicit
reactions. This is possible because carbon nanostructures have high functionalization
potential. The ideal nanosystem must be observable, have specific targeting functional
groups, and generate an explicit biological reaction. All of this is achievable with carbon-
coated nanoparticles, making them interesting nanovectors for medication delivery and
imaging contrast agents. Carbon nanostructures have the potential to be used in biomedical
applications. Continued investment and research in this subject are required to achieve an
accurate insight of their benefit vs. any risk that they may bring. The research presented
here suggests that carbon nanostructures have a promising future in healthcare applications.

Author Contributions: Conceptualization, J.S. and P.N., writing—original draft preparation, J.S.,
P.N., G.S. and M.K.; writing—review and editing, R.R.S., M.K.K., G.S. and M.K.; supervision, R.R.S.,
M.K.K., G.S. and M.K. All authors have read and agreed to the published version of the manuscript.

Funding: This research received no external funding.

Institutional Review Board Statement: Not applicable.

Informed Consent Statement: Not applicable.

Data Availability Statement: Not applicable.

Acknowledgments: The figures provided in this article were created with Biorender.com (accessed
on 30 November 2022).

Conflicts of Interest: The authors declare no conflict of interest.

References
1. Dhiman, S.; Kaur, A.; Sharma, M. Fullerenes For Anticancer Drug Targeting: Teaching An Old Dog A New Trick. Mini-Rev. Med.

Chem. 2022, 22, 2872–2888. [CrossRef]
2. Saliev, T. The Advances in Biomedical Applications of Carbon Nanotubes. C 2019, 5, 29. [CrossRef]
3. Ahmed, W.; Elhissi, A.; Dhanak, V.; Subramani, K. Carbon Nanotubes: Applications in Cancer Therapy and Drug Delivery

Research. In Emerging Nanotechnologies in Dentistry, 2nd ed.; Elsevier: Amsterdam, The Netherlands, 2018; pp. 371–389. [CrossRef]
4. Jha, R.; Singh, A.; Sharma, P.K.; Fuloria, N.K. Smart Carbon Nanotubes for Drug Delivery System: A Comprehensive Study.

J. Drug Deliv. Sci. Technol. 2020, 58, 101811. [CrossRef]
5. Murjani, B.O.; Kadu, P.S.; Bansod, M.; Vaidya, S.S.; Yadav, M.D. Carbon Nanotubes in Biomedical Applications: Current Status,

Promises, and Challenges. Carbon Lett. 2022, 32, 1207–1226. [CrossRef]
6. Mazayen, Z.M.; Ghoneim, A.M.; Elbatanony, R.S.; Basalious, E.B.; Bendas, E.R. Pharmaceutical Nanotechnology: From the Bench

to the Market. Future J. Pharm. Sci. 2022, 8, 12. [CrossRef]
7. Suttee, A.; Singh, G.; Yadav, N.; Pratap Barnwal, R.; Singla, N.; Prabhu, K.S.; Mishra, V. A Review on Status of Nanotechnology in

Pharmaceutical Sciences. Int. J. Drug Deliv. Technol. 2019, 9, 98–103. [CrossRef]
8. Jin, C.; Wang, K.; Oppong-Gyebi, A.; Hu, J. Application of Nanotechnology in Cancer Diagnosis and Therapy—A Mini-Review.

Int. J. Med. Sci. 2020, 17, 2964–2973. [CrossRef]

http://doi.org/10.2174/1389557522666220317145544
http://doi.org/10.3390/c5020029
http://doi.org/10.1016/B978-0-12-812291-4.00018-2
http://doi.org/10.1016/j.jddst.2020.101811
http://doi.org/10.1007/s42823-022-00364-4
http://doi.org/10.1186/s43094-022-00400-0
http://doi.org/10.25258/ijddt.9.1.16
http://doi.org/10.7150/ijms.49801


C 2023, 9, 3 22 of 28

9. Mishra, V.; Sriram, P.; Suttee, A. Potential Approaches of Nanotechnology for Cancer Therapy: An Insight. Int. J. Drug Deliv.
Technol. 2021, 11, 24. [CrossRef]

10. Kaushik, N.; Borkar, S.B.; Nandanwar, S.K.; Panda, P.K.; Choi, E.H.; Kaushik, N.K. Nanocarrier Cancer Therapeutics with
Functional Stimuli-Responsive Mechanisms. J. Nanobiotechnol. 2022, 20, 152. [CrossRef]

11. Mishra, V.; Singh, G.; Yadav, N.; Pratap Barnwal, R.; Singla, N.; Prabhu, K.S.; Suttee, A. Biomedical Potential of Graphene Oxide
Based Nanoformulations: An Overview. Int. J. Drug Deliv. Technol. 2019, 9, 109–113. [CrossRef]

12. Mazzaglia, A.; Piperno, A. Carbon Nanomaterials for Therapy, Diagnosis and Biosensing. Nanomaterials 2022, 12, 1597. [CrossRef]
[PubMed]

13. Liu, H.; Chen, J.; Qiao, S.; Zhang, W. Carbon-Based Nanomaterials for Bone and Cartilage Regeneration: A Review. ACS Biomater.
Sci. Eng. 2021, 7, 4718–4735. [CrossRef] [PubMed]

14. Rauti, R.; Musto, M.; Bosi, S.; Prato, M.; Ballerini, L. Properties and Behavior of Carbon Nanomaterials When Interfacing Neuronal
Cells: How Far Have We Come? Carbon 2019, 143, 430–446. [CrossRef]

15. Bramini, M.; Alberini, G.; Colombo, E.; Chiacchiaretta, M.; DiFrancesco, M.L.; Maya-Vetencourt, J.F.; Maragliano, L.; Benfenati, F.;
Cesca, F. Interfacing Graphene-Based Materials with Neural Cells. Front. Syst. Neurosci. 2018, 12, 12. [CrossRef] [PubMed]

16. Geckeler, K.E.; Premkumar, T. Carbon Nanotubes: Are They Dispersed or Dissolved in Liquids? Nanoscale Res. Lett. 2011, 6, 136.
[CrossRef]

17. Samadishadlou, M.; Farshbaf, M.; Annabi, N.; Kavetskyy, T.; Khalilov, R.; Saghfi, S.; Akbarzadeh, A.; Mousavi, S. Magnetic
Carbon Nanotubes: Preparation, Physical Properties, and Applications in Biomedicine. Artif. Cells Nanomed. Biotechnol. 2017, 46,
1314–1330. [CrossRef]

18. Noah, N.M.; Ndangili, P.M. Green Synthesis of Nanomaterials from Sustainable Materials for Biosensors and Drug Delivery. Sens.
Int. 2022, 3, 100166. [CrossRef]

19. Adorinni, S.; Cringoli, M.C.; Perathoner, S.; Fornasiero, P.; Marchesan, S. Green Approaches to Carbon Nanostructure-Based
Biomaterials. Appl. Sci. 2021, 11, 2490. [CrossRef]

20. Ankamwar, B.; Kirtiwar, S.; Shukla, A.C. Plant-Mediated Green Synthesis of Nanoparticles. In Advance in Pharmaceutical
Biotechnology; Springer: Singapore, 2020; pp. 221–234. [CrossRef]

21. Tripathi, N.; Pavelyev, V.; Islam, S.S. Synthesis of Carbon Nanotubes Using Green Plant Extract as Catalyst: Unconventional
Concept and Its Realization. Appl. Nanosci. 2017, 7, 557–566. [CrossRef]

22. Damera, D.P.; Manimaran, R.; Krishna Venuganti, V.V.; Nag, A. Green Synthesis of Full-Color Fluorescent Carbon Nanoparticles
from Eucalyptus Twigs for Sensing the Synthetic Food Colorant and Bioimaging. ACS Omega 2020, 5, 19905–19918. [CrossRef]

23. Abdelbasir, S.M.; McCourt, K.M.; Lee, C.M.; Vanegas, D.C. Waste-Derived Nanoparticles: Synthesis Approaches, Environmental
Applications, and Sustainability Considerations. Front. Chem. 2020, 8, 782. [CrossRef] [PubMed]

24. Liu, X.L.; Yao, H.F.; Chai, M.H.; He, W.; Huang, Y.P.; Liu, Z.S. Green Synthesis of Carbon Nanotubes-Reinforced Molecularly
Imprinted Polymer Composites for Drug Delivery of Fenbufen. AAPS PharmSciTech 2018, 19, 3895–3906. [CrossRef] [PubMed]

25. Maroufi, S.; Mayyas, M.; Sahajwalla, V. Nano-Carbons from Waste Tyre Rubber: An Insight into Structure and Morphology. Waste
Manag. 2017, 69, 110–116. [CrossRef] [PubMed]

26. Joseph Berkmans, A.; Jagannatham, M.; Priyanka, S.; Haridoss, P. Synthesis of Branched, Nano Channeled, Ultrafine and Nano
Carbon Tubes from PET Wastes Using the Arc Discharge Method. Waste Manag. 2014, 34, 2139–2145. [CrossRef]

27. Irmania, N.; Dehvari, K.; Gedda, G.; Tseng, P.J.; Chang, J.Y. Manganese-Doped Green Tea-Derived Carbon Quantum Dots as
a Targeted Dual Imaging and Photodynamic Therapy Platform. J. Biomed. Mater. Res. B Appl. Biomater. 2020, 108, 1616–1625.
[CrossRef]

28. Zhang, M.; Cheng, J.; Zhang, Y.; Kong, H.; Wang, S.; Luo, J.; Qu, H.; Zhao, Y. Green Synthesis of Zingiberis Rhizoma-Based
Carbon Dots Attenuates Chemical and Thermal Stimulus Pain in Mice. Nanomedicine 2020, 15, 851–869. [CrossRef]

29. Ahmed, G.H.G.; Laíño, R.B.; Calzón, J.A.G.; García, M.E.D. Facile Synthesis of Water-Soluble Carbon Nano-Onions under Alkaline
Conditions. Beilstein J. Nanotechnol. 2016, 7, 758–766. [CrossRef]

30. Xiao, J.; Liu, P.; Yang, G.W. Nanodiamonds from Coal under Ambient Conditions. Nanoscale 2015, 7, 6114–6125. [CrossRef]
31. Shi, Y.; Shi, Z.; Li, S.; Zhang, Y.; He, B.; Peng, D.; Tian, J.; Zhao, M.; Wang, X.; Zhang, Q. The Interactions of Single-Wall Carbon

Nanohorns with Polar Epithelium. Int. J. Nanomed. 2017, 12, 4177–4194. [CrossRef]
32. Mashino, T. Development of Bio-Active Fullerene Derivatives Suitable for Drug. Yakugaku Zasshi 2022, 142, 165–179. [CrossRef]
33. Khamatgalimov, A.R.; Kovalenko, V.I. Substructural Approach for Assessing the Stability of Higher Fullerenes. Int. J. Mol. Sci.

2021, 22, 3760. [CrossRef] [PubMed]
34. Speranza, G. Carbon Nanomaterials: Synthesis, Functionalization and Sensing Applications. Nanomaterials 2021, 11, 967.

[CrossRef]
35. Kuznetsov, V. Stereochemistry of Simple Molecules inside Nanotubes and Fullerenes: Unusual Behavior of Usual Systems.

Molecules 2020, 25, 2437. [CrossRef] [PubMed]
36. Kazemzadeh, H.; Mozafari, M. Fullerene-Based Delivery Systems. Drug Discov. Today 2019, 24, 898–905. [CrossRef]
37. Korzuch, J.; Rak, M.; Balin, K.; Zubko, M.; Głowacka, O.; Dulski, M.; Musioł, R.; Madeja, Z.; Serda, M. Towards Water-Soluble

[60]Fullerenes for the Delivery of SiRNA in a Prostate Cancer Model. Sci. Rep. 2021, 11, 10565. [CrossRef] [PubMed]
38. Moussa, F. [60]Fullerene and Derivatives for Biomedical Applications. In Nanobiomaterials; Woodhead Publishing: Cambridge,

UK, 2018; pp. 113–136. [CrossRef]

http://doi.org/10.25258/ijddt.11.3.24
http://doi.org/10.1186/s12951-022-01364-2
http://doi.org/10.25258/ijddt.9.1.18
http://doi.org/10.3390/nano12091597
http://www.ncbi.nlm.nih.gov/pubmed/35564306
http://doi.org/10.1021/acsbiomaterials.1c00759
http://www.ncbi.nlm.nih.gov/pubmed/34586781
http://doi.org/10.1016/j.carbon.2018.11.026
http://doi.org/10.3389/fnsys.2018.00012
http://www.ncbi.nlm.nih.gov/pubmed/29695956
http://doi.org/10.1186/1556-276X-6-136
http://doi.org/10.1080/21691401.2017.1389746
http://doi.org/10.1016/j.sintl.2022.100166
http://doi.org/10.3390/app11062490
http://doi.org/10.1007/978-981-15-2195-9_17
http://doi.org/10.1007/s13204-017-0598-3
http://doi.org/10.1021/acsomega.0c03148
http://doi.org/10.3389/fchem.2020.00782
http://www.ncbi.nlm.nih.gov/pubmed/33110911
http://doi.org/10.1208/s12249-018-1192-z
http://www.ncbi.nlm.nih.gov/pubmed/30324359
http://doi.org/10.1016/j.wasman.2017.08.020
http://www.ncbi.nlm.nih.gov/pubmed/28818399
http://doi.org/10.1016/j.wasman.2014.07.004
http://doi.org/10.1002/jbm.b.34508
http://doi.org/10.2217/nnm-2019-0369
http://doi.org/10.3762/bjnano.7.67
http://doi.org/10.1039/C4NR06186A
http://doi.org/10.2147/IJN.S133295
http://doi.org/10.1248/yakushi.21-00188
http://doi.org/10.3390/ijms22073760
http://www.ncbi.nlm.nih.gov/pubmed/33916647
http://doi.org/10.3390/nano11040967
http://doi.org/10.3390/molecules25102437
http://www.ncbi.nlm.nih.gov/pubmed/32456128
http://doi.org/10.1016/j.drudis.2019.01.013
http://doi.org/10.1038/s41598-021-89943-5
http://www.ncbi.nlm.nih.gov/pubmed/34012024
http://doi.org/10.1016/B978-0-08-100716-7.00005-2


C 2023, 9, 3 23 of 28

39. Nimibofa, A.; Newton, E.A.; Cyprain, A.Y.; Donbebe, W. Fullerenes: Synthesis and Applications. J. Mater. Sci. Res. 2018, 7, 22.
[CrossRef]

40. Omri, N.; Moussa, F.; Bu, Y. Functionalization of [60]Fullerene through Photochemical Reaction for Fulleropyrrolidine Nanovectors
Synthesis: Experimental and Theoretical Approaches. Colloids Surf. B Biointerfaces 2021, 198, 111457. [CrossRef] [PubMed]

41. Yamada, M.; Liu, M.T.H.; Nagase, S.; Akasaka, T. New Horizons in Chemical Functionalization of Endohedral Metallofullerenes.
Molecules 2020, 25, 3626. [CrossRef] [PubMed]

42. Zhou, Y.; Fang, Y.; Ramasamy, R.P. Non-Covalent Functionalization of Carbon Nanotubes for Electrochemical Biosensor Develop-
ment. Sensors 2019, 19, 392. [CrossRef]

43. Patil, A.; Mishra, V.; Thakur, S.; Riyaz, B.; Kaur, A.; Khursheed, R.; Patil, K.; Sathe, B. Nanotechnology Derived Nanotools in
Biomedical Perspectives: An Update. Curr. Nanosci. 2018, 15, 137–146. [CrossRef]

44. Kurbanoglu, S.; Cevher, S.C.; Toppare, L.; Cirpan, A.; Soylemez, S. Electrochemical Biosensor Based on Three Components
Random Conjugated Polymer with Fullerene (C60). Bioelectrochemistry 2022, 147, 108219. [CrossRef] [PubMed]

45. Kumar, M.; Raza, K. C60-Fullerenes as Drug Delivery Carriers for Anticancer Agents: Promises and Hurdles. Pharm. Nanotechnol.
2017, 5, 169–179. [CrossRef] [PubMed]

46. Giannopoulos, G.I. Fullerene Derivatives for Drug Delivery against COVID-19: A Molecular Dynamics Investigation of Dendro
[60]Fullerene as Nanocarrier of Molnupiravir. Nanomaterials 2022, 12, 2711. [CrossRef] [PubMed]

47. Raza, K.; Thotakura, N.; Kumar, P.; Joshi, M.; Bhushan, S.; Bhatia, A.; Kumar, V.; Malik, R.; Sharma, G.; Guru, S.K.; et al.
C60-Fullerenes for Delivery of Docetaxel to Breast Cancer Cells: A Promising Approach for Enhanced Efficacy and Better
Pharmacokinetic Profile. Int. J. Pharm. 2015, 495, 551–559. [CrossRef]

48. Engelberth, S.A.; Hempel, N.; Bergkvist, M. Development of Nanoscale Approaches for Ovarian Cancer Therapeutics and
Diagnostics. Crit. Rev. Oncog. 2014, 19, 281. [CrossRef]

49. Bilyalov, A.I.; Shanazarov, N.A.; Zinchenko, S.V. Photodynamic Therapy as Alternative Method of Treatment of Metastatic
Ovarian Cancer with Many Recurrence: Case Report. BioNanoScience 2020, 10, 807–810. [CrossRef]

50. Guo, L.; He, N.; Zhao, Y.; Liu, T.; Deng, Y. Autophagy Modulated by Inorganic Nanomaterials. Theranostics 2020, 10, 3206–3222.
[CrossRef]

51. Soldà, A.; Cantelli, A.; Di Giosia, M.; Montalti, M.; Zerbetto, F.; Rapino, S.; Calvaresi, M. C60@lysozyme: A New Photosensitizing
Agent for Photodynamic Therapy. J. Mater. Chem. B 2017, 5, 6608–6615. [CrossRef]

52. Wang, P.; Yan, G.; Zhu, X.; Du, Y.; Chen, D.; Zhang, J. Heterofullerene Mc59 (M = b, Si, Al) as Potential Carriers for Hydroxyurea
Drug Delivery. Nanomaterials 2021, 11, 115. [CrossRef]

53. Bagheri Novir, S.; Aram, M.R. Quantum Mechanical Simulation of Chloroquine Drug Interaction with C60 Fullerene for Treatment
of COVID-19. Chem. Phys. Lett. 2020, 757, 137869. [CrossRef]

54. Illescas, B.M.; Pérez-Sánchez, A.; Mallo, A.; Martín-Domenech, Á.; Rodríguez-Crespo, I.; Martín, N. Multivalent Cationic
Dendrofullerenes for Gene Transfer: Synthesis and DNA Complexation. J. Mater. Chem. B 2020, 8, 4505–4515. [CrossRef]
[PubMed]

55. Prylutska, S.; Politenkova, S.; Afanasieva, K.; Korolovych, V.; Bogutska, K.; Sivolob, A.; Skivka, L.; Evstigneev, M.; Kostjukov,
V.; Prylutskyy, Y.; et al. A Nanocomplex of C60 Fullerene with Cisplatin: Design, Characterization and Toxicity. Beilstein J.
Nanotechnol. 2017, 8, 1494–1501. [CrossRef] [PubMed]

56. Grebinyk, A.; Prylutska, S.; Grebinyk, S.; Prylutskyy, Y.; Ritter, U.; Matyshevska, O.; Dandekar, T.; Frohme, M. Complexation
with C60 Fullerene Increases Doxorubicin Efficiency against Leukemic Cells In Vitro. Nanoscale Res. Lett. 2019, 14, 61. [CrossRef]
[PubMed]

57. Bartkowski, M.; Giordani, S. Supramolecular Chemistry of Carbon Nano-Onions. Nanoscale 2020, 12, 9352–9358. [CrossRef]
[PubMed]

58. Mamidi, N.; Delgadillo, R.M.V.; Ortiz, A.G.; Barrera, E.V. Carbon Nano-Onions Reinforced Multilayered Thin Film System for
Stimuli-Responsive Drug Release. Pharmaceutics 2020, 12, 1208. [CrossRef] [PubMed]

59. Giordani, S.; Camisasca, A.; Maffeis, V. Carbon Nano-Onions: A Valuable Class of Carbon Nanomaterials in Biomedicine. Curr.
Med. Chem. 2019, 26, 6915–6929. [CrossRef]

60. Hosnedlova, B.; Kepinska, M.; Fernandez, C.; Peng, Q.; Ruttkay-Nedecky, B.; Milnerowicz, H.; Kizek, R. Carbon Nanomaterials
for Targeted Cancer Therapy Drugs: A Critical Review. Chem. Rec. 2019, 19, 502–522. [CrossRef]

61. Guo, A.; Bao, K.; Sang, S.; Zhang, X.; Shao, B.; Zhang, C.; Wang, Y.; Cui, F.; Yang, X. Soft-Chemistry Synthesis, Solubility and
Interlayer Spacing of Carbon Nano-Onions. RSC Adv. 2021, 11, 6850–6858. [CrossRef]

62. Orozco-Ic, M.; Sundholm, D. Magnetic Response Properties of Carbon Nano-Onions. Phys. Chem. Chem. Phys. 2022, 24,
22487–22496. [CrossRef]

63. Plonska-Brzezinska, M.E. Carbon Nano-Onions: A Review of Recent Progress in Synthesis and Applications. ChemNanoMat 2019,
5, 568–580. [CrossRef]

64. D’amora, M.; Maffeis, V.; Brescia, R.; Barnes, D.; Scanlan, E.; Giordani, S. Carbon Nano-Onions as Non-Cytotoxic Carriers for
Cellular Uptake of Glycopeptides and Proteins. Nanomaterials 2019, 9, 1069. [CrossRef] [PubMed]

65. Singh, S.K.; Das, A. The n→ Π* Interaction: A Rapidly Emerging Non-Covalent Interaction. Phys. Chem. Chem. Phys. 2015, 17,
9596–9612. [CrossRef] [PubMed]

http://doi.org/10.5539/jmsr.v7n3p22
http://doi.org/10.1016/j.colsurfb.2020.111457
http://www.ncbi.nlm.nih.gov/pubmed/33243548
http://doi.org/10.3390/molecules25163626
http://www.ncbi.nlm.nih.gov/pubmed/32784953
http://doi.org/10.3390/s19020392
http://doi.org/10.2174/1573413714666180426112851
http://doi.org/10.1016/j.bioelechem.2022.108219
http://www.ncbi.nlm.nih.gov/pubmed/35933973
http://doi.org/10.2174/2211738505666170301142232
http://www.ncbi.nlm.nih.gov/pubmed/29361902
http://doi.org/10.3390/nano12152711
http://www.ncbi.nlm.nih.gov/pubmed/35957142
http://doi.org/10.1016/j.ijpharm.2015.09.016
http://doi.org/10.1615/CritRevOncog.2014011455
http://doi.org/10.1007/s12668-020-00749-7
http://doi.org/10.7150/thno.40414
http://doi.org/10.1039/C7TB00800G
http://doi.org/10.3390/nano11010115
http://doi.org/10.1016/j.cplett.2020.137869
http://doi.org/10.1039/D0TB00113A
http://www.ncbi.nlm.nih.gov/pubmed/32369088
http://doi.org/10.3762/bjnano.8.149
http://www.ncbi.nlm.nih.gov/pubmed/28900603
http://doi.org/10.1186/s11671-019-2894-1
http://www.ncbi.nlm.nih.gov/pubmed/30788638
http://doi.org/10.1039/D0NR01713B
http://www.ncbi.nlm.nih.gov/pubmed/32329483
http://doi.org/10.3390/pharmaceutics12121208
http://www.ncbi.nlm.nih.gov/pubmed/33322120
http://doi.org/10.2174/0929867326666181126113957
http://doi.org/10.1002/tcr.201800038
http://doi.org/10.1039/D0RA09410B
http://doi.org/10.1039/D2CP02718F
http://doi.org/10.1002/cnma.201800583
http://doi.org/10.3390/nano9081069
http://www.ncbi.nlm.nih.gov/pubmed/31349665
http://doi.org/10.1039/C4CP05536E
http://www.ncbi.nlm.nih.gov/pubmed/25776003


C 2023, 9, 3 24 of 28

66. Sharma, A.; Agrawal, A.; Pandey, G.; Kumar, S.; Awasthi, K.; Awasthi, A. Carbon Nano-Onion-Decorated ZnO Composite-Based
Enzyme-Less Electrochemical Biosensing Approach for Glucose. ACS Omega 2022, 7, 37748–37756. [CrossRef] [PubMed]

67. Sok, V.; Fragoso, A. Preparation and Characterization of Alkaline Phosphatase, Horseradish Peroxidase, and Glucose Oxidase
Conjugates with Carboxylated Carbon Nano-Onions. Prep. Biochem. Biotechnol. 2018, 48, 136–143. [CrossRef] [PubMed]

68. Ahlawat, J.; Masoudi Asil, S.; Guillama Barroso, G.; Nurunnabi, M.; Narayan, M. Application of Carbon Nano Onions in the
Biomedical Field: Recent Advances and Challenges. Biomater. Sci. 2021, 9, 626–644. [CrossRef]

69. Mamidi, N.; Zuníga, A.E.; Villela-Castrejón, J. Engineering and Evaluation of Forcespun Functionalized Carbon Nano-Onions
Reinforced Poly (ε-Caprolactone) Composite Nanofibers for PH-Responsive Drug Release. Mater. Sci. Eng. C 2020, 112, 110928.
[CrossRef]

70. Mamidi, N.; Villela Castrejón, J.; González-Ortiz, A. Rational Design and Engineering of Carbon Nano-Onions Reinforced Natural
Protein Nanocomposite Hydrogels for Biomedical Applications. J. Mech. Behav. Biomed. Mater. 2020, 104, 103696. [CrossRef]

71. d’Amora, M.; Camisasca, A.; Boarino, A.; Giordani, S.; Arpicco, S. Supramolecular Functionalization of Carbon Nano-Onions
with Hyaluronic Acid-Phospholipid Conjugates for Selective Targeting of Cancer Cells. Colloids Surf. B Biointerfaces 2020, 188,
110779. [CrossRef]

72. Bobrowska, D.M.; Czyrko, J.; Brzezinski, K.; Echegoyen, L.; Plonska-Brzezinska, M.E. Carbon Nano-Onion Composites: Physico-
chemical Characteristics and Biological Activity. Fuller. Nanotub. Carbon Nanostruct. 2017, 25, 185–192. [CrossRef]

73. Mamidi, N.; Delgadillo, R.M.V.; González-Ortiz, A. Engineering of Carbon Nano-Onion Bioconjugates for Biomedical Applications.
Mater. Sci. Eng. C 2021, 120, 111698. [CrossRef]

74. Devi, P.; Saini, S.; Kim, K.H. The Advanced Role of Carbon Quantum Dots in Nanomedical Applications. Biosens. Bioelectron.
2019, 141, 111158. [CrossRef] [PubMed]

75. Li, M.; Chen, T.; Gooding, J.J.; Liu, J. Review of Carbon and Graphene Quantum Dots for Sensing. ACS Sens. 2019, 4, 1732–1748.
[CrossRef] [PubMed]

76. Molaei, M.J. A Review on Nanostructured Carbon Quantum Dots and Their Applications in Biotechnology, Sensors, and
Chemiluminescence. Talanta 2019, 196, 456–478. [CrossRef]

77. Truskewycz, A.; Yin, H.; Halberg, N.; Lai, D.T.H.; Ball, A.S.; Truong, V.K.; Rybicka, A.M.; Cole, I. Carbon Dot Therapeutic
Platforms: Administration, Distribution, Metabolism, Excretion, Toxicity, and Therapeutic Potential. Small 2022, 18, 2106342.
[CrossRef] [PubMed]

78. Zhang, L.; Yang, X.; Yin, Z.; Sun, L. A Review on Carbon Quantum Dots: Synthesis, Photoluminescence Mechanisms and
Applications. Luminescence 2022, 37, 1612–1638. [CrossRef] [PubMed]

79. Nair, A.; Haponiuk, J.T.; Thomas, S.; Gopi, S. Natural Carbon-Based Quantum Dots and Their Applications in Drug Delivery: A
Review. Biomed. Pharmacother. 2020, 132, 110834. [CrossRef]

80. Kang, Z.; Lee, S.T. Carbon Dots: Advances in Nanocarbon Applications. Nanoscale 2019, 11, 19214–19224. [CrossRef]
81. Ge, G.; Li, L.; Wang, D.; Chen, M.; Zeng, Z.; Xiong, W.; Wu, X.; Guo, C. Carbon Dots: Synthesis, Properties and Biomedical

Applications. J. Mater. Chem. B 2021, 9, 6553–6575. [CrossRef]
82. Sharma, S.K.; Micic, M.; Li, S.; Hoar, B.; Paudyal, S.; Zahran, E.M.; Leblanc, R.M. Conjugation of Carbon Dots with β-Galactosidase

Enzyme: Surface Chemistry and Use in Biosensing. Molecules 2019, 24, 3275. [CrossRef]
83. Yoosefian, M.; Fouladi, M.; Atanase, L.I. Molecular Dynamics Simulations of Docetaxel Adsorption on Graphene Quantum Dots

Surface Modified by PEG-b-PLA Copolymers. Nanomaterials 2022, 12, 926. [CrossRef]
84. Arsalani, N.; Nezhad-Mokhtari, P.; Jabbari, E. Microwave-Assisted and One-Step Synthesis of PEG Passivated Fluorescent Carbon

Dots from Gelatin as an Efficient Nanocarrier for Methotrexate Delivery. Artif. Cells Nanomed. Biotechnol. 2019, 47, 540–547.
[CrossRef]

85. Wang, X.; Feng, Y.; Dong, P.; Huang, J. A Mini Review on Carbon Quantum Dots: Preparation, Properties, and Electrocatalytic
Application. Front. Chem. 2019, 7, 671. [CrossRef] [PubMed]

86. Sahoo, S.; Nayak, A.; Gadnayak, A.; Sahoo, M.; Dave, S.; Mohanty, P.; Mohanty, J.N.; Das, J. Quantum Dots Enabled Point-of-Care
Diagnostics: A New Dimension to the Nanodiagnosis. In Advance Nanomaterials for Point of Care Diagnosis and Therapy; Elesevier:
Amsterdam, The Netherlands, 2022; pp. 43–52. [CrossRef]

87. Mishra, V.; Patil, A.; Thakur, S.; Kesharwani, P. Carbon Dots: Emerging Theranostic Nanoarchitectures. Drug Discov. Today 2018,
23, 1219–1232. [CrossRef] [PubMed]

88. Feng, T.; Ai, X.; An, G.; Yang, P.; Zhao, Y. Charge-Convertible Carbon Dots for Imaging-Guided Drug Delivery with Enhanced in
Vivo Cancer Therapeutic Efficiency. ACS Nano 2016, 10, 4410–4420. [CrossRef]

89. Gao, N.; Yang, W.; Nie, H.; Gong, Y.; Jing, J.; Gao, L.; Zhang, X. Turn-on Theranostic Fluorescent Nanoprobe by Electrostatic
Self-Assembly of Carbon Dots with Doxorubicin for Targeted Cancer Cell Imaging, in Vivo Hyaluronidase Analysis, and Targeted
Drug Delivery. Biosens. Bioelectron. 2017, 96, 300–307. [CrossRef] [PubMed]

90. Atchudan, R.; Edison, T.N.J.I.; Aseer, K.R.; Perumal, S.; Karthik, N.; Lee, Y.R. Highly Fluorescent Nitrogen-Doped Carbon Dots
Derived from Phyllanthus Acidus Utilized as a Fluorescent Probe for Label-Free Selective Detection of Fe3+ Ions, Live Cell
Imaging and Fluorescent Ink. Biosens. Bioelectron. 2018, 99, 303–311. [CrossRef] [PubMed]

91. Zhang, H.; Wang, G.; Zhang, Z.; Lei, J.H.; Liu, T.M.; Xing, G.; Deng, C.X.; Tang, Z.; Qu, S. One Step Synthesis of Efficient Red
Emissive Carbon Dots and Their Bovine Serum Albumin Composites with Enhanced Multi-Photon Fluorescence for in Vivo
Bioimaging. Light Sci. Appl. 2022, 11, 113. [CrossRef] [PubMed]

http://doi.org/10.1021/acsomega.2c04730
http://www.ncbi.nlm.nih.gov/pubmed/36312397
http://doi.org/10.1080/10826068.2017.1405025
http://www.ncbi.nlm.nih.gov/pubmed/29215950
http://doi.org/10.1039/D0BM01476A
http://doi.org/10.1016/j.msec.2020.110928
http://doi.org/10.1016/j.jmbbm.2020.103696
http://doi.org/10.1016/j.colsurfb.2020.110779
http://doi.org/10.1080/1536383X.2016.1248758
http://doi.org/10.1016/j.msec.2020.111698
http://doi.org/10.1016/j.bios.2019.02.059
http://www.ncbi.nlm.nih.gov/pubmed/31323605
http://doi.org/10.1021/acssensors.9b00514
http://www.ncbi.nlm.nih.gov/pubmed/31267734
http://doi.org/10.1016/j.talanta.2018.12.042
http://doi.org/10.1002/smll.202106342
http://www.ncbi.nlm.nih.gov/pubmed/35088534
http://doi.org/10.1002/bio.4351
http://www.ncbi.nlm.nih.gov/pubmed/35906748
http://doi.org/10.1016/j.biopha.2020.110834
http://doi.org/10.1039/C9NR05647E
http://doi.org/10.1039/D1TB01077H
http://doi.org/10.3390/molecules24183275
http://doi.org/10.3390/nano12060926
http://doi.org/10.1080/21691401.2018.1562460
http://doi.org/10.3389/fchem.2019.00671
http://www.ncbi.nlm.nih.gov/pubmed/31637234
http://doi.org/10.1016/B978-0-323-85725-3.00005-2
http://doi.org/10.1016/j.drudis.2018.01.006
http://www.ncbi.nlm.nih.gov/pubmed/29366761
http://doi.org/10.1021/acsnano.6b00043
http://doi.org/10.1016/j.bios.2017.05.019
http://www.ncbi.nlm.nih.gov/pubmed/28511113
http://doi.org/10.1016/j.bios.2017.07.076
http://www.ncbi.nlm.nih.gov/pubmed/28780346
http://doi.org/10.1038/s41377-022-00798-5
http://www.ncbi.nlm.nih.gov/pubmed/35477575


C 2023, 9, 3 25 of 28

92. Anpalagan, K.K.; Karakkat, J.V.; Lai, D.T.H.; Apostolopoulos, V.; Nurgali, K.; Truskewycz, A.; Cole, I. A Pilot Study on Carbon
Quantum Dots for Bioimaging of Muscle Myoblasts. In Proceedings of the IEEE 20th International Conference on Bioinformatics
and Bioengineering BIBE 2020, Cincinnati, OH, USA, 26–28 October 2020; pp. 630–636. [CrossRef]

93. Ou, S.F.; Zheng, Y.Y.; Lee, S.J.; Chen, S.T.; Wu, C.H.; Hsieh, C.T.; Juang, R.S.; Peng, P.Z.; Hsueh, Y.H. N-Doped Carbon Quantum
Dots as Fluorescent Bioimaging Agents. Crystals 2021, 11, 789. [CrossRef]

94. Karthik, S.; Saha, B.; Ghosh, S.K.; Pradeep Singh, N.D. Photoresponsive Quinoline Tethered Fluorescent Carbon Dots for
Regulated Anticancer Drug Delivery. Chem. Commun. 2013, 49, 10471–10473. [CrossRef]

95. Beack, S.; Kong, W.H.; Jung, H.S.; Do, I.H.; Han, S.; Kim, H.; Kim, K.S.; Yun, S.H.; Hahn, S.K. Photodynamic Therapy of Melanoma
Skin Cancer Using Carbon Dot—Chlorin E6—Hyaluronate Conjugate. Acta Biomater. 2015, 26, 295–305. [CrossRef] [PubMed]

96. Yang, J.; Zhang, X.; Ma, Y.H.; Gao, G.; Chen, X.; Jia, H.R.; Li, Y.H.; Chen, Z.; Wu, F.G. Carbon Dot-Based Platform for Simultaneous
Bacterial Distinguishment and Antibacterial Applications. ACS Appl. Mater. Interfaces 2016, 8, 32170–32181. [CrossRef] [PubMed]

97. Samimi, S.; Ardestani, M.S.; Dorkoosh, F.A. Preparation of Carbon Quantum Dots- Quinic Acid for Drug Delivery of Gemcitabine
to Breast Cancer Cells. J. Drug Deliv. Sci. Technol. 2021, 61, 102287. [CrossRef]

98. Guo, L.; Duan, Q.; Wu, G.; Zhang, B.; Huang, L.; Xue, J.; Li, P.; Sang, S.; Wei, X. Novel Multifunctional Delivery System for
Chondrocytes and Articular Cartilage Based on Carbon Quantum Dots. Sens. Actuators B Chem. 2022, 356, 131348. [CrossRef]

99. Camlik, G.; Ozakca, I.; Bilakaya, B.; Ozcelikay, A.T.; Velaro, A.J.; Wasnik, S.; Degim, I.T. Development of Composite Carbon
Quantum Dots-Insulin Formulation for Oral Administration. J. Drug Deliv. Sci. Technol. 2022, 76, 103833. [CrossRef]

100. Ardestani, M.S.; Zaheri, Z.; Mohammadzadeh, P.; Bitarafan-Rajabi, A.; Ghoreishi, S.M. Novel Manganese Carbon Quantum Dots
as a Nano-Probe: Facile Synthesis, Characterization and Their Application in Naproxen Delivery (Mn/CQD/SiO2@naproxen).
Bioorg. Chem. 2021, 115, 105211. [CrossRef]

101. Mishra, V.; Singh, M.; Nayak, P.; Sriram, P.; Suttee, A. Carbon Nanotubes as Emerging Nanocarriers in Drug Delivery: An
Overview. Int. J. Pharm. Qual. Assur. 2020, 11, 373–378. [CrossRef]

102. Debnath, S.K.; Srivastava, R. Drug Delivery With Carbon-Based Nanomaterials as Versatile Nanocarriers: Progress and Prospects.
Front. Nanotechnol. 2021, 3, 15. [CrossRef]

103. Shoukat, R.; Khan, M.I. Carbon Nanotubes: A Review on Properties, Synthesis Methods and Applications in Micro and
Nanotechnology. Microsyst. Technol. 2021, 27, 4183–4192. [CrossRef]

104. Rahamathulla, M.; Bhosale, R.R.; Osmani, R.A.M.; Mahima, K.C.; Johnson, A.P.; Hani, U.; Ghazwani, M.; Begum, M.Y.; Alshehri,
S.; Ghoneim, M.M.; et al. Carbon Nanotubes: Current Perspectives on Diverse Applications in Targeted Drug Delivery and
Therapies. Materials 2021, 14, 6707. [CrossRef]

105. Pennetta, C.; Floresta, G.; Graziano, A.C.E.; Cardile, V.; Rubino, L.; Galimberti, M.; Rescifina, A.; Barbera, V. Functionalization of
Single and Multi-Walled Carbon Nanotubes with Polypropylene Glycol Decorated Pyrrole for the Development of Doxorubicin
Nano-Conveyors for Cancer Drug Delivery. Nanomaterials 2020, 10, 1073. [CrossRef]

106. Singh, M.; Nayak, P.; Mishra, V. Carbon Nanotubes In Treatment Of Arthritis: An Overview. Eur. J. Mol. Clin. Med. 2020, 7,
4366–4372.

107. Lim, D.J.; Sim, M.; Oh, L.; Lim, K.; Park, H. Carbon-Based Drug Delivery Carriers for Cancer Therapy. Arch. Pharm. Res. 2014, 37,
43–52. [CrossRef] [PubMed]

108. Rahman, G.; Najaf, Z.; Mehmood, A.; Bilal, S.; Ali Shah, A.u.H.; Mian, S.A.; Ali, G. An Overview of the Recent Progress in the
Synthesis and Applications of Carbon Nanotubes. C 2019, 5, 3. [CrossRef]

109. Díez-Pascual, A.M. Carbon-Based Nanomaterials. Int. J. Mol. Sci. 2021, 22, 7726. [CrossRef] [PubMed]
110. Salah, L.S.; Ouslimani, N.; Bousba, D.; Huynen, I.; Danleé, Y.; Aksas, H. Carbon Nanotubes (CNTs) from Synthesis to Functional-

ized (CNTs) Using Conventional and New Chemical Approaches. J. Nanomater. 2021, 2021, 4972770. [CrossRef]
111. Sharma, R.; Sharma, A.K.; Sharma, V. Synthesis of Carbon Nanotubes by Arc-Discharge and Chemical Vapor Deposition Method

with Analysis of Its Morphology, Dispersion and Functionalization Characteristics. Cogent Eng. 2015, 2, 1094017. [CrossRef]
112. Mehra, N.K.; Mishra, V.; Jain, N.K. A Review of Ligand Tethered Surface Engineered Carbon Nanotubes. Biomaterials 2014, 35,

1267–1283. [CrossRef]
113. Hou, P.X.; Zhang, F.; Zhang, L.; Liu, C.; Cheng, H.M. Synthesis of Carbon Nanotubes by Floating Catalyst Chemical Vapor

Deposition and Their Applications. Adv. Funct. Mater. 2022, 32, 2108541. [CrossRef]
114. Liu, Z.; Davis, C.; Cai, W.; He, L.; Chen, X.; Dai, H. Circulation and Long-Term Fate of Functionalized, Biocompatible Single-Walled

Carbon Nanotubes in Mice Probed by Raman Spectroscopy. Proc. Natl. Acad. Sci. USA 2008, 105, 1410–1415. [CrossRef]
115. Golubewa, L.; Timoshchenko, I.; Romanov, O.; Karpicz, R.; Kulahava, T.; Rutkauskas, D.; Shuba, M.; Dementjev, A.; Svirko, Y.;

Kuzhir, P. Single-Walled Carbon Nanotubes as a Photo-Thermo-Acoustic Cancer Theranostic Agent: Theory and Proof of the
Concept Experiment. Sci. Rep. 2020, 10, 22174. [CrossRef]

116. Song, J.; Wang, F.; Yang, X.; Ning, B.; Harp, M.G.; Culp, S.H.; Hu, S.; Huang, P.; Nie, L.; Chen, J.; et al. Gold Nanoparticle Coated
Carbon Nanotube Ring with Enhanced Raman Scattering and Photothermal Conversion Property for Theranostic Applications.
J. Am. Chem. Soc. 2016, 138, 7005–7015. [CrossRef] [PubMed]

117. Gergeroglu, H.; Yildirim, S.; Ebeoglugil, M.F. Nano-Carbons in Biosensor Applications: An Overview of Carbon Nanotubes
(CNTs) and Fullerenes (C60). SN Appl. Sci. 2020, 2, 603. [CrossRef]

118. Christwardana, M.; Ji, J.; Chung, Y.; Kwon, Y. Highly Sensitive Glucose Biosensor Using New Glucose Oxidase Based Biocatalyst.
Korean J. Chem. Eng. 2017, 34, 2916–2921. [CrossRef]

http://doi.org/10.1109/BIBE50027.2020.00107
http://doi.org/10.3390/cryst11070789
http://doi.org/10.1039/c3cc46078a
http://doi.org/10.1016/j.actbio.2015.08.027
http://www.ncbi.nlm.nih.gov/pubmed/26297888
http://doi.org/10.1021/acsami.6b10398
http://www.ncbi.nlm.nih.gov/pubmed/27786440
http://doi.org/10.1016/j.jddst.2020.102287
http://doi.org/10.1016/j.snb.2021.131348
http://doi.org/10.1016/j.jddst.2022.103833
http://doi.org/10.1016/j.bioorg.2021.105211
http://doi.org/10.25258/IJPQA.11.3.11
http://doi.org/10.3389/fnano.2021.644564
http://doi.org/10.1007/s00542-021-05211-6
http://doi.org/10.3390/ma14216707
http://doi.org/10.3390/nano10061073
http://doi.org/10.1007/s12272-013-0277-1
http://www.ncbi.nlm.nih.gov/pubmed/24234911
http://doi.org/10.3390/c5010003
http://doi.org/10.3390/ijms22147726
http://www.ncbi.nlm.nih.gov/pubmed/34299346
http://doi.org/10.1155/2021/4972770
http://doi.org/10.1080/23311916.2015.1094017
http://doi.org/10.1016/j.biomaterials.2013.10.032
http://doi.org/10.1002/adfm.202108541
http://doi.org/10.1073/pnas.0707654105
http://doi.org/10.1038/s41598-020-79238-6
http://doi.org/10.1021/jacs.5b13475
http://www.ncbi.nlm.nih.gov/pubmed/27193381
http://doi.org/10.1007/s42452-020-2404-1
http://doi.org/10.1007/s11814-017-0224-9


C 2023, 9, 3 26 of 28

119. Singh, A.; Choudhary, M.; Kaur, S.; Singh, S.P.; Arora, K. Molecular Functionalization of Carbon Nanomaterials for Immuno-
Diagnosis of Cancer. Mater. Today Proc. 2016, 2, 157–161. [CrossRef]

120. Zhu, W.; Huang, H.; Dong, Y.; Han, C.; Sui, X.; Jian, B. Multi-walled Carbon Nanotube-based Systems for Improving the
Controlled Release of Insoluble Drug Dipyridamole. Exp. Ther. Med. 2019, 17, 4610–4616. [CrossRef]

121. Rastogi, V.; Yadav, P.; Bhattacharya, S.S.; Mishra, A.K.; Verma, N.; Verma, A.; Pandit, J.K. Carbon Nanotubes: An Emerging Drug
Carrier for Targeting Cancer Cells. J. Drug Deliv. 2014, 2014, 670815. [CrossRef]

122. You, Y.; Wang, N.; He, L.; Shi, C.; Zhang, D.; Liu, Y.; Luo, L.; Chen, T. Designing Dual-Functionalized Carbon Nanotubes with
High Blood–Brain-Barrier Permeability for Precise Orthotopic Glioma Therapy. Dalton Trans. 2019, 48, 1569–1573. [CrossRef]

123. Khazaee, M.; Ye, D.; Majumder, A.; Baraban, L.; Opitz, J.; Cuniberti, G. Non-Covalent Modified Multi-Walled Carbon Nanotubes:
Dispersion Capabilities and Interactions with Bacteria. Biomed. Phys. Eng. Express 2016, 2, 055008. [CrossRef]

124. Zhang, P.; Yi, W.; Hou, J.; Yoo, S.; Jin, W.; Yang, Q. A Carbon Nanotube-Gemcitabine-Lentinan Three-Component Composite for
Chemo-Photothermal Synergistic Therapy of Cancer. Int. J. Nanomed. 2018, 13, 3069–3080. [CrossRef]

125. Komane, P.P.; Kumar, P.; Marimuthu, T.; du Toit, L.C.; Kondiah, P.P.D.; Choonara, Y.E.; Pillay, V. Dexamethasone-Loaded,
PEGylated, Vertically Aligned, Multiwalled Carbon Nanotubes for Potential Ischemic Stroke Intervention. Molecules 2018, 23,
1406. [CrossRef]

126. Suo, N.; Wang, M.; Jin, Y.; Ding, J.; Gao, X.; Sun, X.; Zhang, H.; Cui, M.; Zheng, J.; Li, N.; et al. Magnetic Multiwalled Carbon
Nanotubes with Controlled Release of Epirubicin: An Intravesical Instillation System for Bladder Cancer. Int. J. Nanomed. 2019,
14, 1241–1254. [CrossRef] [PubMed]

127. Chegeni, M.; Rozbahani, Z.S.; Ghasemian, M.; Mehri, M. Synthesis and Application of the Calcium Alginate/SWCNT-Gl as a
Bio-Nanocomposite for the Curcumin Delivery. Int. J. Biol. Macromol. 2020, 156, 504–513. [CrossRef] [PubMed]

128. Tan, J.M.; Foo, J.B.; Fakurazi, S.; Hussein, M.Z. Release Behaviour and Toxicity Evaluation of Levodopa from Carboxylated
Single-Walled Carbon Nanotubes. Beilstein J. Nanotechnol. 2015, 6, 243–253. [CrossRef] [PubMed]

129. Yang, Z.; Zhang, Y.; Yang, Y.; Sun, L.; Han, D.; Li, H.; Wang, C. Pharmacological and Toxicological Target Organelles and Safe Use
of Single-Walled Carbon Nanotubes as Drug Carriers in Treating Alzheimer Disease. Nanomed. Nanotechnol. Biol. Med. 2010, 6,
427–441. [CrossRef] [PubMed]

130. Kaur, R.; Badea, I. Nanodiamonds as Novel Nanomaterials for Biomedical Applications: Drug Delivery and Imaging Systems.
Int. J. Nanomed. 2013, 8, 203. [CrossRef]

131. Boruah, A.; Saikia, B.K. Synthesis, Characterization, Properties, and Novel Applications of Fluorescent Nanodiamonds. J. Fluoresc.
2022, 32, 863–885. [CrossRef]

132. Terada, D.; Sotoma, S.; Harada, Y.; Igarashi, R.; Shirakawa, M. One-Pot Synthesis of Highly Dispersible Fluorescent Nanodiamonds
for Bioconjugation. Bioconjug. Chem. 2018, 29, 2786–2792. [CrossRef]

133. Chauhan, S.; Jain, N.; Nagaich, U. Nanodiamonds with Powerful Ability for Drug Delivery and Biomedical Applications: Recent
Updates on in Vivo Study and Patents. J. Pharm. Anal. 2020, 10, 1–12. [CrossRef]

134. Chang, S.L.Y.; Reineck, P.; Krueger, A.; Mochalin, V.N. Ultrasmall Nanodiamonds: Perspectives and Questions. ACS Nano 2022,
16, 8513–8524. [CrossRef]

135. Reina, G.; Zhao, L.; Bianco, A.; Komatsu, N. Chemical Functionalization of Nanodiamonds: Opportunities and Challenges Ahead.
Angew. Chem. Int. Ed. Engl. 2019, 58, 17918–17929. [CrossRef]

136. Jariwala, D.H.; Patel, D.; Wairkar, S. Surface Functionalization of Nanodiamonds for Biomedical Applications. Mater. Sci. Eng. C
Mater. Biol. Appl. 2020, 113, 110996. [CrossRef] [PubMed]

137. Perevedentseva, E.; Lin, Y.C.; Cheng, C.L. A Review of Recent Advances in Nanodiamond-Mediated Drug Delivery in Cancer.
Expert Opin. Drug Deliv. 2021, 18, 369–382. [CrossRef]

138. Jung, H.S.; Neuman, K.C. Surface Modification of Fluorescent Nanodiamonds for Biological Applications. Nanomaterials 2021, 11,
153. [CrossRef]

139. Bondon, N.; Raehm, L.; Charnay, C.; Boukherroub, R.; Durand, J.O. Nanodiamonds for Bioapplications, Recent Developments.
J. Mater. Chem. B 2020, 8, 10878–10896. [CrossRef] [PubMed]

140. van der Laan, K.; Hasani, M.; Zheng, T.; Schirhagl, R. Nanodiamonds for In Vivo Applications. Small 2018, 14, e1703838.
[CrossRef] [PubMed]

141. Mitura, K.A.; Włodarczyk, E. Fluorescent Nanodiamonds in Biomedical Applications. J. AOAC Int. 2018, 101, 1297–1307.
[CrossRef]

142. Mohan, N.; Chen, C.S.; Hsieh, H.H.; Wu, Y.C.; Chang, H.C. In Vivo Imaging and Toxicity Assessments of Fluorescent Nanodia-
monds in Caenorhabditis Elegans. Nano Lett. 2010, 10, 3692–3699. [CrossRef]

143. Barone, F.C.; Marcinkiewicz, C.; Li, J.; Sternberg, M.; Lelkes, P.I.; Dikin, D.A.; Bergold, P.J.; Gerstenhaber, J.A.; Feuerstein, G.
Pilot Study on Biocompatibility of Fluorescent Nanodiamond-(NV)-Z~800 Particles in Rats: Safety, Pharmacokinetics, and
Bio-Distribution (Part III). Int. J. Nanomed. 2018, 13, 5449. [CrossRef]

144. Merson, T.D.; Turnley, A.M.; Turbic, A.; Aharonovich, I.; Castelletto, S.; Kilpatrick, T.J. Nanodiamonds with Silicon Vacancy
Defects for Nontoxic Photostable Fluorescent Labeling of Neural Precursor Cells. Opt. Lett. 2013, 38, 4170–4173. [CrossRef]

145. Zurbuchen, M.A.; Lake, M.P.; Kohan, S.A.; Leung, B.; Bouchard, L.S. Nanodiamond Landmarks for Subcellular Multimodal
Optical and Electron Imaging. Sci. Rep. 2013, 3, 2668. [CrossRef]

http://doi.org/10.1016/j.matpr.2016.01.050
http://doi.org/10.3892/etm.2019.7510
http://doi.org/10.1155/2014/670815
http://doi.org/10.1039/C8DT03948H
http://doi.org/10.1088/2057-1976/2/5/055008
http://doi.org/10.2147/IJN.S165232
http://doi.org/10.3390/molecules23061406
http://doi.org/10.2147/IJN.S189688
http://www.ncbi.nlm.nih.gov/pubmed/30863057
http://doi.org/10.1016/j.ijbiomac.2020.04.068
http://www.ncbi.nlm.nih.gov/pubmed/32304791
http://doi.org/10.3762/bjnano.6.23
http://www.ncbi.nlm.nih.gov/pubmed/25671168
http://doi.org/10.1016/j.nano.2009.11.007
http://www.ncbi.nlm.nih.gov/pubmed/20056170
http://doi.org/10.2147/IJN.S37348
http://doi.org/10.1007/s10895-022-02898-2
http://doi.org/10.1021/acs.bioconjchem.8b00412
http://doi.org/10.1016/j.jpha.2019.09.003
http://doi.org/10.1021/acsnano.2c00197
http://doi.org/10.1002/anie.201905997
http://doi.org/10.1016/j.msec.2020.110996
http://www.ncbi.nlm.nih.gov/pubmed/32487405
http://doi.org/10.1080/17425247.2021.1832988
http://doi.org/10.3390/nano11010153
http://doi.org/10.1039/D0TB02221G
http://www.ncbi.nlm.nih.gov/pubmed/33156316
http://doi.org/10.1002/smll.201703838
http://www.ncbi.nlm.nih.gov/pubmed/29424097
http://doi.org/10.5740/jaoacint.18-0044
http://doi.org/10.1021/nl1021909
http://doi.org/10.2147/IJN.S171117
http://doi.org/10.1364/OL.38.004170
http://doi.org/10.1038/srep02668


C 2023, 9, 3 27 of 28

146. Alhaddad, A.; Durieu, C.; Dantelle, G.; Le Cam, E.; Malvy, C.; Treussart, F.; Bertrand, J.R. Influence of the Internalization Pathway
on the Efficacy of SiRNA Delivery by Cationic Fluorescent Nanodiamonds in the Ewing Sarcoma Cell Model. PLoS ONE 2012, 7,
e52207. [CrossRef] [PubMed]

147. Xu, J.; Gu, M.; Hooi, L.; Toh, T.B.; Thng, D.K.H.; Lim, J.J.; Chow, E.K.H. Enhanced Penetrative SiRNA Delivery by a Nanodiamond
Drug Delivery Platform against Hepatocellular Carcinoma 3D Models. Nanoscale 2021, 13, 16131–16145. [CrossRef] [PubMed]

148. Al Qtaish, N.; Gallego, I.; Paredes, A.J.; Villate-Beitia, I.; Soto-Sánchez, C.; Martínez-Navarrete, G.; Sainz-Ramos, M.; Lopez-
Mendez, T.B.; Fernández, E.; Puras, G.; et al. Nanodiamond Integration into Niosomes as an Emerging and Efficient Gene Therapy
Nanoplatform for Central Nervous System Diseases. ACS Appl. Mater. Interfaces 2022, 14, 13665–13677. [CrossRef] [PubMed]

149. Mahor, A.; Singh, P.P.; Bharadwaj, P.; Sharma, N.; Yadav, S.; Rosenholm, J.M.; Bansal, K.K. Carbon-Based Nanomaterials for
Delivery of Biologicals and Therapeutics: A Cutting-Edge Technology. C 2021, 7, 19. [CrossRef]

150. Rehman, A.; Houshyar, S.; Wang, X. Nanodiamond in Composite: Biomedical Application. J. Biomed. Mater. Res. A 2020, 108,
906–922. [CrossRef]

151. Tian, Y.; Nusantara, A.C.; Hamoh, T.; Mzyk, A.; Tian, X.; Perona Martinez, F.; Li, R.; Permentier, H.P.; Schirhagl, R. Functionalized
Fluorescent Nanodiamonds for Simultaneous Drug Delivery and Quantum Sensing in HeLa Cells. ACS Appl. Mater. Interfaces
2022, 14, 39265–39273. [CrossRef]

152. Ali, M.S.; Metwally, A.A.; Fahmy, R.H.; Osman, R. Chitosan-Coated Nanodiamonds: Mucoadhesive Platform for Intravesical
Delivery of Doxorubicin. Carbohydr. Polym. 2020, 245, 116528. [CrossRef]

153. Zhong, B.; Mateu-Roldán, A.; Fanarraga, M.L.; Han, W.; Muñoz-Guerra, D.; González, J.; Tao Weng, L.; Ricardo Ibarra, M.;
Marquina, C.; Lun Yeung, K. Graphene-Encapsulated Magnetic Nanoparticles for Safe and Steady Delivery of Ferulic Acid in
Diabetic Mice. Chem. Eng. J. 2022, 435, 134466. [CrossRef]

154. Ryu, T.K.; Kang, R.H.; Jeong, K.Y.; Jun, D.R.; Koh, J.M.; Kim, D.; Bae, S.K.; Choi, S.W. Bone-Targeted Delivery of Nanodiamond-
Based Drug Carriers Conjugated with Alendronate for Potential Osteoporosis Treatment. J. Control. Release 2016, 232, 152–160.
[CrossRef]

155. Volnova, A.B.; Gordeev, S.K.; Lenkov, D.N. Targeted Delivery of 4-Aminopyridine Into the Rat Brain by Minicontainers from
Carbon-Nanodiamonds Composite. J. Neurosci. Neuroeng. 2014, 2, 569–573. [CrossRef]

156. Alawdi, S.H.; Eidi, H.; Safar, M.M.; Abdel-Wahhab, M.A. Loading Amlodipine on Diamond Nanoparticles: A Novel Drug
Delivery System. Nanotechnol. Sci. Appl. 2019, 12, 47–53. [CrossRef] [PubMed]

157. Rouhani, P.; Singh, R.N. Polyethyleneimine-Functionalized Magnetic Fe3O4 and Nanodiamond Particles as a Platform for
Amoxicillin Delivery. J. Nanosci. Nanotechnol. 2020, 20, 3957–3970. [CrossRef] [PubMed]

158. Li, Z.; de Barros, A.L.B.; Soares, D.C.F.; Moss, S.N.; Alisaraie, L. Functionalized Single-Walled Carbon Nanotubes: Cellular
Uptake, Biodistribution and Applications in Drug Delivery. Int. J. Pharm. 2017, 524, 41–54. [CrossRef] [PubMed]

159. Zhang, M.; Yang, M.; Morimoto, T.; Tajima, N.; Ichiraku, K.; Fujita, K.; Iijima, S.; Yudasaka, M.; Okazaki, T. Size-Dependent Cell
Uptake of Carbon Nanotubes by Macrophages: A Comparative and Quantitative Study. Carbon N. Y. 2018, 127, 93–101. [CrossRef]

160. Behnam, M.A.; Emami, F.; Sobhani, Z. PEGylated Carbon Nanotubes Decorated with Silver Nanoparticles: Fabrication, Cell
Cytotoxicity and Application in Photo Thermal Therapy. Iran. J. Pharm. Res. IJPR 2021, 20, 91. [CrossRef]

161. Jin, H.; Heller, D.A.; Strano, M.S. Single-Particle Tracking of Endocytosis and Exocytosis of Single-Walled Carbon Nanotubes in
NIH-3T3 Cells. Nano Lett. 2008, 8, 1577–1585. [CrossRef]

162. Wang, M.; Yu, S.; Wang, C.; Kong, J. Tracking the Endocytic Pathway of Recombinant Protein Toxin Delivered by Multiwalled
Carbon Nanotubes. ACS Nano 2010, 4, 6483–6490. [CrossRef]

163. Wang, Z.; Tiruppathi, C.; Minshall, R.D.; Malik, A.B. Size and Dynamics of Caveolae Studied Using Nanoparticles in Living
Endothelial Cells. ACS Nano 2009, 3, 4110. [CrossRef]

164. Chen, L.; Wang, H.; Li, X.; Nie, C.; Liang, T.; Xie, F.; Liu, K.; Peng, X.; Xie, J. Highly Hydrophilic Carbon Nanoparticles: Uptake
Mechanism by Mammalian and Plant Cells. RSC Adv. 2018, 8, 35246–35256. [CrossRef]

165. Raffa, V.; Ciofani, G.; Vittorio, O.; Riggio, C.; Cuschieri, A. Physicochemical Properties Affecting Cellular Uptake of Carbon
Nanotubes. Nanomedicine 2009, 5, 89–97. [CrossRef]

166. Costa, P.M.; Bourgognon, M.; Wang, J.T.W.; Al-Jamal, K.T. Functionalised Carbon Nanotubes: From Intracellular Uptake and
Cell-Related Toxicity to Systemic Brain Delivery. J. Control. Release 2016, 241, 200–219. [CrossRef] [PubMed]

167. Yang, S.T.; Luo, J.; Zhou, Q.; Wang, H. Pharmacokinetics, Metabolism and Toxicity of Carbon Nanotubes for Biomedical Purposes.
Theranostics 2012, 2, 271–282. [CrossRef] [PubMed]

168. Kagan, V.E.; Konduru, N.V.; Feng, W.; Allen, B.L.; Conroy, J.; Volkov, Y.; Vlasova, I.I.; Belikova, N.A.; Yanamala, N.; Kapralov, A.;
et al. Carbon Nanotubes Degraded by Neutrophil Myeloperoxidase Induce Less Pulmonary Inflammation. Nat. Nanotechnol.
2010, 5, 354–359. [CrossRef] [PubMed]

169. Srivastava, I.; Sar, D.; Mukherjee, P.; Schwartz-Duval, A.S.; Huang, Z.; Jaramillo, C.; Civantos, A.; Tripathi, I.; Allain, J.P.; Bhargava,
R.; et al. Enzyme-Catalysed Biodegradation of Carbon Dots Follows Sequential Oxidation in a Time Dependent Manner. Nanoscale
2019, 11, 8226–8236. [CrossRef] [PubMed]

170. Zhang, W.; Zhang, Z.; Zhang, Y. The Application of Carbon Nanotubes in Target Drug Delivery Systems for Cancer Therapies.
Nanoscale Res. Lett. 2011, 6, 1–22. [CrossRef]

171. Riviere, J.E. Pharmacokinetics of Nanomaterials: An Overview of Carbon Nanotubes, Fullerenes and Quantum Dots. Wiley
Interdiscip. Rev. Nanomed. Nanobiotechnol. 2009, 1, 26–34. [CrossRef]

http://doi.org/10.1371/journal.pone.0052207
http://www.ncbi.nlm.nih.gov/pubmed/23284935
http://doi.org/10.1039/D1NR03502A
http://www.ncbi.nlm.nih.gov/pubmed/34542130
http://doi.org/10.1021/acsami.2c02182
http://www.ncbi.nlm.nih.gov/pubmed/35289181
http://doi.org/10.3390/c7010019
http://doi.org/10.1002/jbm.a.36868
http://doi.org/10.1021/acsami.2c11688
http://doi.org/10.1016/j.carbpol.2020.116528
http://doi.org/10.1016/j.cej.2021.134466
http://doi.org/10.1016/j.jconrel.2016.04.025
http://doi.org/10.1166/jnsne.2013.1088
http://doi.org/10.2147/NSA.S232517
http://www.ncbi.nlm.nih.gov/pubmed/32099339
http://doi.org/10.1166/jnn.2020.17896
http://www.ncbi.nlm.nih.gov/pubmed/31968409
http://doi.org/10.1016/j.ijpharm.2017.03.017
http://www.ncbi.nlm.nih.gov/pubmed/28300630
http://doi.org/10.1016/j.carbon.2017.10.085
http://doi.org/10.22037/IJPR.2019.112339.13697
http://doi.org/10.1021/nl072969s
http://doi.org/10.1021/nn101445y
http://doi.org/10.1021/nn9012274
http://doi.org/10.1039/C8RA06665E
http://doi.org/10.2217/nnm.09.95
http://doi.org/10.1016/j.jconrel.2016.09.033
http://www.ncbi.nlm.nih.gov/pubmed/27693751
http://doi.org/10.7150/thno.3618
http://www.ncbi.nlm.nih.gov/pubmed/22509195
http://doi.org/10.1038/nnano.2010.44
http://www.ncbi.nlm.nih.gov/pubmed/20364135
http://doi.org/10.1039/C9NR00194H
http://www.ncbi.nlm.nih.gov/pubmed/30973556
http://doi.org/10.1186/1556-276X-6-555
http://doi.org/10.1002/wnan.24


C 2023, 9, 3 28 of 28

172. Liu, J.H.; Yang, S.T.; Wang, H.; Liu, Y. Advances in Biodistribution Study and Tracing Methodology of Carbon Nanotubes.
J. Nanosci. Nanotechnol. 2010, 10, 8469–8481. [CrossRef]

173. Sandova, J.; Ventura-Sobrevilla, J.; Boone-Villa, D.; Ramos-González, R.; Velázquez, M.; Silva-Belmares, Y.; Cobos-Puc, L.; Aguilar,
C. Carbon Nanomaterials as Pharmaceutic Forms for Sustained and Controlled Delivery Systems. In Nanomaterials for Drug
Delivery Therepy; Elsevier: Amsterdam, The Netherlands, 2019; pp. 403–434. [CrossRef]

174. Kobayashi, N.; Izumi, H.; Morimoto, Y. Review of Toxicity Studies of Carbon Nanotubes. J. Occup. Health 2017, 59, 394. [CrossRef]
175. Yuan, X.; Zhang, X.; Sun, L.; Wei, Y.; Wei, X. Cellular Toxicity and Immunological Effects of Carbon-Based Nanomaterials. Part.

Fibre Toxicol. 2019, 16, 18. [CrossRef]
176. Koiranen, T.; Nevalainen, T.; Virkki-Hatakka, T.; Aalto, H.; Murashko, K.; Backfolk, K.; Kraslawski, A.; Pyrhönen, J. The Risk

Assessment of Potentially Hazardous Carbon Nanomaterials for Small Scale Operations. Appl. Mater. Today 2017, 7, 104–111.
[CrossRef]

177. Parwez, K.; Budihal, S.V.; Parwez, K.; Budihal, S.V. Quality Control and Risk Management of Carbon Nanomaterials. In Perspective
of Carbon Nanotubes; IntechOpen: London, UK, 2019. [CrossRef]

178. Singh, R.; Pantarotto, D.; Lacerda, L.; Pastorin, G.; Klumpp, C.; Prato, M.; Bianco, A.; Kostarelos, K. Tissue Biodistribution and
Blood Clearance Rates of Intravenously Administered Carbon Nanotube Radiotracers. Proc. Natl. Acad. Sci. USA 2006, 103,
3357–3362. [CrossRef] [PubMed]

179. Wang, H.; Wang, J.; Deng, X.; Sun, H.; Shi, Z.; Gu, Z.; Liu, Y.; Zhao, Y. Biodistribution of Carbon Single-Wall Carbon Nanotubes in
Mice. J. Nanosci. Nanotechnol. 2004, 4, 1019–1024. [CrossRef] [PubMed]
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