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Izabela Kościk 1, Daniel Jankowski 2 and Anna Jagusiak 1,*

1 Chair of Medical Biochemistry, Faculty of Medicine, Jagiellonian University Medical College, Kopernika 7,
31-034 Krakow, Poland; izabela.koscik@uj.edu.pl

2 Faculty of Biochemistry, Biophysics, and Biotechnology, Jagiellonian University, Gronostajowa 7,
30-387 Krakow, Poland; daniel.jankowski@student.uj.edu.pl

* Correspondence: anna.jagusiak@uj.edu.pl

Abstract: Based on statistics from the National Cancer Institute in the US, the rate of new cases of
cancer is 442.4 per 100,000 men and women per year, and more than one-third do not survive the
disease. Cancer diagnosis and treatment are the most important challenges in modern medicine. The
majority of cancer cases are diagnosed at an early stage. However, the possibility of simultaneous
diagnosis and application of therapy (theranostics) will allow for acceleration and effectiveness
of treatment. Conventional chemotherapy is not effective in reducing the chemoresistance and
progression of various types of cancer. In addition, it causes side effects, which are mainly a result of
incorrect drug distribution. Hence, new therapies are being explored as well as new drug delivery
strategies. In this regard, nanotechnology has shown promise in the targeted delivery of therapeutics
to cancer cells. This review looks at the latest advances in drug delivery-based diagnosis and therapy.
Drug delivery nanosystems made of various types of carbon (graphene, fullerenes, and carbon
nanotubes) are discussed. Their chemical properties, advantages, and disadvantages are explored,
and these systems are compared with each other.

Keywords: graphene; graphene family nanomaterials (GFNs); nano-graphene oxide (NGO); graphene
oxide (GO); reduced graphene oxide (R-GO); photosensitizer (PS); photodynamic therapy (PDT);
carbon nanotubes (CNTs); carbon quantum dots (CQDs)

1. Introduction

The incidence of cancer diseases has increased in recent decades [1]. As a result, there
is a growing demand for new methods of diagnosis, treatment, drug delivery, and the drugs
themselves. The emergence of multi-drug resistance in tumor cells has raised concerns
regarding long-term treatment, which resulted in the intensification of the search for
such methods [2]. Nanotechnology is a revolutionary path of technological development
that concerns material management on a nanometric scale that may be the answer for
those concerns. Nanobiotechnology combines nanotechnology and physical sciences with
biological sciences through multiple methods in developing novel tools and platforms for
understanding biological systems, disease diagnosis, and its treatment. Nanomaterials
are the basis for theranostics, which are nano-size or molecular level agents serving both
diagnosis and therapy [3]. One of the unique materials that are used in nanobiotechnology
is carbon, with many different properties, which is the basis of one of the branches of
nanotechnology—carbon nanotechnology [4]. Carbon in most of its allotrope forms seems
to be negligibly cytotoxic and broadly biocompatible with various agents, making it an ideal
nanomaterial for research into potential applications in technology, bioelectric technology,
and nanomedicine. In recent years, nanotechnology has evolved into a multidisciplinary
field where basic knowledge of the electrical, optical, magnetic, and mechanic properties of
nanostructures can provide a new generation of functional materials with a wide range
of applications. Nanomaterials range in size from about 1 to 100 nanometers and are
comparable to many biological macromolecules. Materials in this size show interesting
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physical properties, differing from both the molecular and mass scales. Nanoparticles
can also be adapted to the desired shape, structure, or even chemical composition. Their
high surface area as well as optical, electronic, and magnetic properties make it possible to
assume that they can prove themselves as biological substances [5].

Figure 1 shows an application of carbon nanomaterials in theranostics.
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Figure 1. Examples of the use of carbon nanostructures in theranostics. The size scale is not propor-
tional. The glow near the structures represents the functionalization and presence of different active
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Since the 1980s, carbon nanomaterials have gradually been discovered, including
graphene, fullerenes, carbon nanotubes, and carbon nanofibers [6]. Carbon-based nanopar-
ticles were designed to replace metallic nanoparticles, quantum dots, and polymer-based
nanoparticles.

In this review, we delve into the biological and medical importance of carbon nanomaterials.

2. Advantages and Disadvantages of Non-Carbon- and Carbon-Nanomaterials
in Theranostics

Nanomaterials of various origins are analyzed in terms of their use in medicine and
bioengineering. The analyzes focus on the possibilities of using both in diagnostics and
therapy, i.e., in theranostics. The research indicates both the advantages and disadvantages
of the systems used, including nanoparticles, polymeric and metallic materials, quantum
dots, microcapsules, dendrimers, and liposomes.

The surface-to-volume ratio of a nanoparticle is 35–45% times higher compared to a
conventional molecule. This unique external property of the nanoparticle specific surface
is a factor contributing to its high value and also influences various internal properties
such as strong size-dependent surface reactivity. These unique features of nanoparticles are
responsible for their multifunctional properties and interest in their application in various
fields [7]. Nanoparticles can also be a contrast factor in high-resolution medical imaging
MRI and can be used in therapy, especially as drug carriers for targeted drug delivery [8].
Unfortunately, just like any other material, nanoparticles also have their drawbacks.

Metallic nanoparticles or metal nanoparticles (noble metals such as gold, silver, or plat-
inum) have relatively simple and effective techniques to obtain high purity nanoparticles
on a large scale. They can be easily modified by monitoring and changing the prepara-
tion parameters. The main disadvantage is their sensitive microstructure, which can be
influenced by various factors such as unwanted contamination. Most of the methods used

BioRender.com


C 2022, 8, 3 3 of 16

to produce these nanoparticles require high energy, which generates high costs, and each
method carries a different risk [7].

Polymer-based nanoparticles, depending on their type, differ in their properties, but
most of them show easily modifiable physicochemical properties, low toxicity, and hy-
drophobicity, useful in the case of transferring poorly soluble drugs. The main disadvantage
in their case is the possibility of increased cytotoxicity that may appear depending on the
modifications made on the surface of nanoparticles. Some of them are also sensitive to
ambient temperature and pH. The acidic nature of, e.g., PLGA (poly(lactic-co-glycolic acid)
monomers makes them unsuitable for certain drugs and bioactive molecules. It is also gen-
erally difficult to achieve optimal drug release through readily varying pharmacokinetics [9].

Luminescent quantum dots seem to be ideal for biolabeling [10]. Many other uses of
carbon quantum dots have also been shown, e.g., biosensing with multi stimulus responses
and delivery with various combinations with biomolecules [11]. However, there are reports
that a given type of nanostructure is toxic and potentially dangerous to the environment
(of which no carbon nanostructure is totally lacking).

Liposomes, which are lipid-based nanoparticles, have high loading efficiency. They
can protect encapsulated drugs from early inactivation, degradation, and dilution. They
may also be easily functionalized with various surface modifications and formulated into
different forms for different routes of administration. Despite their spectacular possibilities,
they are characterized by low stability and a complicated preparation procedure [6,9].
Carbon nanomaterials have many advantages such as the ease of covalent functionalization
of their surfaces, control of hydrophobicity and hydrophilicity, and the degree of solubility
in water and organic solvents [12]. Other characteristics are the possibility of creating hybrid
materials with their participation [13], and fluorescence in a wide spectral range (infrared
and near-infrared), useful in the diagnosis and controlled release of drugs [14]. These
features lead to hope that these materials can constitute an alternative to and competition
with other carriers. On the other hand, carbon nanomaterials, although seeming to be an
excellent solution to the existing problems with the diagnosis and treatment of diseases,
must be handled with special care since there is a possibility of toxicological effects. The
influence of individual materials is not well known and may vary depending on various
factors such as size, density, purity, and the location they are used on. Figure 2 presents a
classification of carbon nanostructures by dimensions with some appropriate biological
beings for comparison [15].
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Developing well-characterized nanocarriers is thus crucial to facilitating their use for
biological and biomedical purposes.

3. Carbon Materials in Theranostics
3.1. Graphene

Graphene was properly isolated in 2004 by Andre Geim and Konstantin Novoselelov at
the University of Manchester. They pulled graphene layers from graphite with a common
adhesive tape in a process called either micromechanical cleavage or the Scotch tape
technique. However, the first indications of this nanomaterial appeared as early as 1947. P.
R. Wallace first explored the theory of graphene as a starting point for understanding the
electronic properties of graphite [16].

Graphene has been received with great interest in various fields including biomedical
applications. The interesting physical properties of graphene, a novel one-atom-thick
two-dimensional graphitic carbon system, have led to much excitement in recent years in
material science and condensed matter physics. Due to its ultrahigh surface area that is four
magnitudes higher than the surface of any other nanomaterials explored for nanomedicine
and easy functionalization, graphene has been intensively explored for drug and gene
delivery [17].

3.1.1. Chemistry of Graphene

Graphene is produced from unadulterated carbon, with atoms composed and arranged
into two-dimensional honeycomb lattices like graphite. Each carbon atom in graphene
is attached to other carbon atoms in the same plane with a strong carbon–carbon bond,
which provides excellent thermal and electrical conductivity with a low factor of thermal
expansion. The interlayer binding through weak van der Waals forces makes it a soft
material as opposed to diamond. The breaking strength of single-layer defect-free graphene
is approximately 200 times higher than steel, making it one of the strongest materials tested.

Due to various chemical modifications, the number of layers, purity, and composition,
we can classify whole graphene family nanomaterials (GFNs) [18].

The GFNs include single-layer graphene, bilayer graphene, multilayer graphene,
graphene oxide (GO), and reduced graphene oxide (R-GO). Monolayer graphene is an
isolated single layer of atoms bound together in a 2D planar honeycomb-like structure.
A monolayer of graphene represents an extreme case where every atom has an exposed
surface, which allows significantly higher drug loading capacity compared with other
nanomaterials. The number of layers of graphene sheets and their thickness is important
for several reasons. A larger number of layers will reduce surface area but will increase the
rigidity of graphene nanomaterials and carriers required for cell penetration. A graphene
flake is a mixture of graphene flakes containing a stack of graphene layers packed at
0.35–0.36 nm intervals. Covalent functionalization of the graphene surface is associated
with a change in the degree of hybridization of the carbon atoms that build this structure
from sp2 to sp3 [19].

Graphene functionalization is a method that can be applied to any member of the
graphene family using polymers, small particles, nanoparticles, etc. to enhance or change
the properties required for a specific application.

Primary graphene is poorly dispersed in water. Surfactants or other stabilizing agents
are required to suspend graphene in biological fluids and prevent agglomeration. Therefore,
graphene oxide is capable of hydrogen bonding due to polar baseline and negative charges
at the edge site. Different structures with their various physicochemical properties show
unique ways of interacting with cells and tissues. This may affect the functionality and
biocompatibility of such systems, resulting in negative and positive effects. To be able to
use these nanomaterials in biology and medicine it is important to study and understand
these interactions [20]. Graphene-based materials exhibit unique interactions with nucleic
acids. GO shows preferential adsorption of single-strand (ss) DNA. Using coarse-grained
molecular dynamics simulations, Titov et al. [21] showed graphene forms’ stable and
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functional hybrid structures with lipids, although experimental data are needed to support
these simulations. Such research will be important in understanding the interaction of
graphene with the lipid bilayer in the plasma membrane.

3.1.2. Graphene in Theranostics

In 2020, Rosa Garriga et al., examined toxicity of four carbon nanomaterials and their
applications as drug delivery systems in in vitro studies in colon cancer (Caco-2) and breast
cancer (MCF-7) cell lines. They combined nanodots, graphene oxide, carbon nanotubes, and
reduced graphene oxide with two different drugs (camptothecin, CPT, and doxorubicin,
DOX). Carbon–drug complexes resulted in improved anticancer activity compared to the
free drug. Graphene oxide gives remarkable results when combined with CPT. DOX works
better in a complex with R-GO [22].

CPT and DOX combined with graphene were also used by Zhang et al., They used
the easiest method of making such complexes: sorption. The choice of those two drugs
was not accidental because studies show a better anti-cancer effect when used together.
Their observations show that the DOX or CPT sorption coefficient depends mainly on
the distribution coefficient of the drug dissolved in the solution and adsorbed on the
graphene carriers. As a result, it becomes possible to correct the load factor DOX and CPT
in the complex folic acid (FA)–nanoscale graphene oxide (NGO)/CPT/DOX system, which
is of practical importance for the clinical use of nanocarriers loaded with many drugs.
Unfortunately, such systems have a major drawback: the rapid release of adsorbed drug
molecules. Therefore, such carriers cannot be used in long-term therapy [23]. In another
study, graphene oxide (GO) conjugated with FA was prepared as a drug delivery system.
Additionally, using the hydrophobic interactions of the π–π stacking type, a photosensitizer
was attached to this system. Such nanocarriers significantly increase the accumulation of
the photosensitizer in cancer cells and lead to high photodynamic efficiency after irradiation
of cells [24].

In 2008, Sun et al., introduced the use of single-layer NGO in cancer theranostics as a
platform for combined diagnosis and therapy [25]. The material, showing intrinsic photo-
luminescence (PL) exploitable for live cell imaging in the NIR, was coated by polyethylene
glycol (PEG) to improve its solubility and biocompatibility. Moreover, NGO imaging prop-
erties were combined with its loading capability, resulting in a theranostic nanoplatform.
To this end, the anticancer drug DOX was bound to NGO sheets, which were functionalized
with the B-cell-specific antibody Rituxan (anti-CD20) for the in vitro selective binding and
killing of Burkitt’s lymphoma cells. Sustained Raji B cell growth inhibition (~80%) was
observed after 2 h incubation with the nanosystem at a DOX concentration of 10 µmol/L
followed by 48 h incubation in fresh cell medium.

In 2018, Wang’s team conducted an experimental optical sensing system setup for
living cells of colorectal cancer. They used a graphene-based optical biosensor (GOB). This
biosensor detected an ultrafast RI change generated by weak ultrasonic waves. By using
the GOB they demonstrated ultra-sensitive and real-time sensing of unlabeled cancer cell
responses to paclitaxel during early drug delivery for the first time. Compared with high
concentration paclitaxel treatment, colorectal cancer cells exhibited more intense and faster
responses to low concentration paclitaxel treatment. Two colorectal cancer cell lines, LoVo
and HCT116, confirmed this counterintuitive response [26].

A promising therapeutic technique is cell hypothermia, i.e., photothermal ablation
of neoplastic tumors, requiring multiple passes of the healing agent through the capillary
system [27]. The nanoparticles used in this technique should exhibit the increased stability
that the presence of graphene can provide [28].

In diagnostics, peptide sensors with graphene were proposed, which would allow for
the early detection of neoplasms [29].
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3.1.3. The Advantages and Disadvantages of Using Graphene in Medicine

Graphene and graphene-based materials have many properties and are easily modi-
fiable. Those specific qualities such as biocompatibility, stiffness, flexibility, and thermal
properties have attracted considerable interest. The nanoparticles have greater permeability
and precise control over release time which has led to use in controlled drug delivery sys-
tems and theranostics. The ability of graphene to be loaded with drug molecules with aro-
matic rings, interaction with nucleic acids, and the possibility to attach various chemically
active groups to the basic lattice structure has allowed researchers to build graphene-based
sensors for detecting biochemical molecules (and ultimately selected cells [30]). Graphene
derivatives are used as drug packaging and enzyme immobilization surfaces [31] and also
as vectors in gene therapies [32].

Carbon-based nanomaterials are not biodegradable, leading to concerns about poten-
tial toxicity and environmental hazards [33]. However, Kotchey et al., conducted research
in which he was able to demonstrate that GO was susceptible to biodegradation using
oxidative attack with hydrogen peroxide and horseradish peroxide. Unfortunately, this
has not yet been achieved in the case of the R-GO. This research could lead to the potential
design of safer biodegradable materials based on graphene to eliminate their environmental
and health hazards [19,34]. The major limitation of pristine graphene is its hydrophobic
nature and its unstable homogenous dispersion, which prevents its application in many
areas of biomedical research [35].

It seems that thorough cleaning, proper selection of reducing agents or surfactants and
proper preparation of the material reduces the negative biological effect (such as apoptosis,
increased cell death, cytoskeleton disorders, or inflammation [36,37]). In addition, the
observed effects can be used in advanced therapies, e.g., in new generation anti-cancer
drugs that induce controlled apoptosis of cancer cells.

3.2. Fullerenes

In 1985, Harold Kroto, working with James R. Heath, Sean O’Brien, Robert Curl, and
Richard Smalley, discovered fullerenes in soot produced by the evaporation of carbon
in a helium atmosphere. Discrete peaks appeared in the mass spectrum of the product
corresponding to molecules with the exact mass of 60 or 70 carbon atoms, namely C60
and C70. The team identified their structures as “buckyballs”. The name fullerene is an
abbreviation of “buckminsterfullerene” from the name of the American architect who
popularized this structure [38].

3.2.1. Chemistry of Fullerenes

Fullerenes have attracted the attention of scientists not only for their unique and beau-
tiful structure but also as materials for possible applications in engineering and medicine. A
pioneering nanoparticle, fullerene, is an allotropic form of carbon, in addition to diamond,
graphite, and graphene, with a specific geometry, size, and surface characteristics and a
uniquely regular spherical structure with strongly nonpolar characteristics [39]. Many
fullerenes with empty carbon cages have been synthesized and functionalized by various
chemical methods. The biomedical effects of such “empty” fullerenes are mostly defined
by chemical groups C60, attached to the fullerene cage that can vary in size (C60, C70, etc.).
This empty space inside can be adapted to various atoms, including radioactive atoms,
which can, for example, be used in diagnostics. These features make it possible to use
fullerenes in lipid-like systems serving as reservoirs and even to penetrate cell membranes.
Furthermore, there are so-called endohedral metallofullerenes (EMFs) that contain one
or more atoms, among them lanthanides or heavy elements such as Pb or Bi, trapped in
a coal cage. Fullerenes have a structure composed of sp2 carbons with unique chemical
properties [40,41].

The largest ones consist of 1500 carbon atoms and the smallest 20. However, the
existence of C20 fullerenes is only theoretical, as not all fullerenes are chemically sta-
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ble. The most abundant fullerenes in the synthesized composition are the C60 and C70
molecules [42].

C60 consists of 60 carbon atoms with C5-C5 single bonds (12 pentagons) and C5=C6
double bonds (20 hexagons). Delocating the 30 double bonds and sharing all the π electrons
gives the molecule high stability. Indeed, every 2n + 20 carbon fullerene contains “n”
hexagons. C60 and C70 are produced at 1000 ◦C, and the concentration increases with
increasing pulse duration.

3.2.2. Fullerenes in Theranostics

In vitro and in vivo cytotoxicity studies in human and animal cells showed no cyto-
toxicity or very low acute toxicity C60, which was tested in various fields of medicine [43].

The following research directions can be distinguished in research on fullerenes: their
use in medicine (anti-enzyme, anti-viral, DNA splitting), use as new contrasting agents
in NMR-based tomography (MRI), and use as radioactive indicators and pharmaceutical
preparations in photodynamic therapy (PDT).

One of the approaches to using fullerenes in theranostic medicine is to encapsulate a
Gd (gadolinium) center within a fullerene. The Gd3+ ion is encapsulated in the fullerene
cage, which is a structure that preserves the properties of the metal ion, avoids any leakage,
and thus prevents its dissociation in vivo. Many types of “gadofullerenes” have been
developed by using specific chemical modifications. Li et al., synthesized an encapsulated
gadofullerene and then functionalized the fullerene with cytokine interleukin-13, which is
overexpressed in human glioblastoma cell lines. The compound was further functionalized
with amine groups, which can maintain a positive charge at physiological pH, to further
increase water solubility and tumor uptake. While this group of researchers has yet to report
cytotoxicity studies, the preliminary tumor uptake and MRI studies are promising [44].

The photochemical properties of fullerenes also indicate the possibility of their direct
application in medicine in local photodynamic therapy. The ability of fullerenes to generate
active singlet oxygen as a result of photochemical activation of the system is most often
used. Chiang et al., performed a preliminary in vivo photodynamic therapy (PDT) study
using hydrophilic nanospheres formed from hexa(sulfo-n-butyl) -C60 (FC4S). This study
was performed in ICR mice bearing sarcoma subcutaneous tumors. FC4S was administered
intraperitoneally or intravenously and then irradiated with an argon ion laser beam or an
argon-pumped dye-laser. It has been found that inhibition of tumor growth is more effective
using a low wavelength, i.e., a 515 nm laser that is better absorbed than a 633 nm laser. This
method of administration turned out to be slightly better in inhibition effectiveness and
demonstrate the potential use of fullerenes as PS for PDT of cancer [45]. Another example
is the tumor loss of sarcoma in mice by Tabata et al., after application of C60 coupled with
poly (ethylene glycol) and exposure to irradiation [46].

Other imaging strategies may have been used in non-invasive medical diagnosis:
optical imaging, computed tomography, and ultrasound.

Recently, an attractive new therapeutic concept called “acoustic explosion” was sug-
gested for some functionalized fullerenes, polyhydroxy fullerenes (PHFs), and carboxy
fullerenes (CFs). Functionalized fullerenes maintain the glow in the presence of contin-
uous laser irradiation in the presence or absence of oxygen. These types of studies were
carried out on cancer cells in which, after irradiation, a faint click was heard, indicating the
photoacoustic properties of these fullerenes [47]. Fullerenes associated with metals from
the lanthanide group (lanthanometallofulereins) are used in diagnostics and therapeutic
medicine as radioactive tracers.

3.2.3. The Advantages and Disadvantages of Using Fullerenes in Medicine

The presence of the large surface allows the fullerene to enclose in its volume separate
atoms and molecules.

Novel photosensitizers (PSs) prepared from fullerenes have additional MRI activity.
Fullerenes are more photostable and demonstrate less photobleaching compared to the
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traditional PS used for PDT. Fullerenes can be attached to light-harvesting antennae and
electron transfer dyads to change the wavelengths of absorption towards the red end of
the spectrum. These attached antennae can encourage charge separation mechanisms and
electron transfer mechanisms. Fullerenes can also be chemically modified to alter the action
and dosage of the drug in biological systems.

Fullerenes (both pristine and functionalized) can kill cancer cells after incubation.
They can also inactivate viruses, bacteria, and fungi (in vitro). Studies in vivo report
that they can destroy or inhibit tumors growing in mice [48]. Pristine fullerenes are
highly hydrophobic with a propensity to aggregate in aqueous environments. Even
when they are functionalized with water-soluble polar groups, this drawback may not be
entirely overcome.

Fullerenes are characterized by a non-toxic, inert molecular structure. After fullerenes
enter the body, they may be internalized by different types of cells and induce various
changes inside the cells, such as viability, proliferation, inflammation responses, and
oxidative responses. C60 itself has a relatively high molecular weight (720 g/mol). When
substantial additional moieties are conjugated to the cage, the MW can rise significantly.

The main limitation is the release of metal ions in vivo during metabolic processes and
the subsequent toxicity. Another limitation in their use is the high cost of obtaining them.

3.3. Carbon Nanotubes

Carbon nanotubes (CNTs) made of wrapped graphene sheets in needle-like shapes
have many physical but also mechanical and chemical properties. Many sources indicate
1991 as the year of their discovery and attribute it to Sumio Iijima. We owe the production
of multi-walled nanotubes today to Morinobu Endo, who in 1976 observed hollow tubes
made of coiled graphite synthesized by the chemical vapor growth technique, and today
the mass production method used is called the Endo process.

3.3.1. Chemistry of Carbon Nanotubes

Depending on the number of graphene layers from which a single nanotube is made,
they are classified as single-walled nanotubes or multi-walled nanotubes. The latter can
also be divided into two, three, and multi-walled, and their structures are described in
two different ways: the Russian doll model and parchment model. In the Russian doll
model, graphene layers are arranged in concentric cylinders, while in the parchment model,
a single layer of graphene is wrapped like a rolled newspaper. Due to their abilities,
nanotubes have aroused great interest among scientists, motivated by their potential
biological use in medicine. Nanotubes are hydrophobic; therefore, compared to other
nanoparticles, they exhibit poor solubility in aqueous solvents, which makes it difficult
to disperse them uniformly. As a result, it becomes problematic to evenly combine them
with the active substance. Various methods for dispersing CNTs in water and non-aqueous
media have been investigated in recent years; considerable attention was paid to both
physical issues and chemical techniques. Physical methods include ultrasound [49], plasma
treatment [50], and radiation [51]. Several chemicals are also used to disperse CNTs,
including mineral acids, inorganic monovalent salts, inorganic peroxides, salts of organic
acids and sand, aromatic compounds, polymers, and biomolecules. Therefore, to fulfill
the role of carriers, they must undergo certain modifications. Such functionalization
is carried out using two methods: exohedral and endohedral. To carry out exohedral
functionalization, the active substance is attached through covalent or non-covalent bonds.
In non-covalent functionalization, substances interact with the nanotube through π–π bonds
or van der Waals forces. The task of covalent functionalization on cavities and side walls is
to permanently bind individual compounds to the surface of the tube. Functionalization of
defects occurs mainly in -COOH groups. Functionalization of the side walls takes place
directly on the nanotube carbon atoms and consists of addition to double bonds, causing a
change in the hybridization of carbon atoms from sp2 to sp3, which significantly changes
the electron properties of the nanotube. CNTs can be used as diagnostic tools for the
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early detection of cancer. The second method consists of filling the void with various
polar substances. Recent studies show that functionalized CNTs can cross the blood–brain
barrier. There is no single mechanism for cellular uptake of CNTs but rather three different
mechanisms that can each predominate depending on several factors. These three different
processes are: (i) internalization by endocytosis; (ii) internalization by phagocytosis, and (iii)
direct translocation through the plasma membrane. Endocytosis describes the engulfment
of a macromolecule by the cell (e.g., proteins and antibodies) through the formation of a
vesicle that is then generally routed to endosomes and lysosomes. Phagocytosis is similar
in principle to endocytosis, with the difference that the particles taken up are considerably
larger (e.g., bacteria with dimensions of less than 1 µm), and the cell type responsible is often
a professional phagocytic cell. It has also been reported that CNTs can behave similarly
to cell-penetrating peptides, which allow translocation through the plasma membrane
of mammalian cells due to the presence of polycationic regions. It has been stated that
cationic functionalized CNTs are similar to cell-penetrating peptides both in charge and
morphology and may penetrate plasma, likely through endocytosis [52].

3.3.2. Carbon Nanotubes in Theranostics

The ability to easily penetrate cell membranes [53], demonstrated by carbon nan-
otubes (CNTs) has provided an opportunity to study them as carriers for drug delivery
systems (DDS) and theranostics [54,55]. Heister et al., developed a DDS by combining
DOX, a monoclonal antibody, and fluorescein, all attached on the sidewalls of oxidized
single-walled CNTs (SWCNTs). The monoclonal antibody recognized the tumor marker,
carcinoembryonic antigen, and allowed the binding of DOX to the antigen target sites on
cancer cells. The delivery of SWCNT–DOX complexes to WiDr colon cancer cells resulted
in penetration into cancer cells, followed by the release of DOX to the nucleus, whereas
SWCNTs remained in the cytoplasm.

In 2013, Chatterjee et al., conducted research with the use of an electronic sensor made
of nanotubes. The method is quick and cheap, allowing scientists to carry out many trials.
The biosensor operation is based on the identification of biomarkers due to solubility, polar-
ity, and chemical associations. Water, methanol, isopropanol, ethanol, acetone, 2-butanone,
and propanol were found to be polar vapors, lung cancer biomarkers. Chloroform; benzene;
o-xylene; n-decane; 1-hexene; toluene; styrene; n-propane; cyclohexane; 1, 2, 4-trimethyl
benzene; and isoprene were discovered as nonpolar vapors. SWCNTs, coated with non-
polymeric organic substances, can detect volatile organic component (VOC) changes as
cancer biomarkers, which allows them to quickly diagnose and proceed to treatment [56].

In 2020, Golubewa’s team demonstrated that glioblastoma cells are capable of efficient
accumulation of SWCNTs. As a result, relatively large agglomerates were formed which
enable photo-induced destruction of cancer cells through picosecond laser irradiation.
They also applied the CARS imaging technique and showed that it can be effectively
used for both the visualization of a cancer cell and its photo-induced SWCNT-conditioned
destruction, providing convincing evidence that this method is a powerful tool for nano-
theranostics. The advantage of using stable SWCNT suspensions instead of conventional
NPs in photoacoustic therapy is that only those cells in which agglomerates have formed
are destroyed, and free nanotubes in the environment are photoacoustically inactive, so
they do not threaten adjacent tissues and fluids [57].

CNTs are used in diagnostics as a contrast agent in the magnetic resonance imaging
(MRI) method. The most common research was with gadolinium chelates that can be
incorporated into CNTs [58]. CNTs can also serve in cell imaging due to fluorescence in
the NIR region. A great advantage of CNTs is that they do not affect the viability of the
diagnosed cells [59].

3.3.3. The Advantages and Disadvantages of Using Carbon Nanotubes in Medicine

Biodistribution and biodegradability of CNTs from the point of view of their potential
application in living organisms is a very important issue. The studies by Weng et al., and
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Singh et al., showed that the body-fluid-soluble hydrophilic nanotubes showed no toxicity
or lethal effects [60].

The study of Chłopek et al., confirmed good biocompatibility of nanotubes similar to
that of polysulfone currently used in medicine [61]. One of the main differences between
single-walled nanotubes and multi-walled nanotubes is the useful electrical properties of
the former. In the case of multi-walled nanotubes, their properties depend on the number
of layers. The main advantages of nanotubes are their mechanical, thermal, kinetic, and
electric properties—tensile strength, flexibility, and good heat conduction.

On the other hand, there are concerns about the cytotoxicity of this nanomaterial due
to its physical similarity to asbestos fibers [62]. CNTs show a concentration dependence
of cytotoxicity [63]. In addition, the purity of CNTs may also influence their cytotoxicity.
Unpurified SWCNTs tend to cause greater cytotoxicity [64].

Moreover, the length of CNTs may also affect their toxicity. It has been shown that the
longer the fibers, the greater toxicity influence on cells or tissues [65]. It should be kept in
mind that the toxicity of CNTs depends on the degree of surface functionalization and the
type of functional groups attached.

3.4. Carbon Quantum Dots

Carbon quantum nanodots, also known as carbon dots (CQDs) or C-dots, are small
carbon nanoparticles (less than 10 nm in size) discovered accidentally by Xu et al., in
2004 during the purification of single-walled carbon nanotubes [66]. In 2006, Sun et al.,
observed luminescence in carbon-based particles during laser ablation of carbon sources in
the presence of water [67]. The simplicity of the synthesis used by them aroused interest in
the study and properties of carbon nanodots.

3.4.1. Chemistry of Carbon Quantum Dots

There are many methods of obtaining CQDs, and each of them has its own advantages,
but particular attention was paid to CQDs produced from natural resources, the production
of which was less expensive than obtaining them by oxidation of mineral graphite. The
interest in using CQDs grew with each newly discovered property. Their low toxicity, high
biocompatibility, aqueous solubility, and ease of making modifications allowed for attempts
to use them as a drug carrier.

Because CQDs involve non-homogeneous entities, there are numerous methods for
producing them. These methods can be classified as bottom-up or top-down. The harsh
top-down methods include chemical (strong oxidizing acids) or laser ablation and elec-
trochemical carbonization. The more gentle and eco-friendly bottom-up methods include
microwave irradiation and hydrothermal/solvothermal treatment [68]. Using microwave
irradiation on sucrose as the carbon source and diethylene glycol (DEG), green luminescent
CQDs were obtained within one minute [11].

Hydrothermal carbonization (HTC) is a popular approach for preparing CQDs. Typ-
ically, carbon-yielding compounds are subjected to heat treatment in high boiling point
organic solvents, followed by extraction and concentration. CQDs were synthesized using
HTC from a variety of precursors including glucose, citric acid, chitosan, banana and
orange juice, mushrooms, and protein [69,70].

A variety of surface modifications have been reported through the surface chemistry
or interactions, such as covalent bonding, coordination, π–π interactions, and sol–gel
technology. Doping is another widely used method for tuning the photoluminescence (PL)
of CQDs, with elements such as N, S, and P being used [71,72].

Recently, work has been conducted on new hybrids consisting of CQDs and an inor-
ganic nanoparticle core (iron oxide, zinc oxide, silica, and titanium). The resulting hybrids
integrate the fluorescent properties of CQDs with the magnetic, optical, or mechanical prop-
erties of the oxide cores. Such hybrids hold great promise as magneto-optical biolabeling
agents [11,70].
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One of the most interesting features of CQDs, especially from application-oriented
perspectives, is their photoluminescence. The PL properties of the CQDs can be tuned via
modification as described above.

3.4.2. Carbon Quantum Dots in Theranostics

Carbon nanodots may be used in photodynamic treatment (PDT) as photosensitizers
(PSs). With the increasing demand for better cancer diagnosis and treatment, many studies
address the use of quantum dots in photodynamic therapy (PDT), which is incredibly
successful, and the manner in which this method is carried out allows us to minimize
side effects. By combining multiple photosensitizers, we may attain a high degree of
specificity and selectivity. The CQDs @ PtPor compound, which was developed by the
team of Wu et al., in 2018, was obtained as a result of the electrostatic interaction of the
porphyrin tetraplatin (PtPor) complex with negatively charged CQD. This complex shows
high biocompatibility, easily disperses in water, has good stability, and has the ability to
detect the fluorescence of the photosensitizer. At the same time, it was proved that this
complex is much more effective at using quantum dots than the PtPor compound itself. It
also demonstrates high therapeutic efficacy against neoplastic cells, which indicates a great
potential for clinical application in cancer patients [73].

In 2014, the team of Zheng et al., undertook the creation of a complex based on quan-
tum dots with the aim of obtaining a bioimaging agent. Quantum dots are a suitable
starting point for drug development since they are subject to cellular uptak and fluores-
cence in cells and may form different complexes. The team created a CQD-Oxa complex
synthesized by a condensation reaction between the amine groups of oxaliplatin. It com-
bines the optical properties of carbon nanodots with the anti-tumor function of oxaliplatin
as a whole. Together, they act as a drug carriers and enable controlled drug release due
to the reducing environment of cancer cells. The intensity of the CQD-Oxa fluorescence
makes it possible to monitor the course and distribution of drug molecules. This was used
to observe tumor reduction in mice (H22 liver cancer). These studies show that tumor size
decreased monotonically with the duration of CQD-Oxa treatment. The tumor volume
initially decreased from 535.2 to 46.6 mm3 after 6 days, which means that 91.3% of the
tumors healed [74].

Lanthanide hybridized quantum dots (Ln-CQDs) were also used as a bioimaging agent.
The synthesis was carried out by the Wu team with the use of a facile one-pot hydrothermal
method using citric acid as the carbon precursor and Yb3+ or Nd3+ as a doping ion. The
hybridized quantum dots have found application in multicolor cell-imaging due to strong
blue emission under UV excitation. They have also been tested for cytotoxicity, and the
results confirmed that they may be used in biomedical applications [75]. Other similar
complexes used in bioimaging applications are CQNDs-DOTA-Ln [76].

In 2017, the Ko team created Herceptin (HER)-labeled quantum dots to obtain a thera-
nostic agent targeting HER2 overexpressing tumors. This system was also supposed to use
the quantum dots as a bioimaging agent platform. Those complexes have been synthesized
through an easy coupling reaction and can form even more advanced complexes with
drugs such as doxorubicin (DOX). Blue emission (from QD) of this complex enables rapid
diagnosis, and HER enables efficient, targeted accumulation of these cells. The release
of DOX can be easily controlled by pH and temperature changes. Such a complex offers
versatility in the treatment of cancer and allows for its quick diagnosis, which, in the case
of breast cancer, is often a critical factor in its cure [77].

3.4.3. The Advantages and Disadvantages of Using Carbon Quantum Dots in Medicine

There are several ways to make CQDs, giving complete control over the synthesis
process and its related costs. At the same time, it was confirmed that they show great
inhibition against various types of cancer such as MCF-7 or MDA-MB-231 (human breast
cancer cells). The advantage of this carrier is also the ease of introducing modifications
and adapting them to the uptake according to cells’ needs. Additionally, the high tumor-
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to-background fluorescence contrast and low fluorescence levels in other tissues and
organs demonstrated the suitability of CQDs to act as photosensitizers as they are able
to localize selectively into tumors. A great advantage is the high solubility of this carbon
nanomaterial [78].

One of the biggest disadvantages is nonspecific cellular binding, depending on the
type of surface functional group that may impact the final result. Quantum dots may
also be subject to nonspecific protein adsorption to the quantum dot surface, specifically
adsorption of a 66kDa serum protein albumin presented in standard blocking solutions [79].

4. Summary

Current cancer treatments are highly invasive. This is often associated with surgery,
chemotherapy, and radiation therapy, which work at a later stage with many side effects.
Scientists and medical professionals have made many different attempts to counter them.
However, the main problem with any cancer treatment is attaining the desired concentration
of therapeutic agents at the tumor sites so that cancerous cells are destroyed while the
damage to normal cells is minimal. Keeping this in mind, it is especially important to make
single agents with incredible potential to provide the required input in cancer prevention,
detection, and treatment. In this review, we attempt to highlight the advances made so far
in carbon nanobiotechnology and its application in medicine. It can now be seen that the
use of these nanomaterials in the diagnosis and therapy of cancer will be determined by
the systematic determination of the benefits they offer, as opposed to the risks they carry.

Progress in the medical sciences depends on the use of knowledge and materials that
we have. Carbon nanostructures have been shown in prior studies to have theranostic
applications. There are several carbon nanostructures, their derivatives, and their modifi-
cations used in theranostics, as outlined in Table 1. A well-designed nanosystem can be
used not only for treatment but also to make a diagnosis. Carbon nanomaterials allow us
to enhance them and match our needs depending on their capabilities. From the research
conducted, we already know that interfacial, physical-chemical, and optical features allow
us to use them to imagine multimodal and selective non-invasive tumor eradication. Each
type of nanosystem seems to have a different advantage, but due to their construction,
platforms can be designed that exhibit even greater abilities for imaging, monitoring, and
detecting tumors.

Table 1. Various forms of carbon nanostructure, their derivatives, alterations, and theranostics applications.

Graphene Family
Nanomaterials Fullerenes Carbon Nanotubes Carbon Quantum Dots

Derivatives and members

Mono-, bi-, multilayer
graphene

Graphene oxide (GO)
Reduced GO

C60, C70 and others
Endohedral

metallofullerenes

Single-walled carbon
nanotubes (SWCNTs)
Multi-walled carbon

nanotubes (MWCNTs)

Graphene quantum dots
Carbon quantum dots

Modification

Oxidation
To -COOH:

PEG, folic acid, chitosan
To -OH:

Ether-carboxyl
Cycloaddition

Surface coating by
sorption (non-covalent):

Ni/Au
Aptamers

Therapeutic agents
Polymers (PEI)

Fe3O4
BSA, proteins

Oxidation:
Poly-hydroxylation and

carboxylation
PEGylation

Specific covalent
functionalization:

Glycosylation
Cationic/anionic groups

Encapsulation and
chelation of lanthanide

ions (e.g., Gd3+)
Cyclodextrin sorption

complex

Oxidation
To -COOH:

-PEG, folic acid
Cycloaddition

Surface coating by
sorption (non-covalent):

BSA, proteins
Glycolipids
Surfactants

Fe2O3
DNA

PEGylated phospholipids
Polysaccharides

Surface amination

Covalent coating with
amine-containing agents

to oxygen-containing
groups

Chelation of lanthanide
ions (e.g., Eu3+)

Sol–gel technique
Doping with elements

such as N, S, P
Nanohybrids with

inorganic nanoparticles
(e.g., iron oxide, zinc

oxide, silica, and titania)
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Table 1. Cont.

Graphene Family
Nanomaterials Fullerenes Carbon Nanotubes Carbon Quantum Dots

Use in theranostics

Drug/gene delivery and
imaging

Photodynamic therapy
Tissue engineering

Antibacterial activity
Biosensing

Drug/gene delivery
Magnetic resonance,

photoacoustic imaging
Photodynamic,

photothermal therapy
Enzyme inhibition

Antioxidants

Photo-thermo-acoustic
therapy

Magnetic resonance,
imaging

Drug/gene/peptide
delivery

Biosensing

Drug/gene delivery and
imaging

Photodynamic therapy
Biosensing

References [12,20,26,30,80,81] [45,47,48,63] [50,52,53,55,57,59,63] [11,70,80,82]

The main factors affecting the mechanical properties of nanocomposites are the disper-
sion of carbon nanomaterials and their interactions with other compounds. For example,
due to the CNTs, fullerene, and CQD structures, they are easier to disperse and create
composites than graphene. In turn, the challenges associated with the achievement of
graphene alignment in polymer composites remain unresolved. The functionalization of
carbon nanomaterials is an effective way to improve their dispersion. In turn, the advan-
tage of graphene over other nanomaterials is its mechanical properties resulting from a
large, flat surface. Composites with a share of CNTs and fullerenes often depend on the
one-dimensional surface where the effect is much weaker.

It is important to distinguish between chemical and more delicate biochemical func-
tionalization. The attaching of, e.g., antibodies to the carbon nanostructures can significantly
increase the selectivity of the applied therapy. Carbon nanostructures can be imagined as
the skeleton of a given entity. However, individual specific functions are performed by
compounds closer to the cells, e.g., proteins, lipids.

As a result of the use of modern nanotechnology, it is possible to speed up diagnosis,
reduce side effects, and increase the effectiveness of therapy. Rapid diagnosis combined
with immediate therapy can, in many cases, be a turning point on the way to recovery. In
the last dozen years, the interest in nanoparticles and their use has increased due to their
already comprehensive applications. Current research shows that their physicochemical
properties can be used in many ways, for example, to strengthen cancer resistance through
vaccination, depo effects, or targeted drug delivery. These vaccines can provide preventive
protection against cancer development by activating multi-antigenic immunity with the
potential to significantly improve the humoral and cellular response.

The use of nanotechnology to create carriers also has its disadvantages, such as
the potential immunogenicity of the drugs used or the general cytotoxicity caused by
normal cellular uptake. A better understanding of the interactions between nanomateri-
als, the immune system, and cancer itself will overcome these drawbacks and advance
nanomedicine [83].
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