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Abstract
Carbonaceous nanomaterials (CNMs) have drawn tremendous biomedical research interest because of their unique structural

features. Recently, CNMs, namely carbon dots, fullerenes, graphene, etc, have been successful in establishing them as considerable

nanotherapeutics for phototherapy applications due to their electrical, thermal, and surface properties. This review aims to cross-

talk the current understanding of CNMs as multimodal compounds in photothermal and photodynamic therapies as an integrated

approach to treating cancer. It also expounds on phototherapy’s biomechanics and illustrates its relation to cancer biomodulation.

Critical considerations related to the structural properties, fabrication approaches, surface functionalization strategies, and bio-

safety profiles of CNMs have been explained. This article provides an overview of the most recent developments in the study of

CNMs used in phototherapy, emphasizing their usage as nanocarriers. To conquer the current challenges of CNMs, we can raise

the standard of cancer therapy for patients. The review will be of interest to the researchers working in the area of photothermal

and photodynamic therapies and aiming to explore CNMs and their conjugates in cancer therapy.
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Introduction
Despite significant advances over the last decade, accurate diag-
nosis, as well as effective cancer treatment, remains to be an
enormous challenge. Surgery, radiation therapy, and chemo-
therapy are all frequently used cancer treatment options, but
they cause side effects in healthy tissues and cells.1

Phototherapy offers promising new avenues for use in a wide
range of biological contexts to overcome such obstacles in
cancer treatment.2 In the last 10 years, phototherapy has
sparked intense scientific attention as an innovative approach
to cancer treatment. It is noninvasive, has low systemic toxicity,
and has minimal side effects or drug resistance.3 The 2 types of
phototherapies most frequently utilized for cancer treatment are

photodynamic therapy (PDT) and photothermal therapy (PTT).
PTT uses photothermal agents (PTAs) to create heat by energy
conversion absorbed from photons, which causes the cancer
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cells’ thermal ablation and subsequent cell death. PDT kills
cancer cells by producing reactive oxygen species (ROS)
under laser illumination using photosensitizer (PS) agents.4

PDT focuses on utilizing the PS, which, when exposed to the
correct wavelength of radiation, produces ROS. ROS molecules
with extreme cytotoxicities, such as 1O2, superoxide, and OH,
may be produced to kill cancer cells when they absorb the PS.
The visible range, 350 to 700 nm, is typically used for irradiation
in this method; however, some investigations also utilized near-
infrared (NIR) (750-1700 nm).4,5 There are many PS, most of
which contain porphyrin molecules, which accumulate and
retain specifically in malignancies and allow targeted therapy fol-
lowing light irradiation. PS have been conjugated with various
nanomaterials, including carbonaceous nanomaterials (CNMs),
to boost their phototherapeutic effectiveness. In addition, fuller-
enes, carbon dots (CDs), and graphene quantum dots (GQDs)
are examples of CNMs that can function as PS independently
without including any external PS molecules.6

The potential of PTAs, which generate heat, has piqued inter-
est in PTT for its efficacy in killing cancer cells while sparing sur-
rounding healthy tissues. A PTA should absorb NIR or visible
light and convert it into heat, causing hyperthermia at the
tumor location.7 There are 2 distinct methods for determining
PTT. Mild phototherapy is 1 option; this treatment raises the tem-
perature to around 40 °C to 50 °C to disrupt typical cellular func-
tion.5 Photothermal ablation is the second method, and it often
involves temperatures exceeding 50 °C, which destroys cell
membranes and causes necrosis.8 The thermal stability and
light absorption often displayed by CNMs make them promising
candidates to be employed as PTAs in this scenario.9

Research into PDT and PTT has shown promise as a mini-
mally invasive and selective treatment approach. The synergistic
effect of these 2 approaches can significantly improve the efficacy
of cancer treatment.4,8 PTT can boost PDT effectiveness only after
heat produced by irradiation increases cell permeability, which
enhances PS uptake.10 Enhanced PDT is also a result of the
higher levels of ROS generated by raising the body temperature,
which in turn enhances blood flow and causes tumor tissues to
become significantly oxygenated. In addition, the formation of
ROS during PDT hinders heat-shock proteins from shielding
tumor cells from PTT’s effects.11 NIR irradiation is commonly
used to activate therapeutic effects in PTT, while ultraviolet
(UV) and visible light irradiations are more commonly used in
PDT. CNMs can target and destroy tumor cells by loading PS/
anticancer agents or conjugating them with macromolecules.5

Photobiomodulation (PBM) is a form of alternative and tradi-
tional medicine that employs low-intensity light sources, such as
lasers or light-emitting diodes (LEDs), on the site of illness for
treating several diseases.12 Medical professionals have tried
PBM for various conditions, including chronic and acute pain,
wound healing, Parkinson’s disease, inflammatory disorders,
musculoskeletal syndromes, dentistry, neurological diseases,
cancers of the head and neck, colorectal cancer, and carpal
tunnel syndrome.13 When the light is delivered into the cells,
PBM has both stimulating and inhibitory effects.14 Most cells,
including endothelial cells, fibroblasts, lymphocytes, and

keratinocytes, respond to PBM by increasing
their proliferation. This is achieved through the mitochondrial
signaling process photostimulation and the transcription
process regulation, which lead to enhanced growth factor
production.15,16

Despite all this, the clinical utility of these methods is often
showing some limitations, including limited selectivity as well
as the depth of penetration and location as well as the size of
tumors. The well-known restriction of these methods showed
that they were beneficial for treating surface tumors but not
deeper tumors like brain or liver tumors because of the
restricted light penetration depth.17 According to a study by
Wang et al,18 larger tumors needed greater gold nanoparticle
(NP) dosages and higher irradiation times to completely disap-
pear, even though some residual tumors were left behind. It was
also observed by another group of researchers that both healthy
and cancerous liver cells might be harmed by PTT utilizing gold
nanorods (AuNRs).19

The focus of this review is to expound on the recent progress
made in cancer phototherapy with the utilization of CDs, fuller-
enes, graphene, etc. There will be a quick rundown regarding
phototherapy and its biomechanism. The basic structural proper-
ties of each type of CNM, fabrication approaches, and methods
of surface functionalization are hereby thoroughly discussed
that render them more water-soluble and biocompatible. At the
same time, it also gives them entirely new characteristics.

Biomechanics of Phototherapy
Due to the minimal invasiveness and site-directed treatment poten-
tial, PTT became popular in cancer studies. PTT typically employs
a PTA, which converts the light energy into heat upon irradiation
with a light source enhancing the surrounding tissue temperature
and causing the death of cells.20 A perfect PTA should be target-
specific, especially tumor-specific, in case of cancer. It should also
possess excellent photothermal conversion efficiency (PCE).21

Attention has been focused on creating nanosized PTAs, which
can accumulate in tumors via the enhanced permeability and reten-
tion (EPR) effect and active targeting.22

A PTA works as an accelerator to heat the targeted tissue. In
particular, the PTA absorbs energy and shows excitation from
the ground to an excited state when irradiated with light of a
particular wavelength. When the excited PTA collides with
the surrounding molecules, the excited PTA experiences nonra-
diative vibrational relaxation and returns to the ground state.
This excess kinetics leads to an increase in the heat in the
tumor microenvironment (TME).23 When tissues are subjected
to temperatures exceeding 42 °C, 1 of 2 cell signaling pathways
—necrosis or apoptosis—is typically associated with tissue
death via the photothermal effect.

Additionally, recent research has revealed a novel mecha-
nism of cell death in PTT called necroptosis, which resembles
passive, uncontrolled necrotic death of cells but differs in
being a strictly controlled cell death mechanism.24 When the
heat rises above 41 °C, a series of changes have been seen,
such as the enhanced expression of genes that causes the
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activation of heat-shock proteins.25 Above 42 °C, irreversible
tissue damage happens, causing necroptosis. So, PTT generates
high heat that leads to cellular death.

The combination of PTT with other techniques often results
in clinical benefits that are cumulative or even synergistic in
nature.26 For instance, the combination of PTT and PDT pro-
duces local heat that enhances blood flow leading to the gener-
ation of a high concentration of oxygen in TME, improving the
efficacy of PDT.27

Phototherapy and Its Role in Cancer Biomodulation
Despite the significant advancements made over the past few
years, early detection and effective cancer therapy are still chal-
lenging. Traditional treatments such as radiation, surgeries, and
chemotherapies are widely used in cancer treatment, but they
risk harming normal cells.28 Phototherapy has been commonly
used in different biomedical applications to solve this issue.
Phototherapy comprises 2 main categories such as PTT and
PDT.29 This phototherapy could penetrate more effectively
into the cells when using NIR, which can effectively target
cancer cells with precision while sparing healthy cells.11

PTT is anticipated to achieve nontoxic and potent tumor cell tar-
geting to improve clinical efficiency without harming healthy
tissues.30 Several CNMs exhibiting NIR absorption show remark-
able clinical efficacy in numerous in vivo tests conducted in
patient assessment.2 Due to its ability to specifically destroy
cancer cells utilizing heat radiation, PTT is currently attracting
more andmore attention in scientific circles. PTT leads tomany bio-
logical and physiological alterations in the tumor cells that can max-
imize its therapeutic efficacy and boost the effectiveness of further
treatments. For instance, localized heat release enhances the perme-
ability of the tumor’s cell membranes and blood vessels, which can
boost the absorption of additional treatments like chemotherapy.31,32

In PDT, the PS is activated by a specific wavelength of light to kill
tumors. PDT uses a light-activatable PS that generates ROS, such as
peroxides and free radicals, after activation.33 Compared to PDT or
PTT alone, the integration of PDT and PTT may have a synergistic
action. PTT can synergize PDT into the intracellular milieu and
raise the O2 concentration in tumor tissues by enhancing the local-
ized flow of blood, leading to the higher efficacy of PDT (Figure 1).

Phototherapy-Eliciting Materials: Understanding
Dimensions of Carbonaceous Nanomaterials
At the beginning of the study of CNMs, 0-dimensional (0D) ful-
lerenes were discovered. Various CNMs such as 0D or dimen-
sionless (eg, fullerenes and carbon quantum dots [CQDs]),
1-dimensional (1D) (eg, carbon nanotubes [CNTs] and carbon
nanohorns [CNHs]), and 2-dimensional (2D) (eg, graphene)
have been used as phototherapy-eliciting materials13

(Figure 2). In the medical sciences, these CNMs possess dis-
tinctive physiochemical properties and structural features,
which enable them to escape the hazardous side effects of exist-
ing chemotherapy and advance level efficient treatments.

Dimensionless or 0-Dimensional Carbonaceous Nanomaterials.
Dimensionless or 0D CNMs exhibit exceptional qualities,
including minimal cytotoxic effects, excellent photostability,
outstanding cytocompatibility, and simplicity in conjugating
with macromolecules. Examples of 0D CNMs are fullerenes
and CQDs.4 These materials are synthesized using various
synthesis approaches such as chemical, biological, and phys-
ical. These synthetic methods have a significant impact on
both properties and uses of CNMs. Chemical synthesis
involves chemical vapor deposition, sol–gel techniques, and
microemulsion. In contrast, in the biological approach, differ-
ent biomolecules, such as enzymes, proteins, RNA, DNA, etc,
have been used that make the nanomaterials less toxic and
more biocompatible. The physical method involves thermal
evaporation, pyrolysis, electrospraying, etc. Compared to
chemical and physical methods, biological methods are less
expensive and avoid toxic chemicals. The next sections
discuss the 2 most crucial dimensionless CNMs, such as ful-
lerenes and CQDs.34

Fullerenes. Fullerenes have sp2-hybridized geometry orga-
nized in 12 pentagons and 20 hexagons within void spaces
with diameters in the range of 7 to 10 Å. Different forms of
fullerenes are available such as C72, C70, C78, C76, and C84.
Among them, C60 has significantly less diameter, and it is a
majorly used form of fullerene.35 Moreover, the configuration
of carbon atoms is in a pyramid shape, not a planar shape. The
basic sp2 carbons must contain a sp3 pseudo-bonding element.
The pentagon gives a curve-shaped structure that closes the
cage. In the X-ray diffraction (XRD) pattern of fullerene
C60, it was observed that 2 distinct bonds join 2 hexagons,
and the other forms a hexagon–pentagon pair. The first
bond, numbered 66, having 1.38 Å length, connects 2 hexa-
gons. The second bond, numbered 56, has a size of 1.45 Å,
which connects the pentagon–hexagon pair. A solid-state

Figure 1. Phototherapies used in cancer biomodulation.
Abbreviations: PDT, photodynamic therapy; PS, photosensitizer; PTA,
photothermal agent; PTT, photothermal therapy; ROS, reactive oxygen species.
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fullerene appears as a crystalline structure or aggregate
showing a face-centered cubic (FCC) lattice. Solubility of
both the aggregates and their crystalline structure was found
in many organic solvents, especially carbon disulfide
(8.00 mg/mL) and toluene (2.8 mg/mL). It also has good
stability; moreover, cage degradation occurs above 1000 °C.
The fullerenes can be characterized with the help of UV–
visible, Fourier transform-infrared (FTIR), Raman, mass,
and nuclear magnetic resonance (NMR) spectroscopy.

Carbon Quantum Dots. Other 0D CNMs that are CQDs are
categorized as CDs and GQDs. The characteristics of GQDs
and CDs that set them apart from other CNMs are their tiny
size and fluorescence.36 CDs mostly exist as quasi-spherical
NPs having a size between 2 and 20 nm, with sp3 carbon geom-
etry. GQDs are crystalline disk-shaped particles with diameters
ranging from 2 to 10 nm that are primarily made up of
sp2-hybridized carbon.37

Researchers have synthesized CDs by the hydrothermal
method using coronene derivatives with high PCE at 808 nm.
CDs can primarily accumulate in lysosomes and have high bio-
compatibility, photostability, and cell penetration abilities.
According to the findings of this investigation, CDs are a
good choice for an effective NIR light-triggered PTA for an
effective PTT against cancer.38

1-Dimensional Carbonaceous Nanomaterials. CNTs and CNHs
are examples of 1D CNMs widely used in PTT. In the next sec-
tions, we have briefly discussed CNTs and CNHs.

Carbon Nanotubes. CNTs exhibit light absorption in the NIR
region. The 2 types of CNTs—single-walled CNTs (SWCNTs)
and multiwalled CNTs (MWCNTs)—have unique characteris-
tics and PTT effects. The only arrangement of carbon atoms
in CNTs is in the form of the aromatic benzene ring. They
resemble wrapped graphene layers in a hollow cylinder tube
with open ends. Armchair, zigzag, and chiral are CNTs’ geo-
metric representations, and sp2 planar and sp3 cubic are allo-
tropic forms. CNT-based systems have received a
considerable amount of interest in the field of biomedicine as
sophisticated nanocarriers to transport diverse therapeutic com-
pounds via interaction. CNTs may pass numerous biological
barriers within the body to generate negligible immunogenic
responses and damaging impacts.39 As a result of inadequate
targeting, low bioavailability, and organ damage, traditional
cancer therapies, including radiotherapy surgery and chemo-
therapy, have several undesirable consequences and do not
entirely treat the condition.40 Researchers are now concentrat-
ing on combination therapies like nanomaterials and photother-
apy to treat cancer effectively and precisely. To boost the
bioavailability of PS and to target only cancer cells, the PS is
combined with CNTs.41 Researchers have studied the
SWCNT for PTT for the treatment of metastatic breast cancer.42

Carbon Nanohorns. CNHs (nanocones) mainly occur as a
single-walled, horn-shaped structure. CNHs possess a diameter
within the range of 2 to 5 nm, a length of around 40 to 50 nm,
and an angle of ∼120°.36 They often occur as circular clusters of
50 to 100 nm. A tumor site can be best accumulated by the EPR

Figure 2. Different carbonaceous nanomaterials (CNMs) used in phototherapy.
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effect with a diameter in this size range.43 Single-walled nano-
horns are produced via arc discharge (AcD) or laser ablation
(LA) utilizing pure graphite rods and catalysts devoid of
metal, unlike single-walled nanotubes, which include metal
impurities.43 One more advantage of CNHs over CNTs is that
they can be synthesized at room temperature. The remaining
properties of CNHs show a resemblance to that of CNTs.
NIR light can be absorbed by CNHs, which can have a signifi-
cant photothermal impact. Their biological uses, particularly
those in PTT, are improved by this trait. Whitney et al44 have
utilized the SWNHs as a temperature enhancer when irradiated
with NIR light that causes the death of tumor cells.45 CNHs
have been used in conjunction with NIR irradiation to destroy
cancer cells in vivo, proving the effectiveness of its PTT.46 It
is possible to eliminate tumors using PTT tumor ablation
induced by CNHs without endangering healthy cells.
Volunteers who received heat or CNH treatment experienced
hair growth a week following treatment without tumor
relapse. The safety of CNTs and CNHs in PTT and other
medical applications was demonstrated by this investigation.47

2-Dimensional Carbonaceous Nanomaterials. Due to their fragile
structure, distinctive photoelectric capabilities, and larger
surface area, 2D CNMs are currently being investigated as
novel PTAs. 2D CNMs have shown substantial promise for
photothermal-based synergistic strategies in addition to single
PTT.48 The benefits of 2D nanomaterials over other nanomate-
rials include the following. (i) The 2D nanomaterial’s vast
surface areas can accept guest molecules for synergetic treat-
ment, such as PS, immunological adjuvants, and chemothera-
peutic medicines, thanks to surface modification. (ii) The 2D
nanomaterial’s optical characteristics can be changed by alter-
ing the number of layers they contain or by integrating them
with other metals showing surface plasmon resonance.49,50

These 2D nanomaterials are synthesized mainly by 2 major
routes such as top-down and bottom-up. The top-down
method involves breaking weak van der Waals forces
between the layers of 2D nanomaterials.51 In contrast, the
bottom-up approach involves chemical reactions using proper
starting materials to synthesize 2D CNMs.48 One of the 2D
CNMs widely used in PTT is graphene.

Graphene. Geim and Nosovelov first did isolation of gra-
phene from graphite in 2004.52 It has a 2D carbon lattice with
a sp2-hybridized hexagonal shape with unique electrical charac-
teristics. It possesses a moderately high Young’s modulus, high
electric and thermal conductivity, and quicker electron mobil-
ity. Carboxyl graphene (GCOOH), graphene oxide (GO), and
reduced graphene oxide (rGO) are the most common forms of
graphene employed today.52,53 The Hummer technique is
among the most widely used synthesis processes for producing
graphene-derived products since it is highly affordable and
easily scalable. GO can be reduced using hydrazine hydrate
that gives rGO. Various techniques, such as XRD, FTIR spec-
troscopy, Raman scattering, scanning electron microscopy
(SEM), etc, have been used to characterize the GO.

According to several studies, rGO has a high payload capacity
and NIR absorption capability. To enhance the therapy of certain
tumors, it could be chosen as a delivery mechanism to combine
the PDT/PTT with chemotherapeutics.54 In 1 such research
study, scientists preloaded the rGO with doxorubicin (DOX). In
addition to this, a PS (chlorin e6 [Ce6]) was added for the treat-
ment of cancer. This study was performed on the 2D/3D cultured
tumor cells (tumoroid/spheroid) and also in animal models. The
graphene-based products were used with PTT/PDT and chemo-
therapy, and results showed that nanomaterials in combination
with PTT are better than chemotherapeutics and PTT alone.55

Approaches for Fabrication
of Carbonaceous Nanomaterials
The recently found carbon nanodots (CNDs) are a type of CNMs
that exhibits exceptional physical, chemical, and fluorescence
properties, making them attractive for chemotherapeutics and diag-
nostics such as bioimaging, biosensing, and nanostructures for
delivery systems pioneering bioactive molecules in PDT and
PTT. For the objectives of synthesis, bottom-up and top-down
methods may be used to classify the CNDs. Bottom-up approaches
include thermal routes, microwave-assisted methods, and hydro-
thermal and aqueous-based methods. Top-down approaches
include LA, electrochemical, and AcD methods.56

Despite their similarities to quantum dots (QDs), CDs are
formed from carbon rather than metal sulfides, metal oxides,
etc, used to generate QDs.

The 2 prevalent synthetic techniques for CD synthesis are
bottom-up and top-down. CNMs may be used in various
top-down processes for cutting carbon materials, including
plasma treatment, AcD, LA, and electrochemical procedures.
Bottom-up approaches include reverse micelle processes, pyro-
lytic procedures, supported synthetic strategies, template tech-
niques, chemical oxidation, microwave-based methods, and
many others. Since green synthesis approaches will help reduce
solid waste pollution, they are strongly recommended for synthe-
sizing CDs.57 To detect metronidazole, restricted access materials
and molecularly imprinted polymers (RAM-MIP) were used to
fabricate CDs by a custom-tailored approach. Advantages of the
biomass CDs synthesized from longan peels with the help of
high-pressure microwaves include their low toxicity, outstanding
photostability, and minimal environmental impact.58

Advancedmagnetic CNMs have recently captured the attention
of researchers due to their potential uses in various fields that ben-
efited from the combination of nanoscale and magnetic features of
CNMs. Drug delivery, carbon capture, adsorption, catalysis,
cancer detection, biosensing, or energy and hydrogen storage are
all possible applications for these materials. Ultrasonication,
hydrothermal carbonization, chemical co-precipitation, and pyrol-
ysis are all low-cost and time-efficient techniques for synthesizing
magnetic CNMs. Each technique alters the final product differ-
ently and has distinct restrictions and drawbacks.59

Researchers demonstrate a unique technique for producing
graphene-encapsulated metal oxide (GE-MO) by co-assembly
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of positively charged oxide NPs and negatively charged GO.
Electrostatic interaction between the 2 species triggers the reac-
tion, which is further processed for chemical reduction. The
resultant GE-MO has ultrathin graphene shells that are both
flexible and able to encapsulate the oxide NPs completely.
Using this novel hybrid architecture, the aggregation of oxide
NPs can be avoided, which accounts for volume change
during cycle processes, generates a high oxide content
(∼91.5% by weight) in the composite, and keeps the electrode’s
overall electrical conductivity high.60

Potential methodologies for producing functional nanopo-
rous CNMs with required characteristics and morphologies
include hard- and soft-templating procedures. Massive efforts
have been made to comprehend the synthetic principles that
profoundly affect material applications and design. All of
these studies are important in encouraging the use of soft-
and hard-templating techniques to produce nanoporous
CNMs accurately. Various methods of fabrication for nano-
porous CNMs are reviewed like a hard-templating synthesis
of microporous carbon, fabrication of mesoporous carbon
from mesoporous silica, fabrication of microporous carbon
from zeolites, and soft-templating synthesis of mesoporous
carbon.61

Although LA and AcD are well-established procedures for
producing practically flawless and high-quality nanotube struc-
tures, their manufacturing costs are prohibitively expensive due
to scale-up restrictions. Impurities such as amorphous carbon,
fullerenes, and catalyst particles are also formed during synthe-
sis. Thus, purification is essential to remove the CNTs from
contaminants. Some examples of CNT synthesis techniques
include gas-phase catalytic growth from carbon monoxide,
LA, AcD, and chemical vapor deposition from hydrocarbons.
Traditional methods like in situ polymerization fabricated
CNTs/polymer nanocomposites (PNCs), melt blending, and
solution mixing. Advanced techniques for the fabrication of
CNTs/PNCs were developed, such as the bulky paper-based
approach and layer-by-layer route.62

Covalently attaching medications or other therapeutic sub-
stances to the NPs can fabricate CNMs. DOX, a chemothera-
peutic medication, was covalently attached to nanographene
oxide (nGO), and this allowed the creation of a delivery
system for drugs based on nGO. Compared to free DOX,
DOX-nGO conjugates demonstrated improved medication
delivery and cytotoxicity toward cancer cells.63

Surface Modification of Carbonaceous
Nanomaterials
Water dispersibility and biocompatibility must be considered
while using nanomaterials for physiological purposes.
Because of their interactions among CNMs and strong hydro-
phobic interactions, most CNMs (eg, CNTs, graphene, fuller-
enes, and CNHs) are insoluble in aqueous solutions, making
them less attractive for biological applications. Relevant solutions
for improving biocompatibility and water dispersibility must be
devised to utilize these CNMs for biomedical applications. So

far, 2 basic techniques for dispersing CNMs in an aqueous sol-
ution and making them physiologically friendly have been
proposed, ie, surface modification by covalent and noncova-
lent methods.4 Aligning and dispersing graphene and other
CNMs in a polymer matrix is a formidable challenge
because of the van der Waals force that causes the aggregation
of CNMs. As a result, developing high-performance CNTs/
graphene polymer composites with improved alignment and
dispersion, as well as solid interfacial contacts, for improved
load distribution all over the graphene/CNT polymer matrix
interface is the primary concern. The surface modification of
these CNMs is an excellent technique to prevent graphene
and CNT aggregation, allowing them to stabilize and effec-
tively distribute inside a polymer matrix.64

Before selecting a suitable modification process for any
CNMs, significant consideration must be given to the
design and stability of the nanomaterial. Before any subse-
quent biological applications, equilibrium between structural
integrity and stability must be maintained. Functionalization
or modification methods are the most crucial aspects that
might influence the eventual entrapment efficiency of
imaging labels or genes or drugs. Surface modification by
the covalent method can be chosen for materials not suscep-
tible to structural changes, such as nGO, nanodiamonds,
and CNTs. Still, other parameters like reagent availability,
circulation half-life, and effective cargo release must be
addressed.65

Covalent-Based Surface Modification
Surface modification by the covalent functionalization method
often entails including hydrophilic functional groups like
amino groups, carboxyl groups, and hydroxyl groups to the
gene or drug cargos, targeting ligands and protecting polymers
like polyethylene glycol (PEG). Carboxyl groups can be gener-
ated through oxidation using agents like nitric acid. Aside from
oxidation, another covalent method for functionalizing CNMs
is the cycloaddition reaction, which uses the aromatic rings
within the material structures as the reaction target.66 The
strong interactions ranging from infrared to terahertz frequen-
cies between CNMs and low-frequency photons and extraordi-
nary electronic properties are primarily attributable to the
delocalized π–π system in CNMs. This endows them with
exceptional NIR-mediated PCE. Covalent surface modification
poses a risk to such decentralized networks of CNMs, which
might reduce or eliminate their PCE and significantly impact
their practical uses in phototherapy. CNMs functionalized by
covalent modification methods are typically stable. Yet, this
modification approach ultimately damages some material struc-
tures, resulting in the loss of certain inherent features like photo-
thermal capacities.65

Noncovalent-Based Surface Modification
Noncovalent modification, which includes coating the CNMs
using amphiphilic compounds, has a milder reaction requirement
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than covalent modification. The amphiphilic molecules’ hydro-
phobic motifs may be attached to the surface of materials, with
the hydrophilic ends protruding into the aqueous solution and
preserving the materials’ overall stability. van der Waals
forces, hydrogen bonding, π–π interactions, and electrostatic
forces are examples of noncovalent interactions. The biggest
concern for this modification of noncovalent conjugates is
reduced stability. Fast and simple direct absorption was
observed via electrostatic interactions, but the generated conju-
gates exhibited less than ideal stability.65,67

Noncovalent surface modification of CNMs is possible by
encapsulating proteins, DNA, polymers, surfactants, and
viruses. π–π stacking to the surface of CNMs is a substantial
property of water-soluble aromatic molecules, including por-
phyrin, pyrene, and phthalocyanine derivatives. CNMs have
also been stabilized using biomacromolecules like proteins
and DNA in addition to nonbiological components. Even non-
covalent surface modification has certain shortcomings, like
covalent surface modification. Even though noncovalent modi-
fications do not disrupt the networks of CNMs, the resulting
nanohybrids are not very stable.68,69

Because of their surface chemistry, size, and aggregation state,
CNTs can cause fibrosis or inflammation. Coating these CNMs
is 1 way to alter their surface characteristics and develop safer
CNTs. For example, the surface of CNTs was coated with
PF108, a nonionic triblock copolymer. Mitigated profibrogenic
effects, decreased cellular absorption, decreased aggregation,
and improved dispersion of CNTs were demonstrated due to
the extended hydrophilic region included in this copolymer.
Furthermore, these scientists showed that coating of PF108 mit-
igated CNT-induced toxicity in THP-1 cells and BEAS-2B and
the lungs of mice. Protective coating with PF108 reduced CNT
absorption by cells and prevented lysosomal membrane damage
induced by CNTs in phagocytic THP-1 cells. Production of
proinflammatory cytokines (IL-1) by THP-1 cells and produc-
tion of profibrogenic transforming growth factor (TGF)-1 by
BEAS-2B cells were also reduced. The protective role of the
surface coating of PF108 against pulmonary fibrosis was
further validated by in vivo tests, which showed that CNTs
coated with PF108 decreased collagen synthesis and accumula-
tion in the lungs compared to pristine CNTs.70,71

Carbonaceous Nanomaterials for Cancer
Phototherapy
Carbon, with its 6 electrons, has unique qualities that permit it
to establish covalent interactions with other carbon molecules,
enhancing their complexity.5 In the last 30 years, there has
been a surge of interest in a low-dimensional class of carbon
materials known as “CNMs” after the stunning introduction
of fullerenes in 1985, followed by the creation of various
CNMs with distinctive shapes, including graphene, CNTs,
CNHs, and CQDs.4 Their common feature is the presence of
carbon atoms that are sp2-hybridized, which are often orga-
nized in hexagonal lattices.72 The exceptional chemical and
physical characteristics of CNMs have inspired their wide

range of usage in biomedicine, including bioimaging, drug
delivery, biosensing, tissue engineering, and phototherapy.
CNMs provide many benefits because of their nanosize, hydro-
philicity, and ideal diameters for maximum tumor uptake
through the EPR effect. In cancer treatment, CNM-based pho-
totherapy can be employed as a delivery mechanism. Several
CNMs widely utilized in cancer therapy are summarized in
Table 1.

Fullerenes for Cancer Phototherapy
Fullerenes are spherical soccer ball–like structure that contains
60 atoms of carbon. They consist of fused rings as well as con-
jugated bonds with sp2 and sp3 bond hybridization. Due to
their significant hydrophobicity, fullerenes have limited
polar solvents and high solubility in organic solvents like
chloroform, benzene, and toluene.73 The small caged structure
makes fullerene C60 highly reactive. Hydrophobicity, cohe-
sion between fullerene molecules, photoactivity, reactivity,
and the capacity to receive and release electrons are just
some of the unique features that make fullerenes so versatile
for biological applications.74

Several researchers found that fullerenes show efficient results
in cancer therapy. In 2014, 1 researcher group co-entrapped dia-
dduct malonic acid-fullerene (DMA-C60) and docetaxel (DTX)
in micelles for cancer photodynamic chemotherapy. The observed
in vivo and in vitro characteristics of DTX-MC (Micelles) are
greatly enhanced by DMA-C60 addition in terms of more excellent
stability, reduced critical micellar concentration (CMC), long-
lasting activity, and targeted dispersion. A promising prospect
for the chemo-PDT combination for tumors is confirmed by the
findings that the DMA-C60 addition under irradiation enhances
cytotoxicity, influences cell cycle and death, and considerably
enhances DTX-MC antitumor impact.75

Guan et al76 developed nanovesicles containing a trimalo-
nate fullerene C70 derivative (TFC70) and a Photosensitizer
(Chlorin e6) (FCNVs) for cancer therapy, which have proven
to be both extremely effective and clearable phototheranostics,
with improved tumor accumulation, in both imaging and
treatment. Excellent loading efficacy of Ce6 (up to 57 wt
%), effective absorption in the NIR light range, increased
Ce6 cellular uptake efficacy in both in vitro and in vivo,
high biocompatibility, and total clearance from the body are
just some of the benefits of the created FCNVs. This discovery
may prove helpful in advancing highly effective phototheranostic
usage, utilizing nanostructures manufactured from fullerene
derivatives.

Another group of researchers calculated the photothermal
efficiency of polyhydroxy fullerenes based on the irradiation
time of the laser and the concentration of the NPs. Polyhydroxy
fullerenes were discovered to have a 69% PCE, and their pho-
tothermal reaction was observed to be stable with recurrent
laser irradiation along with no alterations to the molecular
structure. Polyhydroxy fullerenes are ideally suited for PTT
because of their excellent photothermal efficacy and outstand-
ing stability.77
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Carbon Nanotubes for Cancer Phototherapy
In 1991, Iijima78 discovered CNTs. Because of the distinctive
shapes and features of CNTs, such as higher aspect ratios, enor-
mous surface areas, low density, nanometer-scale size stability,
and extensive surface chemical functionality, they have
attracted a lot of attention in biomedical sectors. They have a
needlelike structure that helps them to enter the target cells.
CNTs have shown great potential as nanocarriers for transport-
ing bioactive molecules like proteins, drugs, and genes.79

SWNTs and MWNTs are 2 types of CNTs that play essential
roles in cancer research with distinct features based on the
number of carbon atoms per sheet.80

One research group developed hyaluronic acid–derived
CNTs (HA-CNTs) for cancer therapy, which is also functional-
ized with hematoporphyrin monomethyl ether (HMME) for
PDT. The therapeutic potential of cancer treatment was signifi-
cantly increased by the capacity of HMME-HA-CNT nano-
structures to merge localized selective PDT with exterior NIR
PTT. This combination therapy proved that it has a synergistic
impact and increased therapeutic efficacy with minimal disrup-
tion to healthy organs.81

Xie et al82 prepared a long-circulating drug delivery system
based on SWCNTs, which can be used in conjunction with PDT
and PTT to treat tumors effectively. ACEC is a multimodal
Evan’s blue (EB)/CNT-based theranostic system loaded with
albumin/Ce6 with the potential to provide fluorescence and
photoacoustic (PA) imaging of tumors to maximize the treat-
ment window. This research introduces an SWCNT-based
delivery system for combined PTT and PDT for treating
tumors, which have shown tremendous promise in previous
studies. When applied to other nanomaterials, EB’s functional-
ization of SWCNTs can increase their in vivo efficacy and cir-
culation time.

In a similar line, researchers coupled SWCNTs with HA and
underwent a coating of Ce6 on their walls to treat colon cancer.
Due to their high surface area and strong interaction with
various PS molecules, SWCNT-based nanobiocomposite
systems demonstrate outstanding PS delivery. The current
work revealed that exposure to SWCNT-HA-Ce6 in combina-
tion with PDT increased apoptosis of colorectal cancer.

Another research group named McKernan et al83 introduced
a new approach to treat metastatic breast cancer by combining
PTT with targeting SWCNTs and checkpoint inhibitor immu-
nostimulants. Low systemic doses of about 1.2 mg/kg of the
SWCNT-ANXA5 (Annexin A5) nanoconjugate were adminis-
tered to achieve tumor vasculature accumulation via
ANXA5-dependent binding. Even though SWCNTs remained
intact in organs for 4 months following the treatment, no
adverse effects or apparent tissue toxicity were seen throughout
the experiment.

Carbon Dots for Cancer Phototherapy
CNDs are 0D CNMs, ranging in size from 2 to 10 nm and
exhibiting remarkable luminous capabilities.84 In 2004, XuT
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et al,85 while refining CNTs using electrophoresis, discovered
CNDs by chance. Extremely considerable attention has been
paid to CNDs in biomedical research because of their ease of
production, rapid surface modification capacity, distinctive
optical and physicochemical features, minimal cytotoxicity,
and photoluminescence and fluorescence emission at specific
excitation wavelengths.86 Additionally, CNDs can serve as
nanomaterials or PS in PDT due to their capacity to convert
NIR energy into ROS.87

One research group found that CDs could produce singlet
oxygen (1O2), hydroxyl radical (OH

.), and heat using laser radi-
ation of 635 nm with 73.5% PCE and 5.7% quantum yield for
O2 generation. The lysosome, an excellent organelle for laser
treatment due to its vital role in maintaining cellular stability
and activity, can selectively accumulate CDs. Additionally,
CDs have outstanding PA imaging capabilities as well as
both one- and two-photon excited (OPE and TPE) fluorescence.
The prepared CDs showed excellent biocompatibility and
served as a multifunctional phototheranostic compound for
PA/fluorescence imaging and PDT/PTT.88 Lysine, sulfuric
acid, and o-phenylenediamine were used as the starting materi-
als for producing CDs doped with sulfur and nitrogen atoms (S,
N-CDs) having absorption redshift effects. It was discovered
that the therapeutic efficacy of S, N-CDs was higher than that
of N-doped CDs, with 27% efficiency in creating 1O2 and
34.4% PCE. The research sheds new light on creating nano-
drugs based on carbon for combinatorial phototherapy and
precise tumor diagnostics.89

Further, Jiao et al90 created CDs doped with gadolinium
(Gd) using an easy solvothermal method conjugated with
AS1411 aptamers for imaging-guided cancer phototherapy.
AS1411-Gd-CDs displayed stable nanostructure, high biocom-
patibility, bright red fluorescence (FL) emission, notable mag-
netic resonance (MR) contrast, and high PCE. Moreover,
AS1411-Gd-CDs showed substantial inhibition of tumors
when imaged with FL/MR-guided imaging because of the pow-
erful photothermal effect (Figure 3).

Carbon Nanohorns for Cancer Phototherapy
CNHs are nanostructures of horn shape having sp2-linked
carbon atoms and are conceptually similar to the chemistry of
CNTs.91 Single-walled CNHs (SWNHs) are the most
common type of CNHs, which have a tubular unit assembly
with a diameter between 2 and 5 nm and a length between 40
and 50 nm. SWNHs’ aggregates can take on various shapes,
including bud-like, dahlia-like, and seed-like forms.65 Mainly,
CNHs, which resemble dahlias, are widely utilized in nanoon-
cology. These have a spherical architecture with an 80 to
100 nm diameter and are made up of almost 2000 tubular
units.92 Compared with SWNTs, SWNHs have various bene-
fits, including better biocompatibility, a more uniform and pre-
dictable shape, simpler large-scale synthesis, and no metal
contamination (often accepted as the leading cause of CNTs’
toxicity).93

One study utilized a unique and straightforward 1-step tech-
nique to generate SWNH water-soluble and metal phthalocya-
nine (MPc) hybrids for PTT and PDT. The EPR study
revealed that ROS are produced not only by the photoinduced
electron transfer pathway from tetrasulfonic acid tetrasodium
salt copper phthalocyanine (TSCuPc) to SWNHs but also via
SWNHs that have not yet been aroused to their excited state
by TSCuPc. The cell viability data from the in vitro study
also showed that the combined PTT/PDT is noninvasive and
considerably increased anticancer efficacy. They also suggest
that the SWNH-TSCuPc nanohybrid is a promising and effec-
tive material for constructing an effective and biocompatible
nanotool for biomedical use.94

In a similar line, Yang et al95 also developed SWNHs
loaded with Gd3+ and Ce6 (Gd-Ce6@SWNHs), which
were shown to be an effective immune adjuvant that can effi-
ciently target and penetrate tumors. They established 3 in
vivo cancer models of mice and discovered that sequential
PDT and PTT using Gd-Ce6@SWNHs synergistically
enhances antitumor immune responses where PDT stimulates
CD80 and IFN-γ upregulation, and PTT activates dendritic
cells (DCs) to secrete TNF-α and IL-6. This study shows
that successive PDT and PTT utilizing Gd-Ce6@SWNHs
in moderate circumstances produces synergistic and long-
term antitumor immune responses, which is encouraging
for patient treatment suffering from metastatic malignancies
(Figure 4).

Another research group developed a unique CNH/DNA/Pt
NP nanoplatform relying on the clamped hybridization chain
reaction (c-HCR) technique for Zn2+ imaging intracellularly
and improved coordinated cancer cell phototherapy. The
c-DNAzyme was fragmented after reaching living cells to
trigger DNA in the presence of Zn2+ intracellularly and activate
the c-HCR process for fluorescence amplification. Furthermore,
this nanoprobe has significantly boosted the photodynamic
effect of oxygen generation via Pt NPs in a TME. It enhances
the CNH phototherapy effect by loading Pt NPs on it, suggest-
ing that it is a potential biological technique for the diagnosis of
cancer as well as cell therapy.96

Graphene Oxide and Its Derivatized Compounds
for Cancer Phototherapy
GO is a multilayered NP of graphene made from graphite that is
structured irregularly or like a disk.118 The majority of GO
atoms are carbon, which provides them with outstanding bio-
compatibility as well as a nontoxic nature.10 Carboxyl, car-
bonyl, epoxy, and hydroxyl are some of the functional groups
with oxygen found on the edges and basal planes of GO, con-
tributing to its high water solubility and adaptability to
surface modification.119 It is widely utilized in cancer treatment,
and when exposed to NIR light, GO generates heat that can kill
cancer cells.120

To destroy cancerous cells with effective photothermal
action, a 2D gold nanosheet hybrid templated with GO

10 Technology in Cancer Research & Treatment



Figure 3. Anticancer effect in vivo in 4T1 tumor–bearing mice. (A) Diagrammatic illustration of the design for animal experiments. (B) Thermal
scans of the tumor-bearing nude mice after various injections under 808 nm NIR laser illumination for 5 min (808 nm, 1 W/cm2). (C)
Temperature variations in the tumor region following 808 nm light irradiation at different injection rates. (D) Relative tumor sizes of the 4T1
tumor–bearing mice following different treatments for 14 days. (E) The change in body weight of mice over time in each group following various
treatments. (F) Images of 4T1 tumor–bearing mice and the tumor’s H&E staining at 14 days for different groups, including saline, NIR only,
Gd-CDs, AS1411-Gd-CDs, Gd-CDs+NIR, and AS1411-Gd-CDs+NIR. (F) Images of tumors that were removed from each group on the 14th
day following PTT. Saline is the first option, followed by NIR only, Gd-CDs, AS1411-Gd-CDs, Gd-CDs+NIR, and AS1411-Gd-CDs+NIR.
Adapted with permission from Jiao et al90 under a creative common license (https://creativecommons.org/licenses/by-nc/4.0/).
Abbreviations: CDs, carbon dots; Gd, gadolinium; NIR, near-infrared; PTT, photothermal therapy.
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(GO@SiO2@AuNS) was developed. The GO@SiO2@AuNS
hybrid demonstrated 30% PCE when irradiated with a low-
power NIR laser, which resulted in a 16.4 °C rise in the temper-
ature of the water. This GO@SiO2@AuNS hybrid can enhance
the library of gold-based 2D nanomaterials for the PTT of
cancer.121 To increase GO’s colloidal stability and

phototherapeutic potential, it was first fabricated with an amphi-
philic polymer named [2-(methacryloyloxy)ethyl]dimethyl-
(3-sulfopropyl)ammonium hydroxide (SBMA) brushes and
then IR780 was loaded into it. GO functionalized with
SBMA was more colloidally stable in biological media,
while GO not functionalized with SBMA quickly precipitated.

Figure 4. The immunological memory actions created by Gd-Ce6@SWNHs in tumor-bearing mice after phototherapy. (A) Biofluorescence
imaging with fluorescein-transfected 4T1 cells in cured mice (B) Analyzing pulmonary metastases in all categories. (C) In vivo H&E staining of
primary organs as well as lymph nodes at 6, 9, and 18 months of fLuc-4T1 rechallenge to assess the long-term systemic toxicity of
Gd-Ce6@SWNHs. Adapted with permission from Yang et al95 under a creative common license (https://creativecommons.org/licenses/).
Abbreviations: Ce6, chlorin e6; Gd, gadolinium; SWNHs, single-walled CNHs.
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SBMA-functionalized GO’s NIR absorption was improved
by adding IR780, contributing to 1.2 times more significant
photothermal heating. The combination of NIR radiation
and IR780-SPP/GO dropped 20% vitality of cancer cells,
confirming the phototherapeutic potential of IR780-SPP/
GOA.120

A synergistic phototherapeutic agent composed of cationic
porphyrin (TMePyP) with AuNRs embedded in a GO sheet is
reported, which is focused on a blend of PDT and PTT.
When exposed to light, the synthesized nanostructure generated
more heat than the naked AuNRs while maintaining their stabil-
ity in PBS and RPMI media. The nanostructure with good bio-
compatibility generated more 1O2 in the dark than TMePyP.
Based on these findings, the synthesized nanostructure has tre-
mendous potential as a dual photothermal and photodynamic
agent for cancer treatment.122

nGO is a graphene oxidative derivative with a 2D carbon
layer as well as a large surface area, which is particularly
gaining attraction due to its unique structure.123 NIR absorption
is a property of nGO due to its oxygen functional groups like
epoxy, carboxyl, and hydroxyl.124 Its capacity to adsorb
various molecules via hydrophobic interactions or π–π stacking
has led to its employment in cancer-related treatments, such as
medication or delivery of protein.125

PEGylated reduced nGO (rGOn-PEG) was synthesized from
nGO via a single-step noncovalent chemical functionalization
and thermal reduction method for its application in thermal
ablation of nonmelanoma skin cancer. Compared with nGO,
the absorbance of rGOn-PEG was ∼13 times greater in the
NIR region. PEGylation of rGOn significantly increased its bio-
compatibility and its dispersibility in physiological solutions.
The study found that irradiating rGOn-PEG with LEDs
instead of high-power lasers offers significant advantages in
terms of energy efficiency, cost, size, and safety for treating
cancer by NIR mild hyperthermia.126

Neelgund et al123 developed a PTA by covalently conjugating
folic acid with nGO, which was further coated with copper
sulfide nanoflowers for cancer PTT. When exposed to light
from a NIR laser, nGO-FA-CuS can rapidly raise their nucleus
temperature, destroying genetic substances and ultimately
leading to complete apoptosis. It also achieved a 46.2% photo-
thermal efficacy when illuminated with a 980 nm laser and
showed remarkable cytotoxicity in experiments with HeLa,
KB, and SKOV3 cells. It was discovered that increasing the
nGO-FA-CuS concentration and the incubation time increased
its cytotoxicity toward cancer cells. One study discusses the eco-
friendly strategy for creating laser-activatable nanosized colloids
of graphene (nGC-CO-FA) for chemo-photothermal combination
gene treatment of triple-negative breast cancer (TNBC). After
being exposed to a NIR-808 laser, DOX was released from
nGC-CO-FA/DOX/siRNA in a pH- and temperature-dependent
manner. The NIR-808 nm laser was used in the combinatorial
photo-chemo-gene therapy. It showed that it was more efficient
than non-NIR-808 laser–treated counterparts, highlighting the
critical significance of photothermal coupled gene therapy in
TNBC treatment.127

rGO is a 2D nanomaterial belonging to the graphene family,
consisting of sp2-hybridized carbon atoms in thick layers orga-
nized in honeycomb-like structures. It is created by the reduc-
tion of GO via chemical, electrical, or thermal processes to
remove the surface functional groups that contain oxygen.128

rGO is a superb multifunctional nanostructure for PTT due to
its simple synthesis, excellent water dispersibility, simple
surface functionalization, and outstanding biocompatibility.129

Polydopamine, rGO, and nano-zero-valent iron (nZVI) were
combined to create a NP platform with targeting, imaging, and
synergistic cancer phototherapy potential. When exposed to
NIR irradiation (808 nm), even a minimal concentration of
nZVI/rGO@pDA caused irreversible harm to MCF-7 cells
without causing cytotoxic activity in normal cells. In MRI,
nZVI/rGO@pDA showed high sensitivity comparable to
nZVI@pDA at even low concentrations. The innovative mate-
rial nZVI/rGO@pDA combines the benefits of pDA, nZVI, and
rGO to provide unique targeting abilities, outstanding biocom-
patibility, phototherapeutics for cancer, and tumor imaging
capabilities.130 The use of iron hydroxide/oxide nanostructures
anchored on rGO (FeOxH-rGO) as a treatment modality in the
combination of PDT and PTT for cancer was also hypothesized.
It was found that when the NIR wavelength of 808 nm is
applied to FeOxH-rGO, high NIR absorption allows for a
high rate of ROS production and light-to-heat conversion. In
a mouse model with a breast tumor, NIR combined with
FeOxH-rGO successfully ablated the tumor. Combining the
benefits of FeOxH with rGO, the developed nanocomposites
showed impressive tumoricidal ability.131

To improve the PDT/PTT performance in vivo and in vitro,
the rGO nanocomposite coated with mesoporous silica was syn-
thesized that provides a high indocyanine green (ICG) encapsu-
lation rate. After being exposed to NIR light, this
ICG@MS-rGO-FA nanostructure selectively promoted CT-26
cell apoptosis by stimulating PTT and PDT actions, with no
side effects on neighboring cells. In mice bearing the CT-26
tumor, the ICG@MS-rGO-FA nanocomposite was shown to
have effective tumor targeting as well as biocompatibility,
hence maximizing the therapeutic benefits of PDT and PTT
in vivo. Phototherapy using this targeted ICG@MS-rGO-FA
nanocomposite has a strong potential.132

GQDs are tiny particles of GO with a size of <100 nm and a
high concentration of O2-containing functional groups.

133 They
are considered 0D nanomaterials due to their extremely small
diameter and height of less than 10 graphene layers.134 Lower
toxicity, good chemical stability, and long-term resistance to
photobleaching are just a few of the fascinating qualities dem-
onstrated by GQDs.135,136 Several scientific disciplines have
heavily emphasized GQDs because of their potential applica-
tions in catalysis, sensing, bioimaging, and PDT.137,138

A stable hybrid of GO and GQDs was produced using elec-
trostatic layer-by-layer assembling via the bridge of polyethyl-
ene imine (GO-PEI-GQDs). When exposed to a NIR-808 nm
laser (0.5 W/cm2) for 5 min at concentrations ∼50 µg/mL,
GO-PEI-GQDs exhibited an outstanding photothermal response
(44 °C-49 °C). Novel synergistic features of GO-PEI-GQDs are
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reported, including persistent fluorescence imaging and increased
cytotoxic and photothermal actions on cancer cells.139

Considering this, Liu et al140 created a 1-step solvothermal
approach employing phenol as a single precursor to synthesize
GQDs with strong absorbance (1070 nm) in the NIR-II region
by adjusting the breakdown of H2O2 in a 9 T magnetic field.
It has been shown that 9T-GQDs, when exposed to NIR-II irra-
diation, may effectively cause ablation of tumor cells and sup-
press tumor growth in vitro and in vivo, respectively. The
improved NIR imaging of tumors in living mice employing
9T-GQDs indicates a promising future for their use in NIR
imaging–guided PTT in the NIR-II window. A novel method
for PS production is described, in which GQDs are modified
to form a core–shell structure on the surface of upconversion
NPs (UCNPs) doped with rare earth elements. It efficiently gen-
erates ROS when excited by NIR light to initiate the PDT
process. Exposure to PDT using UCNPs@GQDs revealed new
insights into developing nanomaterials based on PDT, as they
demonstrated both good biocompatibility and concentration-
dependent PDT efficacy.141

Quantum Dots for Cancer Phototherapy
Fluorescent NPs called QDs are renowned for their excellent
optical characteristics, including photostability, strong fluores-
cence emission, a narrow spectrum of emission, and a broad
excitation wavelength.142 The advantages of QDs, including
their ultrathin structure, large specified surface area, distinctive
photoelectric properties, and excellent biological safety, have
drawn much attention.143,144 Numerous unique QDs, including
those made of GO, bismuth, black phosphorus, and antimonide,
have been successfully synthesized and utilized in biomedical
applications.115

One group of researchers developed QDs in which they
conjugated magneto-fluorescent FeN@CQDs with riboflavin
and folic acid. Further, they incorporated an anticancer drug
named DOX for the efficient treatment of cancer. It was
found that GP-Rf-FA-FeN@CQD-DOX displayed NIR
absorbance, strong photothermal efficiency, targeted accu-
mulation at tumor regions, and great biocompatibility.
Experiments show that the formulation, so designed, may
transport anticancer medications to tumor cells, where they
are released intracellularly in response to NIR irradiation,
allowing for a combined chemo-phototherapy action that
can successfully eradicate tumors. The synergistic therapeu-
tic activity of GP-Rf-FA-FeN@CQD-DOX was confirmed
by in vitro and in vivo studies, and the combination was
also shown to destroy tumors without regrowth.102

Xie et al145 synthesized Bi2O2Se QDs via a top-down
method for PTT of cancer. Bi2O2Se QDs are shown to be
highly effective at both PA and PTT, as shown by in vivo
and in vitro evaluations. Bi2O2Se QDs passively accumulate
in tumors after systemic treatment, allowing for effective PA
imaging of the whole tumors to provide imaging-guided PTT
without apparent toxicity. The results demonstrate the promis-
ing future of Bi2O2Se QDs as a biodegradable multimodal

agent in medicinal settings. Depending on dual-modality
tumor imaging and combinatorial chemo-phototherapy, a
straightforward yet potent nanoprobe (H-MnO2/DOX/BPQDs)
was built for precise diagnosis and successful tumor treatment.
It has been found that nanoprobes break down in the acidic
microenvironment of tumors, releasing DOX/BPQDs. To
achieve a synergistic therapeutic effect, DOX chemotherapy
was coupled with PDT and PTT. In the end, the dual-modality
imaging–supported coordinated treatment approach increased
the therapeutic potential of cancer and the cancer patients’
rate of survival.146

Biosafety and Toxicity of Carbonaceous
Nanomaterials
Nanotechnology and nanomaterials hold great promise for
enhancing the diagnosis, treatment, and monitoring of a wide
range of diseases. According to various studies, using nanotech-
nology in the medical field improves the stability, solubility,
biocompatibility, targeting, controllability, and permeability
of drugs and vaccines.147 Despite the growing attention and
efforts being put into producing and utilizing nanomaterials,
there are growing concerns regarding the possible toxicity of
these materials. In fact, only a few nanomedicines are approved
for clinical use.148,149

It is still not entirely clear how NPs behave after they enter
the human body, including their interaction with biomacromo-
lecules. More queries including the pattern of their accumula-
tion, breakdown, and excretion from the body need detailed
crosstalk. It is also a need of the hour to clearly delineate
how various organs, tissues, and the circulatory system get
affected by them. It has been hypothesized that nanomaterials
can harm cells because they generate ROS, leading to DNA
damage, protein denaturation, and lipid peroxidation.150–152

Additionally, there is a possibility that proteins and nucleic
acids will bind to NPs when they enter the cells, which would
disrupt metabolic processes and ultimately result in the death
of the cells. This is an additional risk associated with the intro-
duction of NPs.153–158 As interest in nanomaterials and concern
over their biological effects and safety increase, more research
is being performed in these fields. In the near future, it is antic-
ipated that NP-relevant sectors will develop and adopt a system-
atic and precise procedure for assessing the safety of NPs.

Biosafety Assessment of Carbonaceous Nanoparticles
It is difficult to determine the toxicity of carbonaceous NPs. The
behavior of these particles is significantly influenced by their
surface quality, the presence of graphite metal catalysts, their
dispersion characteristics, and their propensity to deposit as
aggregates due to robust van der Waals forces. Additionally,
variances between species make it difficult to generalize
studies from 1 species to another. This is because some
animals, such as rats, are more sensitive to particles, which
makes it more challenging to apply the studies to humans.158
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Biosafety Assessment of Carbon Dots
It becomes clear that doing a CD-related biosafety assessment is
the greatest priority. Even if carbon is believed to be non- or
low-toxic, it is essential to undertake a comprehensive and rig-
orous study of nanomaterials’ biological safety. Many break-
through investigations on the in vitro and in vivo behavior of
CDs have been conducted. These studies took into account
the aspects such as cell viability, biodegradability, pharmaco-
kinetics, and biodistribution in the organs. These studies
showed that CDs are biocompatible. In 2009, Yang et al per-
formed trypan blue and methyl-thiazolyl diphenyltetrazolium
bromide (MTT) experiments to examine the in vitro cytotox-
icity of PEG1500N-passivated CDs.159

In their investigation, human colorectal adenocarcinoma
HT-29 cells and human breast cancer MCF-7 were co-cultured
with CDs in which more than 80% cell viability was observed at
the dosage of 0.1 mg/mL. Tao et al studied the in vivo cytotox-
icity of CDs generated from SWCNTs, MWCNTs, and graphite
in female BALB/c mice using mixed-acid treatment techniques
in 2011.160 They discovered that no mortality nor substantial
loss in body weight was recorded in mice injected with CDs
at a dosage of 20 mg/kg over 3 months, indicating that CDs
had no apparent harmful effect on the animals.

Biosafety Assessment of Carbon Nanotubes
The cytotoxicity of CNTs is highly reliant on the method of
their surface functionalization as well as the characteristics of
capping molecules. Despite extensive sonication, SWCNTs
and MWCNTs tend to form tight aggregates and bundles
when used alone, and after only 6 h of incubation, alveolar mac-
rophages exhibit considerable cytotoxicity.161 An increase in
ROS, which is an indicator of oxidative stress, and the activa-
tion of nuclear transcription factor-kB (NF-kB), which occurs
in response to harmful cellular stimuli, have been observed
after human keratinocytes have been treated with pristine
SWCNTs dispersed in dimethylformamide without any
surface functionalization.162

Biosafety Assessment of Graphene and Its Derivatives
According to several in-depth research, pristine GO and rGO
with fewer surface functional groups are more hazardous than
GO. The number of studies published on graphene and its com-
posites concerning toxicities is regrettably a lot lower than the
number of studies published on CNTs.163 The characteristics
of graphene and its derivatives can vary greatly depending on
the production method, starting material, and other variables.
Numerous studies have been conducted with graphene and its
derivatives, focusing on a wide range of properties, such as par-
ticle state, oxygen availability, defect, surface chemistry, and
structure.

Zhang et al164 demonstrated that graphene and SWCNTs had
cytotoxic effects on neural pheochromocytoma-derived PC12
cells by examining their effects individually and in combination

with their level of metabolic activity, the release of LDH,
changes in morphology, levels of ROS, and the expression of
caspase 3. They proved that the SWCNT in needle form
damages membranes more than graphene’s planar structure.
The cytotoxic effects of graphene vary between standard and
immortalized cells, as described by Lee et al.165 However,
they also demonstrated that graphene’s cytotoxicity is
induced by the production of intracellular ROS, which leads
to oxidative stress and death and depends on its concentration,
exposure period, size, shape, etc.

Current Regulatory and Market Status
of Carbonaceous Nanomaterials
The following are some of the most recent factors that are driving
the global market for nanomaterials: an increase in the market
penetration of already existing materials; a decrease in the
prices of nanomaterials; an improvement in the properties of
materials; an expenditure of Research and Development (R&D)
activities related to the development of new materials; an increase
in the amount of money spent on nanotechnology research by
both the public and private sectors; growing support from govern-
ment institutions; and the rapid development of new materials and
applications.166–168 As a consequence of the positive influence,
the factors mentioned above have led to the development of the
global nanomaterials industry. The primary market indices have
been consistently growing over the past few years.

It was estimated that the global market for nanomaterials
would be worth approximately US$4.1 billion in 2015, and it
is expected to reach US$11.3 billion in the year 2020,
growing at a compound annual growth rate (CAGR) of over
22% throughout 2017 to 2022. According to Allied Market
Research, the global market for nanomaterials will rise at a
CAGR of 20.7% from US$14.7 billion in 2015 to more than
US$55.0 billion by 2022. However, Deloitte Touche
Tohmatsu Limited specialists are far less optimistic, forecasting
a CAGR of 15.5% for the global nanomaterials market between
2012 and 2019. In 2015, the European market for nanomaterials
generated revenue greater than US$2.5 billion. It is anticipated
that this figure will increase to US$9.1 billion by 2022 at a
CAGR of 20.0% from 2016 to 2022.169

The following organizations in the United States and the
European Union are considered to be the most prominent regu-
latory authorities associated with nanomaterials:

• The United States Environmental Protection Agency
(EPA)

• The European Chemicals Agency (ECHA)

Clinical Trials of Carbonaceous Nanomaterials
Research that studies and analyses the effects of novel medical
procedures, tests, and medicines on human health outcomes is
called a clinical trial. Clinical trials are conducted on volunteers
to test a variety of medical interventions, such as medications,
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cells, and other biological products; surgical and radiological
techniques; devices; behavioral therapies; and preventive care.
The following Table 2 indicates clinical trials of different CNMs.

Marketed Status of Carbonaceous Nanomaterials
The annual growth rate of CNTs was over 30% from 2004 to
2008; however, due to the global financial crisis, this rate fell
in 2009 and 2010. On the other hand, around a 34% annual
growth is anticipated.170 The total value of the global CNT
market was approximately US$100 million in 2009 and
increased to approximately US$159 million in 2014. Despite
this, the global market for CNTs continued to expand
between 2004 and 2008, and from its current level of US
$3.95 billion in 2017, it is expected to rise to around US
$9.84 billion by the year 2023. This means that between 2018
and 2023, the CAGR will be about 16.7% of the CNT market
in 2021.

Conclusion
Phototherapy has benefits over traditional treatments like radio-
therapy and chemotherapy. It is economical, reduces the use of
many peripheral lesions, and has high safety and selectivity.
CDs, fullerenes, and GQDs have intense PS activity via ROS
production, making them ideal for PDT. The generation of
heat locally by NIR absorption in CNTs, CNHs, and graphene-
based materials gives them great promise for PTT, which can
then be used to ablate cancer cells thermally. Even though
this sector has made numerous vital advancements, there are
still several issues that need to be resolved to encourage their
widespread clinical implementation. Before converting CNMs
into clinical phototherapeutic uses, the biosafety of those com-
pounds needs to be carefully assessed further. Most of the
CNMs have certain limitations like toxicity, formation of
agglomerates, stability as well as biodegradability issues, and
lack of standardization, which can be overcome by surface
modification, functionalization, and encapsulation. In the
future, we can explore new functionalization and surface mod-
ification moiety, which will help these CNMs to reach the
market without any toxicity issues. Future research should be
done carefully to determine the surface modification effect of
CNMs as well as phototherapies on the in vivo and in vitro
immunity after phototherapy.

Most systems based on CNMs need to integrate components
(such as PTT agents, PS agents, and hydrophilic moiety) to
achieve combined phototherapies, which necessitates time-
consuming synthetic processes but also runs the risk of unpre-
dictable collaborative interference between the elements. The
maximum depth of penetration for NIR laser irradiation is
0.5 cm. The need for deep tumor penetration cannot be ade-
quately met by phototherapies mediated with NIR. It is essential
to concentrate on alternative combination strategies. Resolving
such obstacles will open up new possibilities for creating photo-
therapeutic systems based on CNMs. Due to the material’s
intrinsic benefits, including strong NIR absorption, broad

surface area, and adequate size, it is expected that CNM-based
phototherapies will play highly significant roles in the field of
cancer theranostics in the coming years.
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