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Abstract: Cancer poses a significant threat to global health due to its continuously rising
incidence rate, high mortality rate, and recurrence rate. Nowadays, traditional cancer
treatment methods have limitations, while new therapies such as phototherapy are emerging
continuously. With the continuous development of science and technology, an increasing
number of nanomaterials are being applied in photothermal therapy and photodynamic
therapy within phototherapy, bringing new opportunities for cancer treatment. Among them,
carbon-based nanomaterials, including carbon quantum dots, graphene and its derivatives,
carbon nanotubes, fullerenes, etc., exhibit great potential in the field of cancer phototherapy
because of their unique structures and properties, such as a high specific surface area and
strong light absorption ability. For example, carbon quantum dots can be used to construct
drug carrier systems and trigger immunogenic cell death. Graphene derivatives can enhance
the efficacy of photodynamic therapy. Carbon nanotubes can achieve photothermal ablation
and reduce the drug resistance of tumor cells. Functionalized fullerenes can be used for
photothermal treatment. However, challenges still remain, including the poor
biocompatibility of nanomaterials and the limitations of phototherapy itself. In the future,
developing biodegradable nanomaterials, designing multifunctional treatment platforms, and
combining photothermal therapy/photodynamic therapy with other treatment methods will
continue to be key research directions in the field of biomedicine.
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1. Introduction

In recent years, the incidence of cancer has shown a continuous upward trend year by year. Due to its
high incidence, high mortality rate, and high recurrence rate, cancer has become one of the greatest
threats to human life and health and quality of life. According to statistics, in 2022, the number of new
cancer cases in China reached 4.825 million, accounting for 24.17% of the global total [1]. In the past
decade, the incidence of malignant tumors in China has increased by 3.9% annually, and the mortality
rate has increased by 2.5% annually. Malignant tumors account for 23.91% of all causes of death
among residents, and the prevention and control situation are severe [2]. The number of new cancer
cases worldwide has been increasing year by year. According to statistics, the number of new cancer
cases in the United States will reach 1.95 million in 2023, with a death toll of 600,000.

Therefore, cancer treatment remains a major global health challenge, with its incidence rate
continuing to rise annually, posing a serious threat to global public health. With the development of
nanomaterials and the diversification of their functions, their application in cancer treatment has
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gradually become widespread. This article will start from the methods of cancer treatment,
introduce the structure and material properties of carbon-based nanomaterials, and further
summarize their application in cancer phototherapy. Finally, based on the existing research results,
the future development prospects and challenges of nanomaterials in the biomedical field will be
discussed.

2. The current situation of cancer treatment
2.1. Traditional therapy

With the development of science and technology, various effective methods have been developed to
combat tumors. The current main clinical tumor treatment methods include surgical treatment
(mainly by surgically removing the lesions), radiotherapy, and chemotherapy. These traditional
treatment methods are often widely used as important tools for tumor treatment in clinical
applications. However, some inherent potential limitations, such as low treatment efficiency, high
cost, strong toxic and side effects, and a high likelihood of triggering allergic reactions, cannot be
underestimated. Surgery is a very effective method for treating early-stage cancers at present.
However, it has limitations. During the surgical procedure, the tumor and its adjacent normal tissues
need to be removed, and there are certain requirements for the patient's physical constitution and the
type of tumor. In clinical practice, the high radiation of radiotherapy may induce DNA damage,
which may further lead to cell apoptosis. The infusion of chemotherapy-related drugs may cause
high toxicity to the cells in the body, resulting in relevant side effects [3].

2.2. Novel therapeutic approaches

In recent years, with the continuous deepening of the understanding of tumors and clinical diagnosis,
various other effective tumor treatment modalities have emerged successively, such as
photodynamic therapy, photothermal therapy, magnetothermal therapy, immunotherapy, gene
therapy, etc. These approaches offer diversified options for tumor treatment and bring more hope to
patients.

2.3. Phototherapy
2.3.1.Photothermal therapy

Photothermal therapy (PTT) is a method that utilizes photothermal conversion nanomaterials to
convert the energy in the near-infrared light region (NIR, with a wavelength ranging from 700 to
1300 nm) into heat energy [4]. This process raises the temperature of the local tumor tissue to 40°C
to 45°C or above 45°C, leading to the denaturation and necrosis of tumor cells, thus achieving the
goal of tumor treatment [5].

2.3.2. Photodynamic therapy

Photodynamic therapy (PDT) is an ideal method for treating tumor and non-tumor degenerative
diseases. PDT is a therapeutic approach based on the interaction between light and chemical
substances, which in turn induces a killing effect. Its basic principle is that the photosensitizer (PS)
is excited by light of a specific wavelength. After reacting with molecular oxygen, reactive oxygen
species (ROS) are generated in the cells, which subsequently trigger cell necrosis and apoptosis.
PDT has been widely applied in cancer treatment.
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3.  Carbon-based nanomaterials and phototherapy

Both photothermal therapy and photodynamic therapy require the identification of suitable
photothermal conversion agents or photosensitizers. Different nanomaterials possess unique
structures and properties, which can significantly enhance the effectiveness of phototherapy in
various aspects, thus bringing new opportunities for tumor treatment. Carbon-based nanomaterials
refer to materials in which at least one dimension of the dispersed phase has a scale of less than 100
nm. The dispersed phase can be composed of carbon atoms, heterogeneous atoms, or even
nanopores. Currently, the mainly developed carbon-based nanomaterials include carbon quantum
dots, carbon nanotubes, graphene, fullerenes, etc. These materials have remarkable characteristics,
such as an ultra-high specific surface area, a large drug-loading capacity, strong light absorption
ability, and high photothermal conversion efficiency, and they can be widely applied in
photothermal and photodynamic therapies (Figure 1), etc. [6,7]. This paper will mainly introduce
the structures, properties, and application progress in the field of cancer treatment of four
representative carbon-based nanomaterials.

Fullerene (C,)

....

Graphene

Figure 1: Applications of common carbon-based nanomaterials in phototherapy

3.1. Carbon quantum dots
3.1.1.Structure and material properties

Carbon quantum dots (CDs) have a lamellar structure composed of a honeycomb-like arrangement
of carbon six-membered rings. Their composition includes carbon, hydrogen, oxygen, and nitrogen.
They are a new type of zero-dimensional carbon-based nanomaterials with excellent optical
properties and good biocompatibility. They have a wide range of sources and simple preparation
methods. The advantages of CDs lie in their small particle size, good permeability, and high
biological safety. Therefore, they can be modified with biological macromolecules loaded with
anti-tumor drugs to establish relevant drug carrier systems. CDs can undergo different surface
modifications depending on the raw materials [8,9]. In addition, most carbon dots exhibit absorption
capacity in the near-infrared region and can be used for photothermal therapy of tumors.

3.1.2. Applications in phototherapy

Liu et al. developed an immune-inducing carbon dot hydrogel (iCD@Gel) using mannose-modified
aluminum-doped carbon quantum dots as cross-linkers (Figure 2). The photothermal therapy
mediated by aluminum-doped carbon dots triggered immunogenic cell death, thereby inducing a
strong tumor-killing effect [10].
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Figure 2: Schematic diagram of the photothermal therapy mediated by iCD@Gel

Yang Yumeng et al. [11] developed a nanoplatform for synergistic photothermal-photodynamic
therapy targeting mitochondria, namely gold-doped carbon quantum dots T-CDs@Au. After
intratumoral injection, T-CDs@Au/ALA was endocytosed by cells and enriched in mitochondria
(Figure 3). Here, 5-ALA could be released and converted into protoporphyrin (Pp IX). Due to the
excellent photodynamic responsiveness of Pp IX, a large amount of reactive oxygen species (ROS)
was rapidly generated under 660 nm laser irradiation, which in turn killed tumor cells. Meanwhile, on
the one hand, gold doping depleted glutathione (GSH) by forming Au-S bonds with the antioxidant
GSH, enhancing the therapeutic effect of photodynamic therapy (PDT) [12-14]. On the other hand,
gold doping also significantly improved the photothermal performance of T-CDs@Au/ALA, and
further killed tumor cells by mediating local temperature increase.

Figure 3: The in vivo antitumor applications of T-CDs@Au/ALA

3.2. Graphene and its derivatives
3.2.1.Structure and material properties

Graphene is a sheet-like substance formed by the arrangement of hexagonal aromatic rings of carbon
atoms through sp2 hybridization. The lamellae form a layered structure through van der Waals forces
and m-w interactions. In a single layer of graphene, each carbon atom has four valence electrons. Three
of them form o bonds with three adjacent carbon atoms, and the fourth electron is unpaired, forming a
n bond. The delocalized m electrons run through the graphene lamella, endowing it with high
electrical conductivity and high photothermal properties [15]. Since its first discovery, graphene and
its derivatives [graphene oxide (GO), reduced graphene oxide (rGO), etc.] have also attracted
extensive attention in biomedical fields such as phototherapy. In addition to the advantages of strong
electrical conductivity, high thermal conductivity, and large specific surface area, some of them also
have the advantage of a wide absorption band that can cover the near-infrared (NIR) region.
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3.2.2. Applications in phototherapy

The ultra-high specific surface area of graphene and its derivatives can be used for drug delivery and
is also conducive to functionalization with polyethylene glycol (PEG), hyaluronic acid (HA), etc.
[16-18]. Graphene is insoluble in physiological media, but GO has better solubility in physiological
solutions [19]. GO has light absorption from the ultraviolet (UV) to the NIR region [20]. Liu et al. [21]
used PEGylated GO to load chlorin e6 (Ce6) for photothermal therapy (PTT)-enhanced
photodynamic therapy (PDT). The PTT induced by GO under an 808 nm laser did not lead to cell
death but caused mild local heating, which could improve the cell membrane permeability and greatly
promote the intracellular uptake of Ce6, enhancing the PDT efficacy of Ce6. This study reveals the
broad prospects of graphene in the combined treatment of cancer.

Ting et al. [22] developed a triple-effect nanosystem for synergistic photothermal, photodynamic,
and chemotherapy. PEG-functionalized graphene oxide nanoparticles with protoporphyrin were
synthesized through supramolecular interactions and covalently bound to the chemotherapeutic drug
doxorubicin. Cell experiments showed that the triple-effect nanosystem significantly increased the
uptake and cytotoxicity of the chemotherapeutic drug doxorubicin in breast cancer cells 4T1. In vivo
experiments showed that, compared with the severe cardiotoxicity of doxorubicin, the triple-effect
nanosystem had no toxic side effects and had a stronger antitumor effect.

3.3. Carbon nanotubes
3.3.1.Structure and material properties

Carbon nanotubes (CNTs) are formed by curling single-layer or multi-layer graphene sheets and have
a long and hollow cylindrical structure. They have now been widely used in various industries. CNTs
are suitable as drug carriers and can load a variety of targeting ligands and drugs. After appropriate
modification, their toxicity can be reduced, endowing them with biocompatibility. According to their
structures, CNTs can be divided into single-walled carbon nanotubes (SWNTs) and multi-walled
carbon nanotubes (MWNTs). Both of them exhibit near-infrared (NIR) optical absorption and good
photothermal conversion properties.

3.3.2. Applications in phototherapy

Single-walled carbon nanotubes (SWNTs) are more flexible than multi-walled carbon nanotubes

(MWNTs), with fewer structural defects and higher solubility [23], so they are more commonly used

in cancer treatment and have been applied in near-infrared (NIR)-induced photothermal therapy (PTT)
and photodynamic therapy (PDT). Shen et al. [24] prepared the SWNTs-PEG-Fe;:O04@CQDs

nanocomposite, which exhibits both photodynamic and photothermal effects under 808 nm laser

irradiation (Figure 4). It can load drugs and has the characteristic of pH/NIR photothermal-responsive

drug release. The nanocomposite coupled with an aptamer is denoted as SWCNTs-PEG-Fes;Oa

@CQDS/DOX-Apt, which can be used for the targeted dual-modal fluorescence/magnetic resonance

imaging and the combined regimen of PTT/PDT/chemotherapy. SWNTs-PEG-Fe;O+@CQDs can be

used to treat diseases such as cervical cancer that require specific drug targeting.
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Figure 4: (a)The possible catalytic mechanism for SWCNTS-PEG-F€304@CQDS under visible light.
(b)Laser power dose-dependent temperature elevation of SWCNTs-PEG-Fe;04@CQDs solution
(50 pg/mL) under 808 nm laser irradiation for 5 min (initial temperature 22 °C)[24]

In addition, the nanocomposite coupled with the aptamer, SWCNTs-PEG-Fe;O04@CQDS
/DOX-Apt, can be applied to the targeted dual-modal fluorescence/magnetic resonance imaging and
the combined regimen of PTT/PDT/chemotherapy.

Fisher [25] et al. achieved significant photothermal ablation of human prostate cancer (PC3) and
murine renal cancer (RENCA) cells using MWNTs under 1064 nm laser irradiation and also reduced
the expression of heat shock proteins. Since the thermal induction of heat shock proteins can enhance
the viability of tumor cells and make them resistant to PTT, this material can reduce the drug
resistance of tumor cells. Lin Zhen [26] et al. constructed MWNTs functionalized with
distearoylphosphatidylethanolamine polyethylene glycol 2000 (DSPE-PEG 2000). When MWNTs
were combined with near-infrared laser irradiation for 2 minutes (at a power density of 5 W/cm?), it
significantly caused a temperature rise and led to a remarkable decrease in cell viability. Therefore,
this experiment confirms that the combination of MWNTs and near-infrared laser irradiation can
significantly increase the temperature, and the generated high temperature can effectively kill tumor
cells. Thus, these studies reveal the broad prospects of CNTs in the combined treatment of cancer.

3.4. Fullerene
3.4.1. Structure and material properties

Fullerene is a kind of football-shaped carbon nanomaterial (C60) composed of 60 or 70 carbon atoms,
which was first discovered in 1985. Due to the poor hydrophilicity of fullerene under physiological
conditions, its application in phototherapy is hindered. To overcome this obstacle, water-soluble
fullerene derivatives can be developed by introducing functional groups, such as OH, COOH and
NH2 [27]. Functionalized fullerenes have been proved to possess properties such as antioxidant
activity, inhibition of angiogenesis, protection of the central nervous system, and suppression of
tumor growth.

3.4.2. Applications in phototherapy

The team led by Moudgil [28] confirmed in 2010 that functionalized fullerene derivatives such as
polyhydroxyfullerene (PHF) can be heated or ignited under continuous-wave near-infrared (NIR)
irradiation with low intensity (<102 W-cm™). PHF is a biocompatible and biodegradable
water-soluble fullerene derivative. Moudgil et al. [29] studied its photothermal therapy and
photoacoustic imaging properties. After intratumoral injection of PHF, when irradiated with 785 nm
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NIR light for 10 minutes, the average tumor area decreased by 32% within 2 hours. In addition, PHF
has a size of only 1.3 nm and can be excreted through the kidneys.

Hu et al. [30] used graphene to deliver C60 fullerene to overcome the defects of C60. They
prepared a nanocomposite (C60-PDA-rGO) composed of C60, polydopamine (PDA)-coated reduced
graphene oxide (rGO), and folic acid (FA) by a simple method. PDA reduces and coats GO to obtain
PDA-rGO with strong physiological solubility and biocompatibility, which is then reacted with the
FA-C60 derivative (FFA) to prepare C60-PDA-rGO. They demonstrated that C60-PDA-rGO has an
absorption band ranging from the ultraviolet to the NIR region. The combination of graphene, PDA,
and FFA enhances light absorption and improves optical properties, and the targeting property of FA
enhances cellular uptake. Under the irradiation of a xenon lamp emitting visible and NIR light, this
composite exhibits synergistic photodynamic therapy (PDT)/photothermal therapy (PTT) activity,
leading to a significant decrease in cell viability.

Fu Sheng [31] et al. obtained water-soluble C60-COOH through the Bingel cycloaddition reaction,
loaded MnO2 nanoparticles through a hydrothermal reaction, and finally connected the
tumor-targeting molecule folic acid using aminated polyethylene glycol to synthesize a
multifunctional nanocomposite C60-Mn-PEG-FA. It is stably dispersed in an aqueous solution and
generates reactive oxygen species (ROS) under light induction to achieve the effect of photodynamic
therapy for tumors. At the same time, the loaded MnO2 nanoparticles can decompose to generate O2
in the hypoxic environment of the tumor, providing an oxygen source for photodynamic therapy to
improve the efficiency of photodynamic therapy. Experiments and various characterizations have
proven that C60-Mn-PEG-FA can realize the monitoring and treatment of tumor cells and is expected
to become a potential integrated diagnostic and therapeutic agent for application in the field of
clinical treatment.

4.  Challenge and prospect

In conclusion, various types of carbon-based nanomaterials have become an important class of
candidate materials in cancer phototherapy, and there have been numerous reports of remarkable
achievements in both in vitro and in vivo experiments. However, in the process of further promoting
these achievements for clinical application, many challenges still remain. From the material
perspective, these carbon nanomaterials still face deficiencies such as poor biocompatibility and
degradability, poor stability, long-term toxicity, and the inability to precisely control the size and
shape of nanoparticles. At present, photothermal therapy also faces issues such as limited light
penetration depth, low delivery efficiency of photothermal conversion agents, and unnecessary
damage to normal tissues caused by overheating in the tumor area. Photodynamic therapy has
relatively poor selectivity, and a limited phototoxic reaction may occur in the surrounding normal
tissues. In phototherapy experiments, the laser power range often exceeds the safe range for
continuous laser irradiation of the skin, and strong laser irradiation can cause irreversible damage to
healthy cells and tissues [23].

Therefore, in the future of tumor photothermal therapy (PTT) and photodynamic therapy (PTD)
based on nanomaterials, there are many potential development opportunities worth grasping: There is
an urgent need to develop biodegradable nanomaterials and conduct comprehensive studies on their
potential in vivo toxicity. Design multifunctional treatment platforms with diagnostic and therapeutic
functions using a single nanostructure. Develop nanoplatforms that can be rapidly excreted from
normal organs after systemic administration while effectively remaining in the tumor site. New
methods, technologies, and devices to improve penetrability, etc. Combine PTT or PDT with other
treatment methods to produce additional or even synergistic effects, thereby improving the cure rate
of tumors, reducing toxic and side effects, and decreasing tumor recurrence and metastasis.
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5. Conclusion

In summary, carbon-based nanomaterials represented by carbon dots, carbon nanotubes, graphene,
and fullerenes have indeed shown extremely broad application prospects in the fields of photothermal
therapy and photodynamic therapy for cancer treatment. Their unique structures, such as the hollow
cylindrical shape of carbon nanotubes and the hexagonal layered structure of graphene, endow them
with extraordinary material properties. These properties include a high specific surface area,
excellent light absorption ability, and efficient photothermal conversion rate. For example, carbon
dots can be designed to have strong fluorescence properties, which can be used for both imaging and
drug delivery in phototherapy. However, despite the many promising properties of these
nanomaterials, issues such as the biosafety of nanomaterials still remain significant barriers to their
further clinical application. Concerns about potential long-term toxicity, difficulties in precisely
controlling the size and shape of nanoparticles, and problems with biodegradability all urgently need
to be addressed. In addition, how to achieve non-invasive diagnosis and cure of tumors while
avoiding toxic side effects is also an urgent challenge faced by researchers today.

Nevertheless, the outlook remains optimistic. With the continuous improvement of the preparation
technology of nanomaterials, scientists are now able to synthesize materials with more precise
structures and properties. The continuous progress of application research has enabled a deeper
understanding of the interaction between these nanomaterials and biological systems. Moreover, the
continuous optimization of the two therapies, photothermal therapy (PTT) and photodynamic therapy
(PTD), in terms of light sources, treatment protocols, etc., is also in progress. It is expected that
biomedical research on nanomaterials will achieve more breakthroughs in the field of cancer
treatment in the future.
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