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The ultimate goal of phototherapy based on nanoparticles, such as photothermal therapy 

(PTT) which generates heat and photodynamic therapy (PDT) which not only generates 

reactive oxygen species (ROS) but also induces a variety of anti-tumor immunity, is to 

kill tumors. In addition, due to strong efficacy in clinical treatment with minimal 

invasion and negligible side effects, it has received extensive attention and research in 

recent years. In this paper, the generations of nanomaterials in PTT and PDT are 

described separately. In clinical application, according to the different combination 

pathway of nanoparticles, it can be used to treat different diseases such as tumors, 

melanoma, rheumatoid and so on. In this paper, the mechanism of pathological 

treatment is described in detail in terms of inducing apoptosis of cancer cells by ROS 

produced by PDT, immunogenic cell death to provoke the maturation of dendritic cells, 

which in turn activate production of CD4+ T cells, CD8+T cells and memory T cells, as 

well as inhibiting heat shock protein (HSPs), STAT3 signal pathway and so on. 
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INTRODUCTION 

Malignant tumors and their metastases have led to 

a high mortality rate in young people. The key is 

that many anti-tumor treatments, such as 

radiotherapy, chemotherapy, moleculartargeted 

therapy and immunotherapy, have too many 

systemic side effects; firstly, it causes severe 

damage to the immune system, and secondly, it 

also leads to long-term destruction of organ 

functions.1,2 As a result, few patients can be cured 

by clinical cancer treatment, and the disease has 

developed rapidly in recent years. Eventually, it 

can lead to serious consequences, such as multiple 

wasting death caused by organ failure, and severe 

malnutrition, etc.3 In recent years, PDT and PTT 

have been proposed to inactivate pathogens as new 

therapeutic regimens for tumor ablation and 

necrosis. PTT and PDT are mainly composed of 

https://www.ijpsjournal.com/
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near-infrared light (NIR) and nanoparticles, 

which, respectively, correspond to photosensitive 

(PS) and photothermal agents.  

The application principle of PTT lies in the heat 

generated by gold nanoparticles and the activation 

of a photothermal agent under specific light 

wavelengths to kill cancer cells. The anti-tumor 

effect of PDT is under the interaction of the plasma 

nano-platform of the local electric field to produce 

single ROS and free radicals with cytotoxicity, 

short half-life and small diffusion rate, leading to 

apoptosis, autophagy and necrosis of tumor cells.4 

With the addition of nanoparticles, PS is delivered 

across the blood-brain barrier, and especially 

transport drugs to cell chambers such as nuclei.5 

This review focuses on the pathological 

mechanism of PTT and PDT killing tumor tissue.  

 
Diagram 1.1 shows the Benign Tumor & Malignant Tumor  

  

Two-dimensional transition metal 

dichalcogenide nanomaterials for combination 

cancer therapy  

As demonstrated by preclinical and clinical 

studies, it is often difficult to eradicate tumors, 

particularly those that are deep-located, with 

photothermal therapy (PTT) alone because of the 

intrinsic drawbacks of optical therapy. To increase 

the therapeutic effect of PTT and reduce its 

significant side-effects, a new direction involving 

the combination of PTT with other therapeutic 

techniques is highly desirable. Recently, two-

dimensional (2D) transition metal dichalcogenides 

(TMDCs), the typical ultrathin 2D layer 

nanomaterials, have gained tremendous interest in 

many different fields including biomedicine, due 

to their novel physicochemical properties. 

Benefitting from their intrinsic near-infrared 

absorbance properties and extremely large specific 

surface areas, many efforts are being devoted to 

fabricating 2D TMDC-based multifunctional 

nanoplatforms for combining PTT with other 

therapeutics in order to realize 2D TMDC-assisted 

combination therapy and thus achieve excellent 

anti-tumor therapeutic efficacy. In addition, 

various inorganic nanoparticles and fluorescent 

probes can be attached to the surface of 2D 

TMDCs to obtain nanocomposites with versatile 

optical and/or magnetic properties that are useful 

for multi-modal imaging and imaging-guided 

cancer therapy. In this review, we mainly 

summarize the latest advances in the utilization of 

2D TMDCs for PTT combination cancer therapy, 

including PTT/photodynamic therapy, 

PTT/chemotherapy, PTT/radiotherapy, PTT/gene 

therapy, and imaging-guided cancer combination 
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therapy, as well as the evaluation of their 

behaviors and toxicology both in vitro and in vivo. 

Furthermore, we address the principle for the 

design of 2D TMDC-assisted photothermal 

combination theranostics and the future prospects 

and challenges of using 2D TMDC-based 

nanomaterials for theranostic applications.6 

 

 
Diagram 2.1 shows the functionalization of 2D transition metal dichalcogenides for biomedical 

application.  

Mechanisms of Photodynamic and 

Photothermal Therapies  

When light interacts with a molecule, one of the 

phenomena that can occur is absorption. When the 

molecule absorbs light, it leaves the lowest-energy 

state, which is called the ground state (PS0), and 

goes into an excited state with a high energy 

content (Sn). Within this electronically excited 

state, there are several sublevels composing the 

rotational or vibrational states and, by internal 

conversion phenomenon, coupled with vibrational 

relaxation, the molecule goes to the lowest excited 

state (which is called PS1)
7.  

From the molecule in the S1 state, three different 

types of energy dissipation can happen: radiative 

dissipation, vibration relaxation and intersystem 

crossing (ISC) 8. Among these possibilities to 

return to S0, molecules release the absorbed energy 

in the form of light (radiative process). This 

process is generically called luminescence, and it 

can be classified as fluorescence or 

phosphorescence, depending on spin and energy 

level settings with consequences on the time of 

transfer8. Fluorescence is when the molecule 

returns from S1 to S0 directly by radiative emission 

and is an optical tool widely used in several types 

of diagnosis and material characterizations9,10.
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Diagram 3.1 shows the multifunctional photothermal therapy  

  

The vibrational relaxation is done by 

intramolecular movements and collisions with the 

surrounding molecules, resulting in an increase in 

kinetic energy and, therefore, in the generation of 

heat. Thermal effects result from the light energy 

conversion in heat for a combination of non-

radiative processes, such as internal conversion, 

intersystem crossing and vibrational relaxations, 

necessarily producing mechanical energy11. Then, 

when thermal energy is generated locally from 

light irradiation, it is possible to promote thermal 

damage that ends by leading the cell to death with 

high selectivity11. PTT uses this route and needs a 

PA to convert light into heat. The development of 

efficient PA is essential to guaranteeing the 

effectiveness of treatments and some important PA 

properties are infrared absorption for great tissue 

penetration, good heat conversion efficiency, 

biocompatibility and non-toxicity in the dark11.  

Hyperthermia can also cause indirect cytotoxic 

effects. Specifically in tumors, the increase in 

temperature can reduce blood flow and, therefore, 

lead to hypoxia of tumor cells. These processes 

make PTT one great new therapeutic option for 

tumor treatment, when possible, to be done in local 

matter. Cellular environment temperatures 

between 42 to 47 °C is enough to make a large 

number of cells unfeasible, since high 

temperatures cause the denaturation of proteins, 

among other effects12. As a selected example, 

Zhang and co-authors evaluated a gold nanorod as 

PA against melanoma cells and observed that at 43 

°C, the percentages of apoptosis, necroptosis and 

necrosis of tumor cells were 10.2%, 18.3%, and 

17.6%, respectively. Whereas, when the 

temperature increased 49 °C, necrosis was shown 

as the dominant cell death pathway (52.8%). 

Interestingly, when the PTT achieved a moderate 

temperature of 46 °C, necroptosis was 

significantly increased (35.1%)13. Moreover, for a 

PTT protocol, the temperature should be 

modulated to avoid damage on nearby healthy 

tissues and intense inflammation response14
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Diagram 3.2 shows the mechanism of photodynamic therapy (PDT)  

  

Another technique that has been increasingly 

accepted in the treatment of various diseases, 

especially in the treatment of tumors, is PDT. Its 

mechanism of action involves the interaction of 

three elements: light at a specific wavelength, a 

PS, and the presence of molecular oxygen. This 

interaction results in photo-physical-chemical 

reactions that generate reactive oxygen species 

(ROS) with a high oxidizing power of cellular 

components, making the cell unviable7. For PDT 

to take place, the molecule goes to its triplet 

excited state by the so-called intersystem crossing. 

This event has a low probability according to the 

selection rules of quantum mechanics and this is a 

metastable state. From this state it can also return 

to its ground state by relaxation with the final 

result in heat or emitting light, which is called 

phosphorescence. From this metastable state, two 

types of PDT mechanisms have been proposed to 

lead to cell death11. The type I mechanism 

describes the generation of oxidative species, 

namely hydroxyl radical (•OH), hydrogen 

peroxide (H2O2), and superoxide ion (O2•
−) via 

electron transfer11.  

Differently, in the type II mechanism, the excited 

PS in the metastable triplet state generated by the 

ISC undergoes quenching (suppression) by 

transferring energy directly to the triplet oxygen 

(3O2), which is in the ground state. Molecular 

oxygen (in S0), with the energy received, goes to a 

singlet excited state (1O2), highly cytotoxic and the 

main mediator of cell damage caused by PDT. In 

any case, cell death caused by PDT has as its main 

mechanism of action the production of 1O2 and the 

induction of cell death by apoptosis. These two 

mechanisms can happen simultaneously and the 

proportion between them is directly related to the 

oxygen concentration in the cellular environment, 

the intracellular substrates present, and the 

characteristics of the PSs chosen in the application.  

Photothermal Agents (PTAs)   

Photothermal agents can convert energy from light 

into heat to increase the temperature of the 

surrounding environment. Ideally, Photothermal 

agents are expected to only increase the 

temperature locally to reduce the damage to 

healthy tissues, where the PTA is absent or outside 

the scope of laser irradiation. Inorganic PTAs own 
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higher PCE and better Photothermal stability than 

their organic agents. But organic PTAs may win 

out regarding biodegradability and 

biocompatibility15 

 

 
Diagram 4.1 shows the different types of photothermal agents used for PTT.  

  

Transition metal dichalcogenides (TMDCs) are 

increasingly being used for chemical sensing, 

biosensing, and tumor therapy on account of their 

diversity, biocompatibility, multifunctionality, 

adjustable bandgap, and excellent photoelectric 

characteristics. This review mainly discusses the 

effect of the elemental composition and structure 

of TMDCs on the performance of electrochemical, 

biofluorescence, and colorimetric biosensors. The 

applications of TMDCs in tumor therapies are 

reviewed here. Furthermore, the current 

challenges and future directions for developing 

TMDC-based theranostics are summarized16.  

Photothermal Transduction Agents  

PTAs facilitate light absorption and light 

conversion to heat. The ideal photothermal 

conversion agent should have good photostability, 

an NIR absorption capacity, a high PCE, and good 

biocompatibility18,19.  

PTAs include inorganic materials and organic 

materials. Inorganic materials include noble 

metals (e.g., gold nanoparticles and platinum 

nanoparticles)20,21  carbon-based nanomaterials 

(e.g., carbon nanotubes, graphene, graphene oxide, 

carbon quantum dots, and mesoporous 

carbon)17,20,23,24. Organic materials include NIR-

responsive small molecules and semiconducting 

polymer nanoparticles25,26,27 (e.g., cyanine, 

porphyrin, copper phthalocyanine, and diketone 

pyrrole pyrrole).  

Generally speaking, inorganic PTAs have higher 

PCE and better photothermal stability than organic 

PTAs, but organic PTAs have greater 

biodegradability and biocompatibility compared 

to inorganic PTAs28.With a large number of 

studies on spherical and rod-like morphologies, 

the exploration of two-dimensional (2D) 

nanomaterials in the fields of sensing29,30, 

catalysis31, device manufacturing32, and energy 

storage33,34 has increased greatly in recent years35. 
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Diagram 5.1 shows the photodynamic therapy 

  

Common 2D materials include black phosphorus, 

nanosheets, boron nitride, and graphitic carbon 

nitride etc. Scientists are trying to overcome the 

shortcomings of different types of materials so as 

to further improve the effect of tumor treatment.  

Photodynamic Therapy  

PDT is also an effective treatment modality for all 

liver cancers and improves patients’ quality of 

life.36 Liver cancer mainly includes hepatocellular 

carcinoma (HCC), cholangiocarcinoma and mixed 

cancer, and it is the second leading cause of cancer 

death in the world, second only to lung cancer, 

with a mortality rate of over 95%, especially in the 

case of HCC.37 Multiple mechanisms are involved 

in PDT-mediated tumour cell killing of HCC in 

vitro and in vivo. Shi et al used sinus porphyrin as 

a PS in the treatment of HCC, including bel-7402 

and HepG2 cell lines, and the results suggested 

that PDT may be caused by mitochondrial damage, 

which in turn triggered an apoptotic response, such 

as cytochrome c release into the cytoplasm, 

leading to caspase protein activation, etc.38  

  

Antitumor Treatment of PDT and PTT 

Combined with Immunotherapy  

Combination therapy of PDT and PTT is ideal 

because PDT can increase the sensitivity of 

tumour cells to PTT by interfering with the TME, 

disrupting tumour physiology.39 Moreover, the 

heat generated by PTT can increase blood flow, 

thereby improving oxygen supply to enhance the 

therapeutic effect of PDT.40 In addition, the 

tumour cell debris generated by phototherapy 

(including PDT and PTT) can act as TAAs and 

elicit antitumor immune responses to eliminate 

residual and metastatic cancer cells.39,42 However, 

the effect of phototherapy is seriously affected by 

the tissue penetration depth of NIR light, and its 

antitumour immune effect is inadequate to 

alleviate the immunosuppression of TME.43 

Therefore, the combination of 

photoimmunotherapy and TME regulation may be 

one of the ideal strategies to improve the antitumor 

effect. Zhang et al reported that the combination of 

hyaluronic acid (HA)-BP, which is a nanoparticle 

modified by PEG HA, PDT and PTT not only 

significantly inhibited the original tumour but also 
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induced immunogenic cell death and release 

DAMPs, thereby inducing the maturation of 

dendritic cells, activating effector cells and 

strongly arousing anti-tumour immune responses 

for cancer therapy.44 Hu et al showed that the 

synergistic treatment of PTT, PDT and chemo 

dynamic therapy not only inhibited the growth of 

primary tumours but also continuously stimulated 

the anti-tumour immune response of the system, 

activated T cells and then effectively inhibit 

tumour metastasis and growth of distant tumours 

by interacting with PD-1 or PD-L1 checkpoint 

blockade. 

 

 
Diagram 6.1 show the combined effect of antitumor  

  

In general, PTT and PDT can enhance the 

immunotherapy response through the following 

mechanisms:45 (1) immunogenic cell death 

induced by PTT and PDT can effectively damage 

tumours through the action of local immune cells; 

(2) tumour-specific antigens released by the death 

of immunogenic cells can be used as in-situ 

vaccines;46 (3) DAMPs enhance the typical weak 

immunogenicity of natural tumour antigens;47 (4) 

proinflammatory cytokines up-regulate and 

promote the activation of immune system. These 

effects cooperate with immunotherapy to increase 

the tumour infiltration of cytotoxic CD8+ and 

effector memory T cells to effectively eliminate 

the target tumour and residual cancer cells and 

trigger immune memory to prevent tumour 

recurrence and provide the possibility of cure.45,48   

PDT  

PDT is a clinical approach to treating non-invasive 

tumours using PSs, oxygen, light and selective 

photodynamic, and it can be combined with PSs to 

produce a large amount of reactive oxygen species 

(ROS) under specific light irradiation wavelength, 

kill tumour cells and inhibit their growth.49 PDT is 

widely used in the treatment of solid tumours (such 

as bladder, oesophageal, skin and breast cancers), 

vascular, dental and other diseases due to its low 

toxicity, lack of drug resistance and mild (or no) 

adverse reactions.50   

CONCLUSION  

PDT and PTT have a number of advantages, such 

as lack of drug resistance, minimal trauma, etc., 

and they have become several of the effective 

methods to treat cancer and improve the efficacy 

of clinical treatment. Especially, PSs or 

photothermal conversion agents synthesised based 

on nanotechnology can greatly improve the 

survival rate of patients by combining 

phototherapy with immunotherapy. However, the 

therapeutic effect of phototherapy on tumours 
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largely depends on sufficient laser irradiation 

dose, and the circulation of nanoparticles in the 

human body is unclear. Moreover, long-term 

experimental observation of large samples is 

lacking. Therefore, the potential long-term effects 

of phototherapy need to be further and 

continuously studied. At present, most of the 

schemes are still under exploration, and a certain 

gap exists in the actual realisation of extensive 

clinical treatment. With the progress and 

development of medical treatment, the multi-mode 

combined treatment scheme will become a new 

opportunity and challenge for the new generation 

of cancer treatment. 
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