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Cancer is of various kinds, so are the treatment modalities. Worldwide, cancer is the 
second leading cause of death, accounting for a whopping 9.6 million deaths in 2018. 
Globally, approximately one in six deaths is attributed to cancer. Photodynamic therapy 
(PDT) is a therapeutic strategy for the treatment of superficial lesions, warts, Barrett’s 
esophagus, premalignant lesions, malignant tumors, and ophthalmic diseases. The lit-
erature on PDT is approximately one-third of that in radiation therapy, yet the clinical 
implementation of PDT in cancer is relatively less. Despite substantial research, the 
clinical application of photodynamic strategy in cancer therapy is still in its infancy 
with only a limited number of case studies reported so far. The limitations of the pho-
tosensitizer and the shallow depth of penetration of light source are the key technical 
impediments. However, the use of nanomedicine in PDT can overcome these obsta-
cles. Thus, it is necessary to gain knowledge on how nanomaterials can be merged 
with PDT and how it can be utilized in cancer theranostics. In this article, the focus is 
to understand how PDT works and how it can be utilized in improving the sensitivity 
of the existing diagnostic and therapeutic techniques. The article also addresses the 
current challenges for PDT and the future prospects of this technique, particularly in 
the area of diagnosis and treatment of cancer.
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Introduction
Photodynamic therapy (PDT) is a combination therapy that 
uses photosensitive agents to be absorbed/adsorbed by cells, 
followed by light source irradiation that produces unstable 
oxygen radicals or reactive oxygen species (ROS) which medi-
ates cell death (►Fig. 1).1 The photosensitizing agent is either 
injected into the bloodstream or applied to the skin super-
ficially, depending on the region of the body being treated.2 
Once the drug is absorbed by the cancer cells, only the region 
to be treated is irradiated by a light source of a particular wave-
length. The depth of light penetration in the body depends on 
the incident light’s wavelength and intensity.3 The photosen-
sitizer excited by photons generates free cytotoxic radicals 
such as single oxygen and radicals of superoxide. These free 
radicals selectively destroy the cells bound to the sensitizers.4 

Further, photosensitizer excitation by an incident photon gen-
erates reemission of a fluorescent photon that can be used to 
visualize tiny tumor deposits, micrometastasis, extent of dis-
ease progression, as well as incomplete excision, and residual 
disease left after radical surgery.5 PDT is therefore the method 
that can be used to detect and destroy micrometastases and 
residual disease. It also has the ability to be used as a preoper-
ative adjuvant treatment. However, PDT is still regarded as an 
evolving technique and is not used by oncologists in routine 
clinical settings.

The origin of the usage of light in medicine and surgery 
can be traced back to ancient times. Phototherapy started in 
India, ancient Egypt, and Greece but disappeared for many 
decades until it was rediscovered at the start of the 10th cen-
tury by Romans. Sunlight was thought to be the only element 
of treating illnesses, such as vitiligo, psoriasis, rickets, skin 
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cancer, and even psychosis, in those days and this method 
of therapy (using sunlight) was known as phototherapy or 
heliotherapy. However, it was only in the 1800s and early 
1900s that phototherapy came into limelight again.6-9 In 
1903, Tappenier was the first to use photosensitizer for can-
cer treatment using topical eosin and white light on skin 
tumor.10 However, this early work did not lead to any import-
ant advancements impacting clinical application. The use 
of a light-absorbing chemical in biological system to trigger 
photoreactions dates back to 1900 when Raab reported the 
generation of light-exposed paramecium with an acridine 
dye.10 In 1960, hematoporphyrin derivative (HPD), a mixture 
of porphyrin, prepared by Swartz, was reported to exhibit 
tumor fluorescence. However, the systemic studies were 
done in tumor-bearing animals and later the first clinical 
report on a patient treated for bladder cancer using HPD was 
reported. Since then, several clinical studies for treatment of 
a plethora of tumors employing PDT have been reported by 
various groups. Shackley et al analyzed the basic principles 
and applications of PDT and speculated on its likely impact 
in the near future. In the latter half of the 20th century, the 
therapeutic use of light in medicine increased with the devel-
opment of laser and fiber optic technology.10,11 PDT harnesses 
the nonradioactive light energy through a photosensitizing 
medication with consequent localized tissue necrosis and 
this method has already undergone clinical trials in some 
10,000 patients with malignant, inflammatory, and degen-
erative circumstances.12 Therefore, this is truly an interdisci-
plinary technique that combines many fields, such as optical 
physics, engineering, biology, and pharmacology, to cater to 
the clinical needs (►Fig. 2).

Roswell Park Cancer Institute (RPCI) is a worldwide leader 
in usage of PDT for multiple types of cancers.13 The U. S. Food 
and Drug Administration (FDA) have approved the use of 
Photofrin for lung cancer as a photosensitizer. Photosan-3, 
an oligomer of hematoporphyrin, which has been approved 
by European Union but not by the FDA, has been well docu-
mented for its use in photodynamic treatment.14 There are 
several potential benefits of PDT over standard treatments. 
The primary attraction is the absence of scarring as connec-
tive tissue is left intact, including collagen.15 The sensitivity 
of photosensitizers depends on the wavelength of light and 
the various applications of PDT. The selectivity of treatment 
imparted is decided by a combination of factors, including 
accumulation of photosensitizers by the target lesion and 
targeted application by activating visible or near-infrared 
(NIR) light.15 Marmo et al referred porphyrins and related tet-
rapyrrole derivatives as an emerging new photosensitizer for 
tumors of lung, esophagus, skin, and of age-related macular 
degeneration.16 Magnetic resonance imaging (MRI) can be 
used to evaluate treatment efficacy of PDT in cancer treat-
ment automatically instead of histopathologic assessment.17

PDT has several potential benefits compared with stan-
dard treatments. The most important criteria for PDT include 
the choice of photosensitizer and the wavelength of light. 
Photosensitivity of the cutaneous layer is the most prevalent 
adverse side effect of systemically administered photosensi-
tizers. The duration of photosensitivity varies from a few days 
to weeks. Local toxicity depends on the therapy region. PDT 
is primarily used for superficial tumors and conditions that 
are not malignant. Since its initial usage in 1700 BC, when a 
glowing tip of a fire drill was used for breast cancer treat-
ment, the use of heat became one of the main techniques for 
tumor treatment. In PDT, a wavelength spectrum, ranging 
from radio waves to microwaves and ultrasound waves have 
been used to induce mild heating in a particular target region 
called hyperthermia.18,19

Mechanism of Photodynamic Therapy
Light sources used in PDT include coherent light sources such 
as lasers and noncoherent light sources, such as xenon lamp, 
argon-pumped laser light-emitting diode (LED), as well as 
fluorescent lamps. Due to the disadvantages in achieving 
deep-seated tissues, the effectiveness of PDT is still unex-
plored. There are mainly two kinds of mechanisms in PDT. In 
type-1 mechanism, the toxicity to cancer cells is immediate, 
caused by the free radicals, whereas in type 2, the toxicity is 
due to the conversion of oxygen into singlet oxygen. Some 

Fig. 1 Mechanism of photodynamic therapy.

Fig. 2 History of photodynamic therapy.
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of the popular photodynamic agents or photosensitizers 
including hypericin, protoporphyrin, texaphyrin lutetium, 
and fluorescein halogenated dyes aid in type-2 pathway 
where cytotoxic species are generated in the presence of oxy-
gen. The photochemical studies revealed that the membrane 
protein of the anion channel is the primary target for singlet 
oxygen (1O2)19 (►Fig. 3).

The optimal characteristics of photosensitizers are as fol-
lows: constant composition, ease of manufacturing in pure 
form, nontoxicity in the lack of light, powerful absorption in 
the visible or IR region, exhibiting target specificity (particu-
larly tumor cell), easy and rapid body clearance, good water 
solubility (for body fluid compatibility), high triple quantity 
yield, possession of minimal self-aggregation, the ability to 
affect tumor in various physiological conditions, and the 
ability to be photo stable (no photo bleaching). Generally, the 
existing photosensitizers do not possess all the characteris-
tics of an ideal photosensitizer.20-24 The search for an ideal 
photosensitizer has led to the idea of using nanoparticles as 
photosensitizers in phototherapy.

Potential of Nanophotonics in Cancer 
Theranostics
Nanotechnology refers to a branch of applied science and 
technology where the concept is the control of matter at 
the atomic and molecular scale, usually 1 to 100 nm and 
to develop products within that size range for a wide range 
of applications.25,26 The classical rules of physics and chem-
istry do not apply readily in nanotechnology for two main 
reasons. First, very small particles from their larger cous-
ins can have very different electronic features. Second, the 

surface-to-quantity ratio becomes much higher and the fea-
tures of a material change in unexpected ways, as the surface 
atoms are generally most reactive.26,27 The word “nanotech” 
is widely described as nanometer scale (one billionth of a 
meter) systems or devices. There is a widespread interest in 
their use in biomedical systems for diagnosis, imaging, and 
treatment due to the wide accessibility of nanostructures 
with greatly regulated optical properties in the nanometer 
size range.27 The capacity to manipulate these nanoparticles’ 
physical, chemical, and binding characteristics enables scien-
tists to design and use the nanoparticles rationally for drug 
delivery, as image contrast agents and for diagnostic pur-
poses. Nanomaterials’ novel characteristics give the capacity 
to react with biomolecules in new ways. When the size of 
a material is reduced to the length scale of the nanometer 
(which is the length scale of the electronic movement that 
determines the properties of the material), the electronics of 
the material and therefore the chemical properties change 
tremendously.28

Previously, we described how different kinds of nanopar-
ticles modulate the mechanisms of photonic-mediated can-
cer therapy and how the changes in the wavelength of light 
affect the interaction with the nanopartices.29 An apparent 
benefit of nanotechnology refers to biological systems with 
the capacity to regulate the size of the resulting particles and 
devices. These nanoparticles have comparable size to many 
common biomolecules, such as proteins and DNA, thus offer-
ing excellent opportunities for the integration of nanotech-
nology into biotechnology and medicine. The dimensions of 
the nanoparticles are smaller than the human cells and are 
comparable to organelles. Biological macromolecules, such as 
enzymes and receptors, are nanometer in size; hemoglobin is 

Fig. 3 Modified Jablonski’s diagram showing photodynamic therapy mechanism for type I, type II, and nanomaterials. PDT, photodynamic 
therapy; SPR, surface plasmon resonance.
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around 5 nm in diameter, while the lipid bilayer surround-
ing cells is approximately 6-nm thick. Nanoparticles can also 
cross certain obstacles such as blood–brain barrier, which 
is usually not the case in other forms of therapeutic and 
imaging agents.30-32 For instance, objects less than 12 nm in 
 diameter may cross the blood–brain barrier, and objects of 
30 nm or less can be endocytosed by cells. Nanoparticles 
below 2 nm can readily pass through the walls of the blood 
vessels (►Fig. 4).33-37

Nanoparticles are widely classified as metal nanopar-
ticles and semiconductor nanoparticles. In metals, the 
surface characteristics become dominant and offer unique 
property to nanoparticles. The consistent collective oscil-
lation of electrons in the conduction band of noble met-
als induces big surface electrical fields that significantly 
improve the radiative characteristics of gold and silver 
nanoparticles when interacting with resonant electro-
magnetic radiation. This makes the absorption cross- 
section of these nanoparticles magnitude orders greater 
than the strongest absorbing molecules and the dispersed 
light becomes magnitude orders greater than the organic 
color fluorescence.29 These distinctive characteristics pro-
vide excellent potential for the use of nanoparticles in 
many applications such as biochemical sensors, imaging, 
medical therapy, and catalysis. Applications in drug deliv-
ery, cancer cell diagnosis, and treatment are some of the 
actively studied areas that included quantum dots and 
gold nanoparticles for cancer imaging and gold nanoparti-
cles for phototherapy as well.

Normal tissues are frequently interspersed with narrow, 
capillary vessel walls with 9-nm pores and rarely 50-nm 
pores.38 In addition, these discontinuous capillary walls do 
not have a basal lamina for easy penetration of particles 
less than 100 nm. Interestingly, there is no lymphatic sys-
tem for tumor tissues to eliminate lipophilic and polymeric 
materials.38 Tumors therefore display an improved impact of 
enhanced permeation and retention (EPR effect) for particles 
of 50 to 100 nm. Therefore, they cannot be readily removed 
once the particles enter the tumor tissues.39 Nanoparticles 
which conjugate to appropriate tumor avid biomolecules, 
with mean sizes in the range of 30 to 50 nm, are ideal for 
targeting tumors for imaging and therapy purposes. The cell 
cytoplasm permits nanoparticles which are smaller than 
50 nm and nanoparticles which are smaller than 20 nm 
can pass through the vasculature in blood vessels. Chithrani 
et al investigated the impact of gold nanoparticle (GNP) size, 
concentration and radiation energy for in vitro radio sen-
sitization of HeLa cells. The same group further reported 
that 50-nm GNPs are taken up in large numbers than 14- or 
74-nm GNPs.40 Nanoparticles are reported to overcome the 
drug resistance and can reduce exocytosis by drug-resistant 
cells.39 Gold spheres of 60 nm diameter have been used as 
Surface Enhanced Raman Spectroscopy (SERS) substrates 
for targeted tumor detection in living mouse.41 To monitor 
the amount of glucose in a living rat, Anker et al created an 
implantable silver-based SERS sensor.42

To efficiently create hybrid nanoparticles for cancer 
diagnosis and therapy, it is important to understand the 
distinction between ordinary and cancerous tissue. This can 
be overcome by nanoparticles as their size and shape depend 
on the structure and can be optimized for accumulation 
in tumors. This can also decrease the dramatic side effects 
induced to healthy tissue, and, at the same time, can enhance 
their efficacy against cancer cells. The nanoparticle can be 
easily taken up by cells and recent studies have shown that 
this can reduce exocytosis by drug-resistant cells. Further, it 
may be possible to engineer the intracellular distribution of 
a payload to increase toxicity to the nucleus. Nanotechnology 
will have a major effect on our cancer detection and 
treatment capacity leading to decrease in cancer deaths. 
Molecular biologists work to unravel the molecular networks 
of the disease. This allows the discovery of nanomaterial 
diagnostic and therapeutic objectives. To take advantage 
of this potential, knowledge of the effects of nanomaterial 
design in in vitro and in vivo conditions is critical which are 
briefed below:

 • The nanoparticles interacts with biomolecules on the 
surface and within the cell, and the main benefit is 
that nanoparticles are intact against the molecules’ 
biochemical characteristics. Nanoscale device building 
and characterization may assist in understanding 
carcinogenesis.

 • Nanoparticles are so versatile that they have a broad 
optically active bandwidth of the complete spectrum of 
electromagnetic radiation such as from radio waves to 
gamma rays. Nanoparticles of different sizes and shapes 

Fig. 4 Potential of nanoparticles photonics interaction.
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could interact with a full range of photonic spectra 
including visible range that produces all types of photonic 
reactions.

 • When the size of a material is lowered to the length scale 
of the nanometer, there is a tremendous change in its 
electronics and, therefore, chemical properties. In can-
cer research, metal nanoparticles has been discovered 
to be advantageous over other sensitizers. In metals, the 
surface electrons excited by nonionizing radiation con-
vert the light energy into various possible energy such 
as heat energy, fluorescence or shock waves, and emits 
the energy to the surrounding areas. The surface electron 
becomes dominant in metal nanoparticles and gives new 
properties to nanoparticles. Connor et al have shown that, 
despite being taken into the cells, gold nanoparticles are 
inherently nontoxic to human cells.43 Some precursors 
used in the production of nanoparticles, however, may be 
poisonous. The reported findings were important to con-
trol the toxicity of gold nanoparticles by using nontoxic 
reagents to create them.

 • For ophthalmic disease, PDT is presently in exercise. 
Increasing a cell’s temperature results in hyperthermia, 
coagulation, thermal ablation, vaporization, carbonization, 
apoptosis, and necrosis. In contrast to the normal 
temperature (37°C) of a biological system, a temperature in 
the range of 45 to 47°C is regarded as hyperthermia which 
can initiate cell apoptosis. The rise in cell temperature 
up to 60°C leads to protein coagulation, followed by 
macrophage engulfing. A temperature of 100°C leads to 
vaporization, resulting in 80% boiling of the water content 
and a temperature of 200°C causes cell carbonization.

Future Scope of PDT
The fast-growing field of nanotechnology offers the chance 
for interdisciplinary studies. An apparent benefit of nano-
technology is the size of the particles which regulated in 
such a way that it can be effectively used in biological sys-
tems for enhanced penetration and localization. Materials 
in the nanoscale are smaller than human cells and are com-
parable to organelles within a cell. In addition, nanopar-
ticles can cross certain obstacles, making it an effective 
therapeutic and diagnostic tool. By choosing the correct 
size and shape one can generate nanoparticles, which can 
be optimized for accumulation in tumors. This can also 
decrease the dramatic side effects induced to healthy tis-
sue. The shallow penetration of light photons is the biggest 
challenge of PDT, limiting the usage of PDT only to skin and 
surface lesions. The combination of nanoparticles with PDT 
can greatly enhance the efficacy of the treatment. Moreover, 
sensitizers can be coupled with specific biomarkers for 
individual patients with cancer which in turn can lead to 
efficient precision medicine. Such an approach would spare 
the risk of radiation or emergence of resistance, which are 
usually associated with radio and chemotherapy. The sen-
sitizer’s accurate binding with tumor and treatments using 
a feeble light source can cure cancer without harming the 
surrounding environment. Instead of recommending as 

palliative medicine, PDT and plasmonic phototherapy have 
the potential to become a primary treatment strategy. The 
photosensitizers and light source are generally harmless to 
humans and only in combination create therapeutic reac-
tion. Since radiation induced side effects are not seen in 
visible and infrared light sources, targeted therapy could 
be easily achieved with nano-PDT. Hence, PDT opens up 
a promising field for clinical implementation in precision 
medicine.
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