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ABSTRACT: The clinical need for photodynamic therapy (PDT) has been growing for several decades. Notably, PDT is often used
in oncology to treat a variety of tumors since it is a low-risk therapy with excellent selectivity, does not conflict with other therapies,
and may be repeated as necessary. The mechanism of action of PDT is the photoactivation of a particular photosensitizer (PS) in a
tumor microenvironment in the presence of oxygen. During PDT, cancer cells produce singlet oxygen (1O2) and reactive oxygen
species (ROS) upon activation of PSs by irradiation, which efficiently kills the tumor. However, PDT’s effectiveness in curing a deep-
seated malignancy is constrained by three key reasons: a tumor’s inadequate PS accumulation in tumor tissues, a hypoxic core with
low oxygen content in solid tumors, and limited depth of light penetration. PDTs are therefore restricted to the management of thin
and superficial cancers. With the development of nanotechnology, PDT’s ability to penetrate deep tumor tissues and exert desired
therapeutic effects has become a reality. However, further advancement in this field of research is necessary to address the challenges
with PDT and ameliorate the therapeutic outcome. This review presents an overview of PSs, the mechanism of loading of PSs,
nanomedicine-based solutions for enhancing PDT, and their biological applications including chemodynamic therapy, chemo-
photodynamic therapy, PDT−electroporation, photodynamic−photothermal (PDT−PTT) therapy, and PDT−immunotherapy.
Furthermore, the review discusses the mechanism of ROS generation in PDT advantages and challenges of PSs in PDT.

1. INTRODUCTION
Cancer is one of the most worrisome illnesses, particularly in
affluent nations. Nearly 8 million people die from cancer each
year, contributing significantly to the burden of cancer-related
mortality and morbidity worldwide.1−4 Chemotherapy, sur-
gery, radiotherapy, and, more recently, small molecule-based
treatments and immunotherapy, as well as a combination of
these approaches, are the current clinical approaches for cancer
therapy. Surgery is typically the first course of treatment;
however, if metastasis has already taken place, it may not be
the most appropriate treatment option. In circumstances when
the tumor is situated in delicate regions, such as close to the
spinal cord or other essential organs, surgical excision of the
tumor is also not a practical option. In radiation therapy, the
ionizing nature of radiation causes DNA damage in cells,
which, if targeted specifically at the tumor, may stop tumor
cells from replicating and perhaps cause the tumor to shrink.
However, radiation therapy typically has long-term adverse

effects such as immunosuppression, scar tissue development,
and injury to healthy adjacent cells. Chemotherapeutic drugs
are substances that may stop or eliminate rapidly proliferating
cell lines in the body. They can either be cytostatic or
cytotoxic. A chemotherapeutic agent is often administered
intravenously, resulting in systemic effects. When treating
metastasized cancers, this strategy may be beneficial, but it also
presents a problem since it must balance the drug’s therapeutic
advantages with its unfavorable systemic toxic side effects.5 In
recent years, the use of nanomedicine has considerably
increased the advantages of chemotherapy and other small
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molecule drugs where the therapeutic molecules are encapsu-
lated into nanovesicles that prolong the drug’s duration in
circulation (by preventing nonspecific uptake and renal
clearance) and enable enhanced penetration and retention
(the EPR effect) to boost absorption inside the tumors by
extravasation through the leaky vasculature associated with the
tumor.6−8 In order to combat cancer, immunotherapy
functions by boosting the patient’s own immune system or
by lowering innate signaling cascade processes that encourage
cancer growth and aggressiveness by employing monoclonal
antibodies and cancer vaccines that are specifically directed at
cancer cell receptors. The limited efficiency of highly targeted
immunotherapies is due to the propensity of cancer cells to
mutate. Nevertheless, immunotherapy techniques combined
with radio- or chemotherapy have recently shown therapeutic
effectiveness in several malignancies.9−11

While a large portion of contemporary cancer research is
focused on improving the tumor-selectivity of the traditional
cancer therapy methods previously outlined, researchers have
also concentrated on finding alternative therapeutic methods
that could be less risky or more effective in circumstances
when significant chemotherapy, radiation, or surgery may be
restricted owing to the danger of aesthetic and functional tissue
damage. As a result, noninvasive photodynamic therapy (PDT)
has become a promising strategy for the past few decades.12,13

PDT consists of three basic elements: oxygen, a photo-
sensitizer (PS) drug, and a particular wavelength of drug-
activating light. When a PS is activated by light, energy transfer
cascades are set off, producing cytotoxic reactive oxygen
species (ROS) such as singlet oxygen, oxygen free radicals, and
so on. Toxic ROS may cause necrotic and apoptotic cell death
via the oxidation of DNA, RNA, protein, and cell/subcellular
organelle membranes.14−17 PDT has greater invasiveness and
spatial selectivity than conventional chemotherapy because
ROS are only generated in the region receiving light
irradiation.18,19 Due to this attribute, the systemic toxicity of
PDT is quite low.

PDT has been the subject of in-depth research into cancer
therapy since Dougherty et al. made the first contemporary
demonstration of using this technique to destroy tumor cells in
1978.20 PDT has significant advantages over traditional

chemotherapy due to the PS’s limited hazardous potential in
the absence of light and the low systemic damage that results
from its buildup in nonspecific organs. Moreover, the drug-
activating light is less powerful than radiotherapy as it is
nonionizing, and its impact on tissues without the PS drug is
not hazardous. As a consequence, PDT may be repeated
securely if necessary without incurring the risk of damaging
nearby normal tissue.21 This makes PDT particularly appealing
for malignancies wherein loco-regionally recurring therapy may
be required. Due to these features, PDT might potentially
provide dual specificity in tumor treatment by creating
innovations that ensure light irradiation of the tumor only
when necessary and PS deposition in the tumor.22 PDT has
been extensively used for the local clinical therapy of several
malignancies including stomach cancer, esophageal cancer, and
head and neck cancers.23,24 PDT still has poor therapeutic
effectiveness despite its beneficial use. One of the key factors is
that, similar to conventional chemotherapeutic drugs, PSs
cannot actively concentrate in tumor tissue after in vivo
injection.25,26 The therapeutic effectiveness is drastically
reduced by nonspecific absorption by other cells or tissues.
Furthermore, enough oxygen is required for effective PDT, but
tumor tissue is usually hypoxic. Even worse, PDT will result in
a drop in oxygen concentration, thus jeopardizing the
effectiveness of PDT.27−29

Developing nanoparticles (NPs) is thought to be a logical
way to get over PDT’s drawbacks due to the advancement of
nanotechnology. Physical encapsulation or chemical conjuga-
tion are the two methods that can be used to integrate PSs into
NPs. These methods alter the chemical properties of the PSs,
such as their solubility, prevent them from self-quenching, and
increase the effectiveness of ROS generation.30,31 In contrast,
NPs may also alter the biodistribution and pharmacokinetics of
PSs in vitro and in vivo.32,33 NPs improve PS tumor specificity
by EPR effect or by altering their surface with targeted
ligands.6,34,35 Meanwhile, advancements in fiber-optic-based
laser technology might offer novel strategies to transfer the
drug-activating light intratumorally and interstitially. Several
recent reviews have emphasized the numerous nanoparticle
architectures being researched for PS’s encapsulation and
controlled release.36−40 Other review studies have described

Figure 1. Jablonski energy level diagram for PDT.
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PDT’s accomplishments in the clinical arena of cancer therapy.
This article gives an overview of PSs, the mechanism of loading
of PSs, nanomedicine-based solutions for enhancing PDT, and
their biological applications, including chemodynamic therapy,
chemo-photodynamic therapy, PDT−electroporation, photo-
dynamic−photothermal (PDT−PTT) therapy, and PDT−
immunotherapy. Furthermore, the review discusses the
mechanism of ROS generation in PDT and the advantages
and challenges of PSs in PDT.

2. MECHANISM OF REACTIVE OXYGEN SPECIES
(ROS) GENERATION IN PDT

In PDT, tumors are eradicated by ROS, such as superoxide
radical (O2

•−), hydroxyl radical (OH•), and singlet oxygen

(1O2) species, which are formed by the interaction of oxygen
(O2) and excited PSs. This effect is very localized owing to the
short duration and high reactivity of ROS.13 Figure 1 shows a
thorough breakdown of the photochemical mechanisms
involved in PDT. A PS transitions from its ground state (S0)
to the first singlet excited state (S1) or the second singlet
excited state (S2) after absorbing a photon of the proper
wavelength. Internal conversion (IC) will cause S2 to decay (≈
fs) fast to S1 (IC). S1 will either cease releasing light
(fluorescence) or produce heat throughout the IC process
since it is likewise unstable and has a lifespan of ns level.
Intersystem crossover (ISC) of S1 may also occur in the
meantime to create a more stable excited triplet state (T1). T1
has an extended lifespan (≈ μs) and is capable of undergoing a
number of photochemical processes such as phosphorescent

Table 1. PDT-Based Nanocarrier Systems to Deliver Photosensitizers

loading
method structure size (nm)

zeta
potential
(mV) laser parameters therapy remarks ref

chemical
conjugation

PDA-Ce6 ∼49 ∼23.4 670 nm, (50 mW/cm2) PDT/
PTT

improved therapeutic effect and stability 47

rGO@PDA-FA-
C60

sheet Xe lamp, (2 W/cm2) PDT/
PTT

excited by a single light 203

Mn3O4@ PDA-
GQD

∼100 670 nm, (4 mW/cm2) PDT dual mode imaging-guided PDT 204

PDA-A = T-ZnPc ∼88 −21.5 665 nm, LED: 5 W PDT/
PTT

controlled release, DNA pairing rules 205

ZnFe2O4−Ce6 ∼100 +51.5 660 nm, (50 mW/cm2) PDT superior antibacterial activity 206
RCDs−Ce6 ∼3.4 −32.5 671 nm, 0.05 PDT high photostability, excellent

biocompatibility,
207

Pd−PEI−Ce6 ∼4.5 +10.2 660 nm, 0.05 PDT/
PTT

high photostability, excellent
biocompatibility,

208

SiO2−Ce6 80−105 normal light PDT biocompatibility 209
Ce6−OC−PEI 80 +10.5 630 nm, 0.05 PDT excellent biodegradable and biocompatible

theranostic nanoagent
210

Pd@Ce6 116 660 nm PDT good biocompatibility, structure stability,
combination therapy effect

211

Ac-CS/Ce6 ∼165.8 −29.9 660 nm PDT excellent singlet oxygen species generation
capability

212

physical
absorption

Ce6-PDA (load) ∼142.8 +30.2 665 nm, 250 mW cm−2 PDT/
PTT

facile two-step method 49

Ce6@CaCO3−
PDA-PEG

∼168 660 nm, 5 mW cm−2 PDT pH sensitivity, biomineralization 213

PDA−PEG@
IR820/Fe3+

∼81 −28.3 808 nm, (1.0 W/cm2) PDT/
PTT

dual imaging and dual therapy 214

GNR@PDA-MB ∼80 −18 671 nm, 10 min, (30
W/cm2)

PDT/
PTT

promising drug carrier, theranostic 215

Ce6-CSNPs ∼132 −35 (660−690 nm, 100
mW/cm2)

PDT biocompatibility 216

IO−PG−DOX−
Ce6

236.1 ± 4.62 24.73 690 nm NIR laser
irradiation (0.5 W/
cm2)

Chem/
PDT

dramatically improved cell uptake,
photoinduced ROS generation, and
cytotoxicity.

217

ABN@HA-Sese-
Ce6/CYC NPs

35 nm 650 nm laser (20 mW/
cm2)

PDT smart drug release, excellent therapeutic
efficacy

218

MnO2@Ce6 100 nm +38.5 mV 633 nm laser (0.8 W/
cm2)

PDT excellent biodegradable and biocompatible
theranostic nanoagent

219

encapsulation UCNP@SiO2-
MB@PDA

∼38 980 nm,10 min, 1.0
W cm−2

PDT/
PTT

980 nm laser for PDT, mRNA target 51

DOX@TiO2−
X@PDA Cy5.5

∼637 808 nm, (1.0 W/cm2) PDT/
Chem/
PTT

triple therapy, NIR/pH-triggered drug
release

50

MNPs@hy-PDA-
lac

∼305 0.54 LED 600 nm, (8.6
mW/cm2)

PDT good dispersibility, targeting ability 220

LAP/ICG@
PDA-RGD

59 −20.7 808 nm, (1.2 W/cm2) PDT/
PTT

high encapsulation efficiency 221

HANP/Ce6 ∼227.1 630 nm laser (150
mW/cm2)

PDT excellent biocompatibility, tumor
targetability, and tumor suppression
capacity

222

Ce6/(pH) ∼96.6 0.365 J/cm2 PDT significant suppression of tumor growth. 223
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emission and energy transfer to O2 to produce 1O2 (referred to
as the type II PDT process). Additionally, T1 may generate
radicals by reacting with intracellular substrates such as nucleic
acids, proteins, and lipids via an electron transfer process.
These radicals can then interact with O2 or H2O to generate
additional ROS species like O2

•− and OH•. This process falls
under the category of type I PDT process. Under the influence
of light, semiconductor nanomaterials may produce electron−
hole pairs, and the subsequently separated electrons and holes
can then interact with O2 or H2O to form O2

•− and OH•.
Heat-induced ROS production is a novel ROS generating
process that has just been identified. Intense heat enhances the
thermionic emission of electrons that further interact with the
environment to generate ROS. Additionally, it has been shown
that certain organic compounds with large π-conjugated
structures may store 1O2 via the production of endoperoxide
at low temperatures, whereas under hot conditions, the stored
1O2 can be liberated to annihilate cancer cells. It is also widely
acknowledged that 1O2 is mostly to blame for the photo-
dynamic destruction of cells and biological tissues, which
occurs when PSs are employed, and that the majority of PSs
now in use operate predominantly via type II mechanism.41

The intrinsic property of PS, which serves as the cornerstone
of PDT, governs the effectiveness of the treatment. However, a
significant drawback of therapeutically used PSs, such as those
derived from phthalocyanine (Pc) and porphyrin, is that their
principal absorption band is in the ultraviolet−visible (UV−
vis) region, where tissue receives a little amount of light. Due
to the fact that NIR light may penetrate deeper into normal
tissues than UV and visible light and has lower phototoxicity,
much work has been put into designing and synthesizing PSs
that are activated by NIR light. Meanwhile, the majority of
organic PSs with substantial absorbance in the 700−1000 nm
region of the spectral region for PDT often exhibit hydro-
phobic character, leading to an agglomeration state and a
decrease in 1O2 production and fluorescence quantum yields in
aqueous solution.42 The two-photon excitation (TPE) method,
which makes use of a NIR-pulsed laser as the excitation light
source, is a very attractive solution to this problem. During
TPE PDT, a PS electron is stimulated from its ground state
(S0) to an excited electronic state (i.e., S1 or S2) by absorption
of two photons with the same frequency, which subsequently
kills cancer cells through type I or type II procedure (Figure
1).43 The energy source of ITPE should be a quick (≈ 100 fs)
laser pulse with high intensity in order to accomplish
instantaneous absorption. The photon’s energy may be lower
than the energy difference between the two states, which is
typically found in the NIR regime. In addition to inheriting the
benefits of conventional one-photon excitation (OPE) PDT,
this strategy additionally provides the following notable
features. TPE PDT may eliminate deeper tumors because
NIR lasers can penetrate materials more deeply than visible or
UV light. Compared to OPE PDT, TPE PDT provides more
precise phototherapy and greater spatial resolution in
fluorescence imaging since only the sample located in the
laser beam focus may be stimulated. The upconversion
nanoparticles (UCNPs) also include rare-earth metals and
lanthanide dopants, which may absorb numerous photons
owing to the extended lifespan and actual ladder-like energy
levels of lanthanide ions, producing high energy anti-Stokes
fluorescence in the process. UCNPs have been used in a
variety of applications including bioimaging, biosensing, and
PDT.44 Although TPE and UCNPs offer benefits in deep

tumor treatment, developing PSs with the following attribute is
still quite difficult: high extinction coefficient in the optical
window for PDT, the proper retention period in a live
organism, high ROS generation efficiency, and excellent
photostability and biocompatibility.45

3. MECHANISM OF LOADING
PSs have been delivered via a variety of nanocarriers by many
research teams. These investigations have been divided into
three groups based on the multiple interactions between PSs
and PDT nanocarriers including the encapsulation approach,
physical absorption strategy, and chemical conjugation
strategy. The summary of PDT based on various nanocarriers
to deliver PSs is represented in Table 1.
3.1. Chemical Conjugation Strategy. Molecules con-

taining groups such as dihydroxyindole, indoledione, and
dopamine-like units make conjugation reactions much simpler
while simultaneously furnishing high chemical reactivity to
these molecules. Amine and thiol conjugations following
Schiff’s base reaction and Michael’s addition have been used
variedly throughout different studies. The presence of catechol
groups increases the redox potential, posing the molecules as a
candidate for PDT. Li et al. worked with one such molecule,
polydopamine, and conjugated it with graphene due to their
high singlet oxygen generation and high photothermal
properties.46 Furthermore, by conjugating folic acid through
Schiff’s base reaction, the formed, modified molecules could be
tumor-targeted and simultaneously used for photodynamic and
photothermal therapies against cancer cells. Another study
investigated the potency of conjugation of Ce6 with these
groups and observed that it increased the photostability and
photodynamic effect of the formed NPs. The varied functional
groups present in these structures form a much more suitable
molecule for chemical conjugation. These conjugations further
improve its therapeutic efficacy and the safety of the
photodynamic moieties.47

3.2. Physical Absorption Strategy. The noncovalent
interactions such as π−π stacking, hydrogen bonding, and
electrostatic interactions are considered easier ways to load PSs
to any drug molecule. This could pertain to the fact that
physical absorption does not require any activation energy and
can be performed under mild conditions. Aromatic groups
have a higher ability to absorb any photosensitizing agent
efficiently.48 For instance, Ce6 loaded onto polydopamine
through π−π stacking enhanced the photostability and
improved the efficacy of the PDT as studied by Poinard et
al. This noncovalent conjugation, although relatively simple,
shows that the loading efficiency compared to chemical
conjugation is still less efficient.49

3.3. Encapsulation Strategy. Encapsulation of PSs within
polymers enhances their biocompatibility as well as their
photodynamic and photothermal efficacy. These polymeric
coatings improve the tumor tissue selectivity and penetration,
prevent premature release, and hence increase the therapeutic
efficacy. In a study performed by Guo et al., the PSs were
encapsulated inside a silicon dioxide (SiO2) shell, which
remarkably enhanced the NIR absorbance and photodynamic
effect on the cancer cells.50 Nonetheless, these outer shell
coatings might also hinder the singlet oxygen generation and,
therefore, might also decrease the cytotoxic effect. Thus,
tailoring the shell thickness, manipulating the shell material,
and optimizing the encapsulated structure improve the ROS
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generation along with selective delivery of the photosensitizer
to the tumor microenvironment.51

4. PHOTOSENSITIZERS (PSS)
The selection of PS is crucial for effective PDT therapy. In
order to maximize tissue penetration, light with a wavelength
(600−700 nm) in the therapeutic window should ideally be
used to activate the PS. It should not be harmful to cells in the
dark or trigger cell death when there is no light, and it has easy
solubility in the tissues of the body. Additionally, the target
cells must specifically capture and/or retain it. Finally, It must
also be capable of causing immunogenic cell death., which is
distinguished by alterations in the structure of the cytosol and
the discharge of signaling molecules that stimulates T and
dendritic cells and encourages the growth of a specialized
immune response that is specifically directed toward cancerous
tumors.52−54 A few PSs that typically adhere to the
aforementioned requirements have been discussed in this
section.

4.1. Methylene Blue (Phenothiazine Derivative). An
organic dye called methylene blue (MB) has both photo-
sensitizing and fluorescent features.55−57 This PS efficiently
destroys cancerous cells, bacteria (in vivo), and viruses (in
vitro).58−60 Human cells and bacteria interact with it more
favorably due to its low molecular weight and positive charge.
As a result, it is an appropriate choice for PDT of cancer and
infections.60,61 The net positive charge and hydrophilic/
lipophilic balance of MB enable it to readily pass across
biological membranes.60 Enterococcus faecalis, Candida albicans,
and Escherichia coli infections are most often treated with it as a
PS in antimicrobial PDT. The application of MB as a PS in
PDT for treating cancer is growing. The potential of MB in
anticancer PDT is particularly intriguing because it is less
expensive and more readily available than traditional PSs. As
revealed by several investigations, it has shown positive
outcomes. MB has been used to study a range of NPs
including apoferritin nanocages, polyacrylamide, and sili-
ca.62−65 Aerosol alginate NPs were designed by Khdair et al.

Table 2. Methylene Blue (MB)-Based Nanocomposite Systems Used for Cancer Therapy

nanocomposites (NCs) PS laser parameter size (nm)
zeta potential

(mV) cancer cell line application ref

methylene blue (MB) with/without gold or
silver NPs

MB NIR (660 nm; 25 W/cm2) 21 nm,
43 nm

−48 mV MDA-MB-468 breast cancer (PDT) 224

methylene blue-liposome MB NIR (660 nm; 165 mW/cm2) 140 nm not defined 4T1 breast cancer (PDT) 130
graphene oxide-methylene blue NCs MB red light LED irradiation 20 nm not defined MDA-MB-231 breast cancer (PDT) 225
MB and veliparib NPS (VMB-NPs) MB 660 nm(102 J/cm2) 90 nm −3.7 mV B16F10-Nex2

cells
skin cancer (PDT) 226

sulfur-doped graphene quantum dot and
methylene blue preparations (GQD:MB)

MB 660 nm, 12 W >20 nm not defined MCF-7 cells breast cancer (PDT) 227

methylene blue and curcumin Ion-pair NPs MB (red LED 630 nm; 30 mW/
cm2); blue LED (465 nm; 34
mW/cm2)

40−60 nm not defined MDA-MB-231 breast cancer (PDT) 228

methylene blue: salicylic acid (SA-MB) MB NIR (630 nm; 30 mW/cm2) not defined not defined MDA-MB-231 breast cancer (PDT) 229
MB-PDT MB 660 nm not defined not defined not defined skin cancer (PDT) 230
GGH@AuNRs/MB hydrogel (Gellan Gum,
Ca2+, gold nanorods (AuNRs) and
methylene blue (MB)

MB 808 nm laser at 0.5 W/cm2; 660
nm laser at 50 mW/cm2

not defined 33.1 mV HeLa cells, 3T3
cells and
MCF-7 cells

Henrietta’s cancer,
breast cancer
(PDT−PTT)

231

GO-MB/PF127 nanocomposite MB 808 nm laser at 0.5 W/cm2; 660
nm laser at 50 mW/cm2

121.8 nm −16.70 mV HL-7702 cells
and SiHa cells

skin cancer (PDT−
PTT)

232

Table 3. Chlorin-Based Nanocomposite Systems Used for Cancer Therapy

nanocomposites (NCs) PS laser parameter size (nm)
zeta potential

(mV) cancer cell line application ref

CM/SLN/Ce6 NPs silica NPs (SLN) with cell
membrane (CM)

Ce6 680 nm laser, (1 W/
cm2)

90.4 ± 3.2
nm

+32.4 ± 1.7 mV SGC7901 cells gastric cancer
(PDT)

233

SWCNTs-HA-Ce6 (single-walled carbon
nanotubes, hyaluronic acid (HA) and chlorin e6
(Ce6)

Ce6 660 nm laser (5 and 10
J/cm2)

203 ± 6.6 nm −18.9 ± 1 mV Caco-2 cells colon cancer
(PDT)

234

Ce6-Fu/AL@GG-based hydrogel (Chlorin e6
(Ce6)-fucoidan/alginates@gellam gum)

Ce6 660 nm laser (4 J/cm2) not defined not defined HT-29 cells colon cancer
(PDT)

235

Ce6-PDT Ce6 650 nm, (4 J/cm2) not defined not defined SW620 cells colon cancer
(PDT)

236

GNPs@PEG/Ce6-human PD-L1 peptide
nanoprobes gold NPS(GNPs)

Ce6 633 nm, (0.8 W/cm2) >100 nm −11.38 ± 3.89
mV

HCC827 and
A549 cells

lung cancer
(PDT−PTT)

237

Ce6/Dox@NPs-cRGD (CDNR NPs) Cyclo(Arg-
Gly-Asp-D-Phe-Cys) (c(RGDfC), cRGD)

Ce6 670 nm laser (0.25 W/
cm2)

112.6 nm −21.5 mV MCF-7 cells breast cancer
(PDT)

238

CNPs-Ce6, Ce6 loaded chitosan NPs (CNPs) Ce6 635 nm laser (50 mW/
cm2)

160−200 nm 24.77 mV A549 cells lung cancer
(PDT)

239

G-chlorin e6 (glucose-conjugated chlorin e6) Ce6 664 nm laser (100
J/cm2) (150
mW/cm2).

not defined not defined MKN45 cells and
HT29 cells

gastrointestinal
cancer (PDT)

240

Ce6 mediated PDT Ce6 690 nm NIR laser
irradiation (0.5 w/
cm2)

not defined not defined Lewis cells lung cancer
(PDT)

241

Ce6 and IgG nanocomplexes (Chlorin e6 +
immunoglobulin G)

Ce6 660 nm (80 mW/cm2) ∼7 and
∼44 nm

not defined GL261, a PD-L1
positive cell line

glioma (PDT) 242
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to administer MB and doxorubicin simultaneously as part of a
PDT−chemotherapy combo treatment approach. They were
able to effectively increase the cytotoxic effect in drug-resistant
ovarian cancer cells while missing any active targeting
domains.66 In a study, 17 patients with basal cell carcinoma
were treated with MB-PDT by Samy et al.67 Out of the 17
patients, 11 had a full recovery with favorable aesthetic results
and few adverse effects. MB-PDT is only used in clinical
investigations at this time since there is no authorized clinical
procedure. MB solutions are quickly removed from the body
after intravenous injection despite having a significant water
solubility because it is reduced into leucoMB in peripheral
tissues and erythrocytes.68 LeucoMB has no photodynamic/PS
activity; hence, it is critical to safeguard MB from peripheral
and blood reduction when contemplating IV delivery. NPs
made from the biocompatible polymers chitosan and PLGA
may be employed to increase MB stability. The other MB-
based nanocomposite systems used for cancer therapy are
represented in Table 2.
4.2. Porphyrins. A significant class of PSs includes

compounds of porphyrin. A member of this family, photofrin
or porfimer sodium, has received clinical approval in the USA
for PDT treatment of a number of premalignant lesions and
tumors. Although the present clinical formulation does not use
a NP carrier, numerous encouraging preclinical investigations
using nanoformulations of porphyrin photosensitizers have
been conducted. In a study, Chen et al. delivered
pheophorbides (chlorin derivatives) and 5,10,15,20-tetrakis-
(m-hydroxyphenyl) porphyrin (mTHPP; a porphyrin deriva-
tive) to leukemia cells using human serum albumin NPs.69−71

It was discovered that the NPs were shown to be absorbed via
lysosomal processes and resulted in around 50% of the cell’s
death from apoptosis.71 Several distinct NP systems, including
gold NPs, silica, polymeric, chitosan, and metal oxide, have
been used to manufacture porphyrin derivatives such as
protoporphyrin IX and photofrin.72,73 A few of the
formulations have used receptor-mediated active targeting to
improve cell-selective delivery, whereas the rest of them have
the EPR mechanism being used to passively target solid
tumors. In a study, tetrakis(1-methylpyridinium-4-yl) porphyr-
in (TMPyP4), which is used for multimodal imaging and
subsequent PDT of breast cancer, was packaged in multifunc-
tional iron oxide NPs by Yin et al.74 Additional cases where
porphyrin PS has been loaded in NPs that may actively or
passively target cancer cells are represented in Table 3.
4.3. Photogem (Hematoporphyrin Derivative, HpD).

A hematoporphyrin derivative from Russia (Moscow) is called
Photogem. This first-generation PS was generated using animal
blood. It has the same chemical, photophysical, diagnostic, and
therapeutic properties as Photofrin. Both the Brazilian Health
Surveillance Agency (ANVISA) and the Russian Federation’s
Pharmacology State Committee have authorized it for use in
humans. It has an absorbance spectrum between 500 and 630
nm and is made up of a combination of oligomers and
monomers.75 For the first few weeks following the delivery of
Photogem, which is often administered systemically, photo-
sensitivity becomes the most frequent adverse effect. The
detrimental impacts may be reduced by integrating Photogem
with targeting or drug delivery systems, which enables a
staggered release of PS into the system or its tailored
administration to cancer. On the other hand, it has a low
optical absorption within the therapeutic range of 600−700
nm, which results in protracted photosensitivity. This led to

the development of second-generation PSs, such as chlorins
and 5-aminolevulinic acid (ALA, Levulan), with superior
absorption properties and fewer negative side effects.76

4.4. Chlorins. Bacteriochlorins and chlorins, present in
natural substances, strongly absorb light between 640 and 700
nm. For instance, Rhodobacter capsulatus bacteria contain
bacteriochlorins, and chlorins may be detected in chlorophyll-a
(reported in certain species of Spirulina).77 Chlorins have a
fundamental structural resemblance with porphyrins since they
are hydrophilic reduced porphyrins. Numerous chlorin
derivatives, such as mono-L-aspartyl chlorin e6 (NPe6), have
been investigated for use as PSs. It has two crucial
characteristics: a powerful light absorption in the therapeutic
window between 650 and 680 nm, as well as a large quantum
yield of 1O2 (0.70).78 The benzoporphyrin derivative BPDMA
and meso-tetrakis (m-hydroxyphenyl) chlorin are two
synthetic chlorins that have interesting biological effects.79

Photodithazine (PDZ) is the brand name of one more PS drug
that originates in Russia and is part of the chlorins family. It is
derived from the cyanobacterium Spirulina platensis, and its
geometry has been amended by the inclusion of N-methyl-D-
glucosamine (0.5%) as a stabilizing and solubilizing agent.80 It
is a second-generation PS, and it has minimal to no effect on
skin photosensitivity.81 Chlorins’ ability to cure oral cancer has
been well-researched.82,83 In a study, Parihar et al.82 conducted
both in vivo and in vitro studies to investigate the efficacy of
chlorin-PDT as a potential treatment for oral squamous cell
carcinoma. They observed full tumor shrinkage and significant
cellular damage within a week of receiving the chlorin-PDT.
When it comes to the treatment of lesions in the oral cavity,
aqueous solutions are not always the most effective delivery
vehicle for administering a PS, despite the fact that chlorins
demonstrate strong stability and water solubility. In these
situations, it is preferable to include the chlorins in a
mucoadhesive delivery method. It prolongs the dosage form’s
duration at the absorption site and enhances the end results.84

As an important category of PSs, chlorins have a chemical
structure that is analogous to that of chlorophyll. The PS
chlorin e6 (Ce6), which has been investigated for use in a
variety of nanobased drug delivery systems, has the highest
volume of clinical applications among the drugs in this
category including hyaluronic acid, iron oxide, silica, human
serum albumin, chitosan, and a variety of polymeric NPs.
These chlorin-loaded NPs were mainly developed with the
intention of using EPR-based passive targeting mechanisms in
various cancers including those of the breast, colon, and
cervical regions. Conversely, active receptor-mediated targeting
has also been employed in a couple of these strategies. In a
study, Benachour et al.85 developed silica NPs loaded with a
targeting peptide neuropilin-I and 5-(4-carboxyphenyl)-
10,15,20-triphenylchlorin (TPC) to attack tumor angiogenic
vasculature and accomplish near-complete cell killing in vitro.
Similarly, Yoon et al. designed CD44 tumor-targeting
hyaluronic acid NPs (HANPs) to deliver Ce6 and accomplish
almost 100% cell killing in two distinct human colon cancer
cell lines.86 In addition, Li et al.66 employed folate receptor
targeting on pheophorbide A-loaded heparin NPs for the
purpose of administration to cervical cancer. The primary
emphasis of recent research using chlorin-based nano-
formulations has been on the development of NPs with the
dual purpose of imaging and photodynamic treatment. For
instance, concurrent PDT and magnetic resonance imaging of
stomach cancer was performed by Huang et al. using Ce6-
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coupled magnetic NPs.62 Another new nanovehicle prepara-
tion of chlorins involves a novel platform known as
“upconversion NPs.” This formulation of chlorins has been
researched by a few different groups for the purpose of PDT
for breast, cervical, and glioma malignancies.87,88 Upconversion
is a process that involves the successive absorption of
numerous photons, which may then result in the emission of
light at wavelengths that are shorter than the excitation
wavelength.89 Typically, the excitation occurs in the infrared
range, and the resulting emission occurs in the visible range. If
upconversion components, such as rare earth metals like Er3+,
are manufactured together with PSs inside the same vehicle,
the produced light has the potential to activate the PS. As a
result, this strategy has the potential to hold great promise in
terms of tackling the issues associated with assuring light
transmission in vivo. The other chlorin-based nanocomposite
systems used for cancer therapy are represented in Table 4.
4.5. Phthalocyanine (Pcs). Pcs structure can be elucidated

as a tetra pyrrole structure consisting of four isoindole rings,
where the connecting carbon is replaced by nitrogen atoms.
The C−N bonds have similar lengths due to the uniform
electron density distribution that provides a stable phys-
icochemical property to the compounds. The molecular
structures of phthalocyanine derivatives and cyanine deriva-
tives are shown in Figure 2. These compounds intensely
absorb the NIR and red light while vaguely absorbing the light
of 400−600 nm. Pcs have been fabricated further with
diamagnetic ions, improving the tumor microenvironment’s
selectivity and inhibition by improvising the cytotoxic singlet
oxygen quantum yields.90 The various derivatives of PCs are
described below.

4.5.1. Zinc Phthalocyanine (ZnPcs). ZnPcs provide strong
photostability and shows enhanced spin−orbital coupling.
Forming a part of type-II PSs, it endures oxygen dependency
problems which can be overcome by introducing amine groups
which in turn increases the hydrophilicity and electron-
donating capability of the molecule. The tumor selectivity
and target specificity can be improved by introducing folic acid,
saccharides, and peptides whose receptors are overexpressed in
the tumor tissues. Activatable ZnPcs also improve tumor
selectivity. Exploiting the tumor microenvironment pH, which
is significantly lower than the normal tissue pH, the pH-
activated ZnPcs invade the tumor regions more, showing an
enhanced photosensitizing effect. Taking into account the
intrinsic nature of ZnPcs wherein they form π- π stacking,
leading to singlet oxygen species generation, they, too, serve as
precursors to the activatable form. It was reported by Xue et al.
that when oligo ethylene glycol was used to connect the
phthalocyanine-erlotinib. The conjugate synthesized has
enhanced its binding capacity to the ATP-domain of the
tyrosine kinase in EGFR, overexpressed in the tumors.91 The
study performed by Chen et al. demonstrated that conjugation
of 2,4,6-tris(N,N-dimethylaminomethyl) phenoxy (TAP) with
ZnPc, provided a pH-dependent activation based on the tumor
microenvironment, which possesses a generally low pH than
the normal tissues.92 Albumin-dependent switchable PDT
wherein ZnPc is substituted with 4-sulfonatophenoxyl, as
indicated by Yoon et al., improved the effect of PDT.93

4.5.2. Silicon Phthalocyanine (SiPcs). SiPcs showcase
sterically hindered structures that prevent the aggregation-
caused quenching often observed in ZnPcs. SiPcs can be
phototriggered for drug release or can be modified at multiple
sites for tumor specificity due to their easily fabricable nature. T
ab
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These class Pcs more naturally show their effect following the
PET mechanism wherein the fluorescence quenching occurs
due to the electron transfer between the excited fluorophore
and redox-active receptor ligand. Bai et al. reported the
conjugation of IR700 (silicon derivative) with 6-TSPOmbb732
(a small targeting molecule with the molecular weight 18KDa
mitochondrial translocator protein TSPO, which is present in
higher quantities of multiple cancers than in normal tissue)
demonstrated improved PDT efficacy.94

4.5.3. Aluminum Phthalocyanine (AlPcs). AlPcs supra-
molecular forms help to overcome the challenges observed in
photodynamic therapies. As the supramolecular form is taken
up by the tumor tissues, they degrade to release the
monomeric units, which after accumulation into the
mitochondria and lysosomes, show their cytotoxic effects.
Modified AlPcs also act as tumor biomarkers which can then
be further used to observe tumor specificity. For instance, the
use of sulfonate-modified AlPcs and ATP resulted in higher
selectivity of 4T1 tumors and more effective tumor destruction
as compared to free PSs. In a study, Tang et al. reported AIE-
Mito-TPP and sulfonate-modified AIPc to produce theranostic
PSs for a synergistic chemo-photodynamic therapy and
demonstrated that electrostatic, hydrophobic, and π−π
interaction could be used for mitochondrial targeting chemo-
therapy.95

4.6. Cyanine. The general structure of cyanine includes
two nitrogen atoms linked by a polymethine chain. These
nitrogen atoms are members of any heterocyclic molecule such
as pyridine, pyrrole, indole, or imidazole. They exist in the

zwitter ionic form and have both cationic and anionic moieties
together. Due to the high absorption coefficients, tunable
absorption of light throughout the visible and NIR regions,
high biocompatibility, and comparatively low toxicity, cyanine
and its derivatives have become one of the most vigorously
used and studied dyes for chemo-sensors. Recent studies have
demonstrated the use of cyanine compounds as PSs in
photodynamic therapies. The various cyanine derivatives used
in PDT are discussed below.

4.6.1. Heptamethine Cyanines (Cy7). The two nitrogen
heterocycles linked to each other via a conjugated carbon chain
in the Cy7 improve the cyanine solubility and the conjugation
ability to various other moieties that might improve the tumor
selectivity. Indocyanine green (ICG) is the FDA-approved Cy7
fluorophore with high clinical acceptance and has been used in
over a hundred active clinical trials. Although it is minimally
invasive and hence has been approved for clinical use, ICG
shows fast clearance and low singlet oxygen generation
capacity hence pertains to low cytotoxic properties. This
then poses the use of higher doses of light or the drug to
observe optimal cytotoxicity. To overcome these limitations,
multiple researchers modified Cy7 to observe enhanced
photothermal properties. For instance, Callan et al. modified
Cy7 by forming monoiodinated and di-iodinated Cy7. They
observed that these compounds produced significantly higher
singlet oxygen than ICG and hence increased the cytotoxic
property.96 Introducing iodine, a heavy atom, enhanced the
photothermal conversion capacity, as well as ROS generation,
as indicated by Sun et al. Cyanines, have been providing both

Figure 2. Molecular structures of phthalocyanine and cyanine derivatives.
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photodynamic and photothermal efficacy, which provide an
improvised anticancer effect.97

4.6.2. Hemicyanine. Another subclass of cyanine dyes,
hemicyanines, work following the D−π−A-based ICT
mechanism wherein the absorption of light occurs through
the charge transfer from the donor to the acceptor through a π-
bridge structure. The conjugated system could be enhanced by
the activation of NIR light. Small molecule substituted
hemicyanines such as bromine substituted showed less PDT
effect as compared to a comparatively heavier molecule such as
iodine which enhanced the effect. As the hemicyanines possess
a shorter wavelength for maximum absorption as compared to
Cy7 it limits its usage for deep tissue PDT. Conjugating with
iodine also shifts the wavelength, thus improving the efficacy of
deep-tissue penetration.
4.7. Boron Dipyrromethene (BODIPY). One of the most

investigated and researched chromophores, BODIPY can be
easily modified to obtain enhanced physicochemical properties
with an enhanced PDT effect. They consist of multiple
exemplary features, most importantly possessing a high
extinction coefficient, biocompatibility, and photostability.
Multiple researchers have worked on preparing BODIPY-
based derivatives that could increase the maximum absorption
wavelength above 600 nm. BODIPY modified at the second
and sixth position using a dibromo or diiodo ensures the
increase in the singlet oxygen species generation and hence
impacts the cytotoxic effect. However, it has been greatly
observed that the incorporation of multiple heavy moieties
does not necessarily improve the singlet oxygen generation but
does remarkably increase the dark toxicity. Another method
investigated to improve the absorption and fluorescence
wavelength was by extending the π-conjugated framework by
substituting a carbazole moiety. Other modifications re-
searched include preparing pH-activatable BODIPYs wherein,
due to the tumor microenvironment, pH leads to an increased
yield of singlet oxygen species. Another type of BODIPY is
Aza-BODIPY, wherein a nitrogen atom is incorporated in the
meso-position of the BODIPY structure, which red-shifted the
maximum absorption wavelength by over 100 nm and made it
therapeutically active. Another remarkable investigation
showed that combining aza-BODIPY with heavy atoms such
as iodine, as indicated by Huang et al. in their studies, resulted
in an ultrahigh singlet oxygen yield. PDT using NIR-activated
aza-BODIPY has been researched in recent years and has
provided promising results. The narrow energy gap between
the HOMO and LUMO allowed the nonradiative pathway of
heat generation, providing positive results for photothermal
tumor reductions.98 The molecular structure of BODIPYs is
shown in Figure 3.
4.8. Other Miscellaneous Photosensitizers. In addition

to the primary classes of PSs that have been discussed above,
numerous other interesting PS molecules have also been
explored in the formulations that are based on NPs. The
indocyanine green (ICG) and cyanine compounds cyanine IR-
768 among them may be triggered by a longer NIR wavelength
than the majority of other PSs, enabling a greater level of tissue
penetration by the activating light. Pietkiewicz et al. delivered
cyanine IR-768 to doxorubicin-resistant human breast cancer
cell lines using oil-cored poly(n-butyl cyanoacrylate) nano-
capsules. They were able to show an almost complete loss of
cell viability in vitro in both cell lines., indicating the potential
for employing PDT in malignancies that are immune to
chemotherapy.99 One drawback of NIR-activable PSs is that

because of their longer wavelength of activation, they transmit
less energy to the PS, which results in a reduced yield of 1O2.
Nevertheless, a number of research teams have examined ICG-
loaded NPs for the therapy of deep tissue malignancies.100−103

Hypericum perforatum L., sometimes known as St. John’s Wort,
is a plant that contains the naturally occurring red plant
pigment hypericin (HYP), which has been utilized for many
years in herbal medicine. Due to its capacity to generate
photosensitivity when consumed over a threshold dose, it has
lately grown in favor of PDT research. The PS HYP is very
hydrophobic, like many others. For example, Kleeman et al.104

demonstrated the efficiency of HYP-PDT in the in vitro
destruction of carcinoma cells. A relatively recent family of PSs,
fullerene cages like C60 are distinguished by their closed
carbon-cage polyhedron form. They may produce fluorescence
and take part in the series of energy transfer events that result
in the formation of 1O2 owing to their abundance of π-bond
electrons. They have been investigated for the therapy of
prostate and cervical malignancies and have been coupled to
the surfaces of cyclodextrin NPs, viral NPs, and various
fullerene nanocages.105−107

In addition, quinones have been studied for anticancer
activity in large numbers and represent one of the major classes
of chemotherapeutic drugs licensed for clinical use.108 The
quinone structure is significantly represented among drugs now
utilized to treat the tumor. In general, quinones with complex
or reactive side chains have little anticancer action.109

Naturally occurring quinones are classified into three groups:
anthraquinones, naphthaquinones, and benzoquinones. These
quinones are clinically utilized to treat a broad range of
cancers. Streptonigrin and mitomycin have a heterocyclic p-
benzoquinone moiety, daunomycin and adriamycin, on the
other hand, have an anthraquinone component.110 It has also
been discovered that several naphthaquinone antibiotics, such
as lapinone and lapachol, are effective in eliminating cancer
cells. Both quinones and porphyrin are bioavailable and will
not cause any adverse reactions. Porphyrin derivatives are often
employed in PDT because they absorb in the PDT window
area (600−900 nm). As a result, researchers developed drugs
based on the structure of porphyrin. In contrast to porphyrin,
benzoquinone and its simple polycyclic analogues, such as
anthraquinones and naphthaquinone, absorb in a shorter
wavelength range (300−400 nm). As a result, they are
excluded from PDT studies. However, higher polycyclic

Figure 3. Molecular structures of BODIPYs.
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quinones may be utilized as PDT agents because of their
conjugation, which allows them to absorb in the PDT window
area (600−900 nm).111 Redox cycling has been suggested as a
potential mode of action for numerous quinone species.112

Quinones participate in both the photodynamic and enzymatic
production of ROS. ROS generation may be quantified using
EPR, optical, and phosphorescence techniques. Many bio-
logical processes are influenced by photodynamically produced
ROS. The photoinduced DNA breakage by quinones
corresponds with the ROS-producing efficiency of qui-
nones.111,113

5. NANOTECHNOLOGY-BASED DELIVERY OF
PHOTOSENSITIZERS

Most traditional PSs have little cytotoxic effects in the dark;
thus, specific light irradiation to target malignant tissue
presents less intrusive techniques to treat solid tumors.
However, the nonselective dissemination of PSs often causes
significant complications for patients by causing hyper-
sensitivity to regular light exposure.114,115 One of the primary
objectives of nanotechnology-based PDT is the targeted
delivery of PSs to the target tissue for a better therapeutic
effect. PSs may be delivered selectively using a variety of
nanosized drug delivery vehicles including nanoparticle
systems, liposomes, hydrogels, micelles, liquid crystalline
systems, dendrimers, and cyclodextrin.
5.1. Nanoparticle Systems. NPs are particles that are less

than a micrometer in size. They offer a number of benefits as a
PS delivery system, including safeguarding the PS from
enzymatic breakdown, the regulation of PS release makes it
possible to maintain a steady and homogeneous level in a
target tissue, a submicron size that allows them to enter target
cells, photostability, resorb-ability and biocompatibility
through natural pathways.116

NPs may be categorized as polymeric nanoparticles (PNPs),
metallic NPs, nanostructured lipid nanocarriers (NLCs), and
solid lipid NPs (SLNs), varying according to the material from
which they are prepared.117 Polymeric NPs are made from
synthetic or natural polymers such as chitosan, gelatin, PCL
(poly caprolactone), PLGA (poly-D,L-lactide-coglycolide), PLA
(polylactic acid), and PAC (poly alkyl-cyano-acrylates), among
others.118,119 In a study, Kumari et al. developed Chlorin e6
(Ce6 conjugated polyethylene methoxy-poly(ethylene glycol)-
poly(D,L-lactide) NPs for PDT. The developed NPs demon-
strated particle size of 49.72 ± 3.51 nm and zeta potential of
−24.82 ± 2.94 mV indicating good colloidal stability of the
nanocarrier system. In comparison to free Ce6, mPEG−PLA-
Ce6 NPs significantly increased the production of 1O2 in water.
The NPs demonstrated improved phototoxicity and cellular
internalization in monolayer and 3D spheroids of human lung
adenocarcinoma cells (A549). The developed NPs showed a
strong attraction to tumor cells, which demonstrates that they
are capable of functioning as Ce6 nanocarriers for PDT of solid
tumors.120 Ohulchanskyy et al. developed polymeric NPs for
colon cancer therapy by polycondensing the organo-
trialkoxysilane precursors in the nonpolar core of a Tween-
80/water microemulsion and then alkalinizing them. They
were able to synthesize ultralow size organically modified
silicon nanoparticles (SiNPs). These SiNPs were then
covalently bonded with iodobenzylpyropheophorbide PS.
The produced SiNPs was shown to have a strong therapeutic
effect for tumor cells, demonstrating their considerable
potential for PDT cancer therapy and diagnostics.119

In order to fabricate PNPs from dioctyl sodium
sulfosuccinate and sodium alginate, Khdair et al. used a
multiple emulsions cross-linking technique. They examined
how well these PNPs may improve the therapeutic
effectiveness of the PS methylene blue (MB) in MCF-7 and
4T1 breast cancer cell line. The anticancer photodynamic
effectiveness of NP-encapsulated MB was boosted by more
significant MB deposition in the nucleus and enhanced ROS
generation investigated in vitro studies. The reported NP
system had shown promise as an MB delivery strategy for
anticancer PDT.121 An innovative approach to the develop-
ment of NPs is the use of photonic explorers for biomedical
applications through biologically localized embedding (PEB-
BLE). El-Daly et al.122 prepared NPs predicated on PEBBLE
by encasing indocyanine green (ICG) PS in an organically
modified silicate (ormosil) matrix. They examined the PDT
effects of free ICG and ICG-loaded NPs on hepatocellular
carcinoma cells (HepG2) and on human breast adenocarci-
noma cells (MCF-7). They observed that the NPs
strengthened ICG stability while retaining its phototoxic
potential, and they anticipated that PDT with ICG-loaded
NPs results in less DNA oxidative damage than PDT with free
ICG.

SLNs composed of solid lipids and particles were presented
as a PNP substitute in the early 1990s. The drawbacks that
certain PNPs have, such as cytotoxicity and complex, large-
scale manufacture, are not present with SLNs. Additionally,
SLNs are less expensive than PNPs, and the solid lipids are
more tolerable, but there are some drawbacks to SLNs as well,
including crystallization, drug expulsion during storage, and
poor encapsulation efficiency.123 As a result, NLCs were
designed to address these issues. Solid and liquid lipid phases
combine to generate NLCs, which results in a disordered
matrix that prevents the solid lipid from crystallizing and
increases the drug payload in the NLC. Both NLCs and SLNs
can be generated by cold or hot high-pressure homogenization,
by precipitation, or by the microemulsion method.123 In a
study, SLNs were developed and characterized by employing
the microemulsion technique to deliver hypericin by Youseef
et al.124 The compatibility of hypericin with lipids was
excellent in hypericin-loaded SLNs, which forms the core of
SLNs. Additionally, HYP’s photostability was increased by
SLN encapsulation. It is interesting to note that encapsulating
HYP in SLNs reduced its phototoxicity. This might be due to
the thickness and compactness of the SLN structure cause
hypericin to become inactive when quenched. Furthermore,
Lima et al.125 developed hypericin-SLNs with good drug
loading capacity and entrapment efficiency by employing the
ultrasonication approach. They demonstrated that hypericin-
loaded SLNs enhanced cytotoxicity by 26% and boosted cell
uptake by 30%, in contrast to Youssef et al.124 This
enhancement was most likely brought about by the preparation
method used in this investigation and the smaller size of the
SLNs (153 nm), which boosted cellular uptake facilitated by
the SLN vehicle and enhanced the concentration of hypericin
within the cells. Moreover, metallic nanoparticles (MNPs) are
a different form of NP that have shown considerable promise
as a drug delivery vehicle.126 A multifaceted C60-IONP-PEG
nanomaterial was developed by Shi et al.127 by preparing and
PEGylating iron oxide NPs (IONPs) and decorating them on
the surface of fullerene (C60). Next, they coupled
hematoporphyrin-monomethyl-ether (HMME) PS to the
C60-IONP-PEG and evaluated it against melanoma cancer
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employing B16−F10 cells in vitro and in a mouse tumor model
in vivo. The results showed that, in comparison to free HMME,
C60-IONP-PEG/HMME significantly improved the PDT
effect.
5.2. Liposomes. Liposomes are unilamellar or multi-

lamellar nanometer-size spherical structures that closely match
the composition of cell membranes since it is made up of one
or more phospholipid bilayers. These vesicles have evolved
into effective drug delivery methods owing to liposome’s
capacity to incorporate lipophilic or hydrophilic drugs. They
are the most well-known approach for the controlled
distribution of drugs used in clinical practice because of their
structural adaptability, capacity to integrate a wide range of
hydrophobic and hydrophilic drugs, biocompatibility, and
biodegradability. Liposomes may thus be utilized to integrate
both hydrophilic and lipophilic PSs for cancer PDT.128,129

In a study, Po-Ting Wu et al.130 developed PDT nano agents
for breast cancer cells (4T1) using methylene-blue-Encapsu-
lated Liposomes. Methylene blue (MB) is the commonly used
dye and PDT agent that generates Reactive oxygen species
(ROS) and causes apoptosis when exposed to light. The results
demonstrated that MB-liposomes have excellent stability, quick
intracellular absorption, and the capacity to produce more
ROS in vitro than free MB. The in vivo studies investigated no
toxicity of MB-liposomes.130 MB-liposome has the potential to
be a powerful PDT nano agent for cancer treatment, given the
characteristics discovered. In another study, Bovis et al.131

examined the effectiveness of the intravenously administered
clinical PD, m-THPC (PS) encapsulated in liposomes in
tumor-bearing and normal rats. The liposomes were produced
successfully by utilizing 1,2-distearoyl-sn-glycero-3-phospho-
ethanolamine-N-[amino(polyethylene glycol)-2000] and a 1:9
combination of dipalmitoylphosphatidyl glycerol and
dipalmitoylphosphatidylcholine with 8% and 2% (molar
equivalent ratio). As compared to the commercial formulation,
the findings demonstrated that m-THPC-loaded liposomes
increased tumor specificity. It was ascribed to the increased
blood plasma concentrations and tumor absorption, which was
thought to lessen the harmful impact to healthy cells.
Additionally, it was also said that employing liposomes might
lessen the cost of therapy since less m-THPC was needed
when it was encapsulated into liposomes. Furthermore,
Nombona et al.132 assessed the PDT effectiveness of gold
(Au) NPs or 1,6-hexanedithiol tetra-substituted zinc phthalo-
cyanine PS-loaded liposomes on MCF-7 cells (human breast
cancer cell line). The investigations revealed that PS-loaded
liposomes were much more efficient than Au NPs in the
destruction of breast cancer cells. This demonstrates that
liposomes have the potential to be an effective formulation for
cancer PDT.
5.3. Micelles (Ms). A micelle is a group of amphoteric

surfactant molecules that autonomously assemble in water to
form a (typically) spherical vesicle.133 Ms may thus be utilized
to integrate lipophilic PSs for cancer (PDT). Since the Ms core
is hydrophobic, hydrophobic PSs may be sequestered there
until a drug delivery system releases them. In order to enhance
the biopharmaceutical attributes of a clinically authorized PS
chlorin e6, Kumari et al.134 developed a polylactide-based
block copolymeric Ms loaded with Ce6 for PDT. Human
alveolar adenocarcinoma (A549) cells and Human uterine
cervical cancer (HeLa) were used to investigate the treatment
efficacy of Ce6 loaded Ms upon irradiation in vitro in both 2D
and 3D cell culture systems in monolayers and 3D spheroids,

respectively. The polylactide-based Ms (Ce6-mPEG−PLA)
were stable and had an effective loading of Ce6 with an
encapsulation efficiency of around 75% and measuring 189.6 ±
14.32 nm in size. In comparison to free Ce6 in aqueous
conditions, the Ce6-loaded Ms produced 1O2 at a greater
concentration, and mediated PDT showed excellent cellular
uptake in both A549 and HeLa cell lines, which ultimately led
to increased cytotoxic effects. On the contrary, the Ce6-loaded
micelles exhibited minimal cytotoxicity when it is not subjected
to radiation. In the A549 spheroidal model, the Ce6-loaded Ms
penetrated deeply into the spheroids, causing phototoxicity
and cellular death. According to the findings of this
investigation, the newly produced nanoformulation of Ce6
might be used in PDT as a successful therapeutic strategy for
solid tumors. In another study, Kumari et al.135 developed Ce6
conjugated mPEG−PLA glutathione sensitive Ms for PDT. In
comparison to free Ce6, the developed Ms system (mPEG−
PLA−S−S-Ce6) enhanced 1O2 production by preventing Ce6
from aggregation. In comparison to free Ce6, the Ms system
prevented Ce6 from clumping, improving 1O2 production. The
disulfide bond was present, which caused the Ms to break
down and quickly release the Ce6 that was being studied in the
in vitro investigation.

The Ce6Ms released drugs more quickly in the presence of
glutathione monoester pretreated 4T1 and A549 cells than in
the absence of pretreatment. A549 and 4 T1 cells that had
received 10 mM glutathione monoester before treatment for in
vitro phototoxicity of Ms showed increased toxicity in
comparison to untreated cells. As expected, 0.1 mM of
buthionine sulfoximine pretreated 4T1 and A549 cells
displaying decreased phototoxicity resulted in lesser drug
release from Ce6 micelles. Furthermore, in contrast to free
Ce6, A549 3D spheroids treated with Ce6Ms had considerable
growth suppression, increased phototoxicity, and improved
cellular apoptosis. The developed Ms system might be a
promising formulation for cancer PDT.
5.4. Dendrimers. High-branched polymers known as

dendrimers have a relatively narrow diameter range, often
between 1 and 10 nm. Their key benefit is the capacity to
foresee, manage, and regulate the number and size of
functional groups that can be modified. This increases the
predictability of drug incorporation quantity. As a result, it
makes pharmacokinetics more repeatable; this enables
dendrimers to a potentially useful drug delivery approach for
PDT.136 In dendrimers, PS may be conjugated in three
different ways: first, PS is confined inside the gaps of a
dendrimer’s structure.; second, the dendrimer and PS are
bonded covalently; third, PS serves as a frame for the
development of a dendrimer.137 Narsireddy et al.138 attached
nitrile tri acetic acid (NTA) group and 5,10,15,20-tetrakis(4-
hydroxyphenyl)-21H,23H-porphine (PS) in a dendrimer,
which is the second method for conjugating PS with a
dendrimer. They linked a peptide that was unique to human
epidermal growth factor 2 to the NTA group on the dendrimer
so that it could work as a tumor-targeting peptide for
customized in vitro and in vivo PDT. This allowed the peptide
to operate as a tumor-targeting peptide. They discovered that
PS-dendrimers dramatically reduced tumors in tumor-bearing
mice and were effective in PDT-mediated cell killing
experiments in SKOV-3 cells positive for the human epidermal
growth factor receptor 2 (HER2). Similar to this, Rodriguez et
al.139 observed that the attachment of 5-aminolevulinic acid
(ALA) dendrimers increases porphyrin production. Conse-
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quently, they tested the capacity of ALA dendrimers with 9 and
6 ALA residues to photosensitize cancer cells. They discovered
that dendrimers at low doses produced more porphyrin than
ALA did. However, the production of porphyrins from both
substances was comparable at high doses. Additionally, ALA
dendrimers applied topically did not diffuse to adjacent skin
areas, suggesting a possible role of ALA macromolecules in
models of superficial cancer. In another study, Nishiyama et
al.140 demonstrated that porphyrin-loaded dendrimers with
ionic peripheral groups (DPs) electrostatically interacted with
oppositely charged block copolymers to spontaneously
produce polyion complex (PIC) micelles. Furthermore, a
distinctive DP structure that resulted in a excellent in vitro
photocytotoxicity prevented the dye molecule from self-
quenching within the micellar core. The dendrimer also
shown promise in the therapy of choroidal neovascularization
(CNV) in rats without exhibiting any negative side effects.
5.5. Hydrogels. Hydrogels are 3D mesh structures built of

polymeric materials that are able to absorb water.141 These
methods are often used in the pharmaceutical industry for the
sustained release of hydrophilic drugs,142 owing to the
simplicity with which the drug may be distributed throughout
the matrix. In addition to this, they are biocompatible and
display physical properties that are analogous to those of real

tissues.143 Furthermore, hydrogels may be employed for the
application administration of hydrophilic PSs for PDT, such as
FA-PEG-PheoA, mono-L-aspartyl chlorin, aluminum(III)
phthalocyanine chloride tetrasulfonic acid (Al-4), and PAD-
S31, among others.144−146 For instance, Saboktakin et al.
designed biodegradable NP hydrogels packed with PS
temoporfin (mTHPP) for the purpose of cancer-PDT.147

Lyophilized conjugates of chitosan standards kept at −80 °C
were used to produce chitosan hydrogels. The 0.2% chitosan
hydrogel with 0.04% mTHPP dispersion in deionized water
with agitation produced the mTHPP-loaded NPs. After around
3 h, the specimen was poured into a liquid nitrogen bath that
had been chilled to 77 K. The sublimation method was used to
dry the produced frozen droplets. The NP analysis revealed
that mTHPP possesses intriguing properties that stayed
constant throughout the course of the study. They concluded
that these NPs are acceptable as PDT carriers.
5.6. Liquid Crystalline Systems. Lyotropic liquid crystal

systems contain characteristics of both liquids and solids due
to the fact that they are fluids and have a highly ordered
structure. These are produced by surfactants, more specifically
by the hydrates or solvates of the surfactant molecules.148 They
are succinctly described as hexagonal, lamellar, or cubic
mesophases, and researchers have studied them in great

Figure 4. (A) Mechanisms of curcumin-based photodynamic therapy and its effects in combination with electroporation. Adapted with permission
from ref 165. Copyright 2021 Elsevier. (B) Nanosecond pulsed electric fields (nsPEFs) impact and enhanced Photofrin II delivery in photodynamic
reaction in cancer and normal cells; (C) effect of nanosecond pulsed electric field on human cancer, normal cell lines, and murine macrophages
visualized by DHCC, membrane marker, and DAPI, nuclei staining, CLSM study. Reprinted with permission from ref 167. Copyright 2015
Elsevier.
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detail149 because of their bioadhesive, biodegradability, and
nontoxicity qualities, which also contribute to their potential in
PS drug administration.150 Despite their low viscosities and
negligible oil solubilization, there is a rather low interfacial
tension between lamellar liquid crystals and oil.151 They are
generated by solvent layers sandwiched between parallel layers
of surfactant bilayers.148 Polarized light microscopy reveals that
hexagonal mesophases have the appearance of long cylinders
stacked in a 2D array.142 Finally, the cubic mesophases offer
more challenging structures to visualize, which typically exhibit
a cubic symmetry. Moreover, several systems also showed
rhombohedral and tetragonal phases.152 A PS that is used in
the PDT treatment of skin cancer loaded with a chlorine
derivative was recently the subject of research into NPs of
lyotropic liquid crystals. They blended poloxamer, oleic acid,
monoolein, and water at a temperature of 45 °C to produce
the hexagonal phase nanodispersion and observed particle size
of 161 ± 4 nm with PDI 0.175 ± 0.027. After the introduction
of the drug, the hexagonal liquid crystalline phase exhibited no
change in its stability. The penetration investigations
demonstrated that the PS packed in the hexagonal system
had much greater absorption than the PS packed in PEG
served as control. They revealed that the PS diffused more
deeply throughout the epidermal layers in the nanodispersion
of hexagonal liquid crystalline phase than in control. Finally,
they came to the conclusion that the nanodispersion
demonstrated promise for the transport of the PS into the
skin, which is essential for effective topical PDT treat-
ment.153,154

5.7. Cyclodextrin. Natural cyclodextrins (CDs) are cyclic
oligosaccharides made possible by the activity of the enzyme
cyclodextrin-α-glycosyl transferase (CGTase). They are made
up of 6, 7, or 8 glucose units joined together by α-1,4 bonds
that are designated as α-, β-, and γ-CD, respectively.155 In
order to improve the architectures of natural CDs and render
them appropriate for use in applications involving drug
delivery, a number of modified CDs have been generated.
Due to their cone-like structure, an interior nonpolar cavity
forms, which enables the development of inclusion complexes
of lipophilic drugs.156 In a study, Conte et al.157 developed
biodegradable nano assemblies based on zinc-phthalocyanine

(ZnPc) and heptakis (2-oligo(ethylene oxide)-6-hexadecylth-
io-)-β-CD (SC16OH) and to combat phthalocyanine low
water solubility. In HeLa cancer cells, they discovered potential
PDT anticancer effects, indicating a potential Zn-Pc delivery
method. In a similar study, Lourenço et al.158 developed
phthalocyanines functionalized with α-, β-, and γ-CDs. They
demonstrated that both Pc-α-CD and Pc-γ-CD were
discovered to have promising photoactivity against UM-UC-
3 human bladder cancer cells.

6. APPLICATIONS OF PHOTOSENSITIZERS
PDT is an established alternative method for treating cancer.
Strong specificity in tumor destruction and the feasibility of
combining with other therapeutic agents are the major
advantages associated with PDT.159 A PS, which is
administered in PDT, has the ability to be activated by the
exposure of light of a specific wavelength and accumulate in
the tumor leading to the formation of ROS in the presence of
oxygen, resulting in a local inflammatory reaction.12,160,161

6.1. PDT−Electroporation (PDT−EP). Electroporation
(EP) is a technique of reversible or irreversible breaking of cell
membranes induced by electrical pulses. Electroporation
provides an exterior electric field that barely exceeds the
capacitance of the cell membrane and causes transient
breakage of the cellular membrane, which facilitates the
delivery of different compounds into cell.162,163 The perme-
ability of the cell membrane is facilitated by the formation of
water pores, which enables the drug to enter the cytoplasm to
exhibit its anticancer effect.164

Czapor-irabek et al. developed a combination therapy of
curcumin-aided PDT with electroporation (Figure 4A). An
increased cellular permeability was observed with increasing
the electric field (600 and 800 V/cm electric fields) was
observed with malignant (A375) and normal (HGF) cell
lines.165 Satkauskas et al. demonstrated the application of
electric impulses on the efficacy of PDT (Figure 4B). Using
Aluminum phthalocyanine tetra sulfonate (AlPcS4) belongs to
phthalocyanines and chlorine e6 as PSs during the
combination of electroporation and PDT caused an increase
in the accumulation of PSs in the tumor, leading to
cytotoxicity. The experiments were carried out in vitro in

Figure 5. (A) Self-guiding polymeric prodrug micelles with two aggregation-induced emission photosensitizers for enhanced chemo-photodynamic
therapy. (B) In vivo imaging and combinational therapy efficacy of HeLa tumor-bearing mice after the intravenous injection of TB@PMPT micelles
at different time. Adapted with permission from ref 171. Copyright 2021, American Chemical Society.
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murine hepatoma cell line MH22A (Figure 4C).166 A study by
Kulbacka et al. used PS Photofrin II for the combination of
PDT and nanosecond pulsed electroporation. The results
showed that the delivery of PS was improved by the
electroporation and exhibited effective tumor photoactivation
at low doses with a shorter incubation period.167 We et al.
studied the effect of EP-PDT on the cellular effects of drug-
resistant (MCF-7/DOX) and wild-type breast cancer cell line
(MCF-7/WT) by exposing the cells to PDT using photofrin
and the cyanine IR-775. Due to the enhanced cellular
permeability effect of electroporation and photodynamic
activity, PSs exhibited a severe cytotoxic response with both
cell lines.168 A study by Todorovic et al. utilized electro-
poration to facilitate the transport of chemotherapeutic agents,
bleomycin, and cisplatin using Murine rectum carcinoma cells

CMT-93. When compared to the exposure of drugs alone,
cisplatin and bleomycin resulted in 2.8- and 500-times greater
increases in sensitivity, respectively, with the electropora-
tion.169

6.2. Chemo-photodynamic Therapy. The PDT has the
limitations of hypoxia in tumor tissues and limited light
penetration. PDT must therefore be used in conjunction with
other therapeutic modalities such as CDT and chemo-
therapy.170 In order to improve the combination of chemo-
photodynamic therapy, Yi et al. developed a dual-stage light
irradiation technique by preparing a polymeric micelle system
consisting of two aggregation-induced emission (AIE) photo-
sensitizers in which one AIE photosensitizer and chemo-
therapeutic drug paclitaxel were conjugated to the polymer,
and the other AIE photosensitizer was loaded inside the

Figure 6. Supramolecular photosensitizer system based on nano-Cu/ZIF-8 capped with water-soluble pillar arene and methylene blue host−guest
complexations. TEM images of (A) Cu/ZIF-8@ZIF-8 and (B) Cu/ZIF-8@ZIF-8@WP6−MB; (C) DLS data of Cu/ZIF-8@ZIF-8@WP6−MB.
(D) UV−vis spectra of Cu/ZIF-8@ZIF-8@WP6−MB and MB aqueous solution at room temperature. Relative cell viability of (E) HL7702 cells
and (F) HepG2 cells after treatment with OCZWM, Cu/ZIF-8@ZIF-8@WP6−MB at different concentrations. (G) Relative cell viability of
HepG2 cells after treatment with OCZWM, WP6−MB at different concentrations. Adapted with permission from ref 177. Copyright 2021 MDPI.
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hydrophobic core formed by the micelles (TB@PMPT)
(Figure 5A). After reaching the tumor, the micelles caused
lipid peroxidation leading to the increased permeability of the
cell membrane resulting in enhanced cellular uptake of
micelles.171 TB@PMPT micelles exhibited effective inhibition
of tumor cells in HeLa tumor-bearing mice due to the
combination of enhanced chemotherapy and PDT (Figure
5B). A stimuli-responsive nanoparticle system was prepared by
Luo et al. in which doxorubicin was conjugated with poly[N-
(2-hydroxypropyl) methacrylamide] (poly HPMA) copolymer
with disulfide bonds, and the Chlorin e6 (Ce6) was loaded.
The PDT efficacy was evaluated on 4T1 murine breast cancer
cells. In the physiological state, the Ce6 nanoparticle system
was able to hold both chemotherapeutic drug (Doxorubicin)
and photosensitizer (Ce6) and release them via intracellular
cleavage of disulfide bonds in response to glutathione (GSH)
present in the tumor.172

In one study, a homodimer was prepared by conjugating two
cabazitaxel (CTX) with a single thioether bond (CTX-S-
CTX). Pyropheophorbide A (PPa) allowed CTX-S-CTX to
quickly assemble into homogeneous NPs in water. The
phospholipid-polymer conjugate 1,2-distearoyl-sn-glycero-3-
phosphoethanolamine-N-[amino(polyethylene glycol)-2000]
(DSPE-PEG2K) was added to the NPs to prolong the blood
circulation duration of NPs. The activation of CTX-S-CTX
was significantly aided by the synergistic interaction of the
ROS produced by PPa during laser irradiation and the
endogenous ROS present inside the cell.173 The drug delivery
system composed of poly(ethylenimine) (PEI) derivatized
fullerene (C60-PEI-DOX) loaded with doxorubicin, whose
release is highly dependent on the environmental pH, was

found to have high tumor specificity and synergistic
therapeutic activity. The Dox was released into the acidic
environment of the tumor. The combination therapy
significantly reduced the development of tumors in mouse
melanoma B16−F10 cells and in vivo models with few adverse
effects.174 A study by Zhao et al. utilized electrostatic
interaction for the loading of anionic photosensitizer ce6 and
chemotherapeutic drug Doxorubicin into a cationic polymer to
achieve the combined chemotherapy and PDT. A higher
loading capacity was observed for ce6 than the Dox. Due to the
limited interaction with the polymer in acidic environment,
Doxorubicin exhibited pH-dependent release and effective in
vitro suppression of 4T1 breast cancer cells was observed by
inducing the ROS generation.175 Meng et al. demonstrated a
host−guest approach for dual chemo-photodynamic therapy.
In this study, the amphiphilic molecule formed from water-
soluble pillar arene (WP5) acts as a host, and quaternary
ammonium derivative integrated with boron-dipyrromethene
(BODIPY) acts as both guest and photosensitizer developed
supramolecular vesicles to load the doxorubicin. The system
was able to encapsulate Dox effectively, and the drug was
released into acidic conditions.176

6.3. Photodynamic Therapy−Chemodynamic Ther-
apy (PDT−CDT). Reactive oxygen species (ROS) are
generated by PSs under light irradiation. The formed ROS
has the ability to oxidize the cellular components, leading to
cell apoptosis. Hypoxia and increased glutathione content in
the tumor can limit the therapeutic efficacy of PDT. In order to
achieve a better therapeutic effect, PDT can be combined with
CDT, which works by generating hydroxyl radicals in cancer
cells. A study by Capped et al. utilized metal−organic

Figure 7. (A) Organic small molecular nanoparticles based on self-assembly of amphiphilic fluoroporphyrins for photodynamic and photothermal
synergistic cancer therapy; concentration dependence of the cytotoxicity of (B) Por NPs and (C) ZnPor NPs against HeLa cells. Adapted with
permission from ref 181. Copyright 2019 Elsevier.
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frameworks as carriers. In this study, the chemodynamic
therapy was achieved by formulating Cu-loaded Zeolitic
imidazolate frameworks-8 (ZIF-8) as nanocarriers to facilitate
the adsorption of O2 and assist in Fenton reaction with Cu2+,

and the PDT was achieved by capping the same nanocarriers
with photosensitizers through host−guest complexation of
pillar arene (W6)−methylene blue (MB). The results showed
the size of 190−290 nm using TEM analysis (Figure 6A,B),
and TEM images demonstrated that the obtaining Cu/ZIF-8@
ZIF-8@WP6−MB had an obvious fuzzy edge compared with
that of the obtaining Cu/ZIF-8@ZIF-8, which can be ascribed
to the assembly of WP6−MB (Figure 6C). The system

exhibited good O2 load capacity and exhibited better
cytotoxicity with hepatoma cancer cells (HL7702 cells).177

As shown in Figure 6E, without light irradiation, O2−Cu/ZIF-
8@ZIF-8@WP6−MB (OCZWM) showed reduced dark
toxicity compared to free MB with HL7702 cells. As shown
in Figure 6F, under the condition of normal O2, the inhibition
rates of OCZWM and Cu/ZIF-8@ZIF-8@WP6−MB on
HepG2 cells were, in practical terms, the same. Moreover, it
was found that, without light irradiation, the inhibition rates of
OCZWM were higher than that of WP6−MB due to the CDT
(Figure 6G).

Figure 8. (A) Preparation and administration of multifunctional magnetic PD-L1 peptide-imprinted composite nanoparticles. Adapted with
permission from ref 186. Copyright 2021 MDPI. (B) Tumor microenvironment-activated nanoparticles loaded with an iron−carbonyl complex for
chemodynamic immunotherapy of lung metastasis of melanoma in vivo. Reprinted with permission from ref 187. Copyright 2021 American
Chemical Society.
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In one study, photosensitizer porphyrin was conjugated with
the chemotherapeutic agent ferrocene. Under laser irradiation,
the system was able to convert oxygen into 1O2 to exhibit PDT
activity, and the CDT activity was achieved by the Fenton-like
reaction.178

6.4. Photodynamic−Photothermal Therapy (PDT−
PTT). With the combined effect of PDT, which causes cellular
toxicity by oxidative stress,160 and PTT, which works by
inducing an increase in temperature in the local tissue
environment, the limitations of PDT can be reduced.179 In
photothermal therapy, the photothermal agent can convert the
light energy into thermal energy and causes the thermal
destruction of tumors.180 In a study, porphyrin-based self-
assembling NPs were prepared by PSs incorporated with
hydrophilic polyethylene glycol to impart the hydrophilicity
and pentafluoro benzene moieties to enhance the stability and
protein−ligand interactions (Figure 7A). The NPs exhibited
particle size of 100 nm with better water dispersing ability,
enabling the NPs to enter the lysosomes of cancer cells, leading
to enhanced phototoxicity (Figure 7B, C).181

To overcome the hypoxic conditions of the tumor, which
limits the catalytic activity of photodynamic therapeutic effect,
Yang et al. developed a nanozyme approach by preparing
platinum(Pt)-carbon incorporated nanozyme by immobilizing
an ultrasmall platinum nanozyme inside a metal−organic
framework ZIF-8 derived mesoporous carbon nanozyme. The
photodynamic efficiency was improved by the catalytic activity
of Pt-carbon nanozyme on the overproduced H2O2 caused the
generation of oxygen inside the tumor (Figure 8).182

6.5. PDT−Immunotherapy. Immunotherapy (IMT) of
cancer aims to use the immune system’s capacity to vigorously
and precisely attack targets based on the concept of antigen-
specificity to combat and destroy tumors. PDT has been
demonstrated to promote the release of antigens and
immunogenic elements like damage-associated molecular
patterns (DAMP) from dying tumor cells.183,184,52 These
DAMPs stimulate the dendritic cells and the growth of
cytotoxic T lymphocytes (CD4+/CD8+ T cells), which in turn
activates the host immune system against tumor cells.185 Due
to its immunologic effects, PDT is a favorable option for
immunotherapy combinations in the treatment of cancer.

In one study, Lee et al. combined photodynamic and
immunotherapy by immobilizing merocyanine as a PS onto the
magnetic NPs. The tumor targeting of NPs was achieved by
imprinting a single peptide sequence from programmed death-
ligand one protein (PD-L1) onto the poly(ethylene-co-vinyl
alcohol) (Figure 8A). The molecularly imprinted polymer
(MIP) NPs also improved the effectiveness of natural killer
(NK-92) cells by inhibiting the PD-L1 protein on human
hepatoma (HepG2) cells. The NK-92 cells also assisted
HepG2 cell death by promoting caspase 8 expression.186 A
study by Zhai et al. developed glutathione (GSH), and
hydrogen peroxide activated nano formulation loaded with an
iron−carbonyl complex, which can release CO, which causes
mitochondrial damage and oxidative stress by the Fenton
reaction (Figure 8B). The nanosystem caused a series of
intracellular pathways that worked together to inhibit
melanoma lung metastasis.187 Additional cases where PS has
been loaded in NPs that may actively or passively target cancer
cells are represented in Table 5.

7. CHALLENGES
Amidst the benefits, PDT still has to tackle several challenges.
The conventional organic PSs, such as phthalocyanine, chlorin,
and porphyrin derivatives, have very poor water solubility and
limited selectivity, difficult to synthesize and purify, and lack a
cancer target domain. To boost the output of their triplets, PSs
often cooperate with transition metals in the middle of their
frameworks. Conversely, such transition metal complexes
usually suffer from severe cytotoxic effects in the absence of
light irradiation and are exorbitant in cost and complexity to
synthesize.188 However, inorganic nanoparticle-based PSs are
difficult to employ in biological applications due to stimulation
by a very short wavelength light source and nonbiodegrad-
ability, which causes retention in the bodily organs.189 The
wavelength of light determines how deeply it penetrates
biological tissues, and these depths are often rather shallow.
For instance, in bladder PDT, the depth of penetration is just
4.0 (0.1) mm (633 nm).190 Additionally, the wavelength of the
light, as well as the characteristics of the various tissue types in
terms of reflection, scattering, transmission, and absorption,
have a role in determining the depth of penetration. Near-
infrared (NIR) light generally offers superior biosafety and a
significantly longer tissue penetration depth than visible light.
On the other hand, due to the high production energy needed
for PDT, long wavelength light (>850 nm) has poor singlet
1O2 quantum yields.191 As a result, the light in PDT has a
therapeutic window between 650 and 900 nm. ROS produced
generally have short lifetimes (40 ns) and small diffusion radii
(approximately 10 nm).192,193 The PDT process consumes a
lot of oxygen, but the O2 content in solid tumors is very low,
which is known as hypoxia. PDT necessitates that patients stay
in the dark for an extended period of time after therapy and/or
be treated with a high-powered laser. A lot of work has been
put into recent years to get around PDT’s limitations. This
research has resulted in novel techniques to circumvent such
disadvantages such as heavy atom-containing PSs with poor
water solubility and aggregation-caused quenching being
possibly replaced with heavy atom-free PSs with aggregation-
induced emission, respectively. The poor penetration of light
into PSs with short wavelength absorption may be enhanced
by two-photon excitation, a FRET effect, and with red/NIR
light irradiation. On the other hand, white light irradiation and
ultralow/low light power light density have demonstrated
promising efficacy for PDT therapy. Particularly, the molecular
design of PSs toward “all-in-one”, “one-for-all”, and imaging-
guided PDT for phototheranostics in particular illustrates a
promising strategy in clinical therapy. Other tactics have been
mentioned, including the introduction of targeted groups,
decreased O2 reliance, and effective triplet excited state
generation, etc. However, the production of these novel PSs
has not been well systematized, and it is crucial to develop
organic-based photodynamic agents for PDT.

Although PDT has the potential to be used as a stand-alone
method for the therapy of malignancies at various stages,
currently, only flat and superficial lesions are treated with it.
The critical challenge is that PDT cannot effectively treat deep-
seated or solid tumors. Furthermore, whole-body irradiation is
not feasible; at least with the existing technology, it cannot be
utilized to treat chronic disseminated illness. It is challenging
for healthcare professionals to strategize and customize the
course of treatment partly because of the limitations in the
attributes of the PSs that are presently accessible and in part
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because of the insufficient information about the light dose to
be supplied to the tumor without adversely impacting the
surrounding normal tissue. Being a localized therapy, PDT
essentially needs the right amount of light to reach every part
of the tumor for it to be successful in curing the tumor. Clinical
PDT often fails to prevent tumor recurrence and manage
residual tumor development despite sophisticated Monte Carlo
calculations because the lesions are not adequately illumi-
nated.194 In certain additional circumstances, overillumination
might result in excessive toxicity to nearby normal tissue,
causing an undesirable reaction once again. In contrast to
radiation treatment, where the biological reaction is well
connected with the energy absorbed per mass of tissue, PDT
light dosage has no generally recognized definition. This is a
rather hard subject, owing to the intrinsic intricacy of the PDT
process as well as a lack of acceptable clinical measurement
methodologies. However, a common but primitive approach
includes measuring the light fluence, the quantity of PS, and
oxygen, which are then used to determine the 1O2 production
(explicit dosimetry).195 The light distribution is governed by
the light source parameters and the optical attributes of the
tissue. However, owing to the intricacy of tissue architecture
and the dearth of research on optical tissue characteristics,
measuring and interpreting light fluence seems to be difficult.
Despite the fact that optical spectroscopy may be used to
quantify the distribution of O2 and PS, the real distribution
may differ owing to O2 consumption during the photo-
bleaching and photodynamic reaction, respectively. The
photodynamic process thus needs more dynamic modeling.
Regarding clinical PDT, the following areas need improve-
ment, tumor selectivity, formulation of photosensitizers, and
tissue penetration depth. Nanoparticles are a new technique in
the realm of PDT that can overcome many of the constraints
of traditional PS.196 Generally, they are described as small
particles between the size range of 1 and 100 nm. A number of
synthetic or naturally occurring materials may be used to
produce nanoparticles, which can be tailored to transport
numerous theranostic drugs in a targeted way. Depending on
the type of carrier system and the mechanism of transport, PS
attachment or loading, the incorporation of nanoparticles in
combination with PDT may offer some of the following
advantages: they may efficiently enhance the amount of PS that
can be administered to the target cells because of their high
surface to volume ratios.197,198 NPs may limit the imminent
release of PS and possible drug inactivation by plasma
components, avoiding its nonspecific aggregation in healthy
tissues and lowering overall photosensitivity.1 They provide PS
with amphiphilicity, a quality that some potentially exceptional
PS compounds lack. As a result, nanoparticles bearing the PS
payload may freely circulate through the bloodstream and
target the malignant cells.199 Typically, they benefit from the
EPR effect, which is a result of abnormally leaky tumor
neovasculature and inadequate lymphatic drainage of the
malignant cells, assisting PS carrier’s diffusion into and
retention inside tumor tissue.6 Their surface may be further
altered with targeting agents or functional groups to change
their physical or biological characteristics, resulting in
improved targeting abilities, cell uptake, pharmacokinetics,
and biodistribution.200

8. CONCLUSION
PDT provides a number of key advantages over other
conventional treatment modalities including radiotherapy,T
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chemotherapy, and surgery.201,202 PSs are only functional after
being activated or switched on by certain types of light
irradiation, minimizing systemic toxicity, and have been
extensively used in in vivo biomedical applications. PDT may
be helpful by damaging the blood arteries that nourish tumor
cells and by signaling the immune system to fight the tumor,
and it has a broad range of potential uses since ROS affects a
wide variety of cells. PDT is a minimally invasive or
noninvasive technique for topical and targeted therapy. PDT
may be used with radiotherapy, chemotherapy, or other
anticancer medications and may be used to combat multidrug
bacterial and cancer resistance. These NP drug delivery
approaches provide a number of advantages for PSs such as
lengthening the retention time in cancerous tissue, increasing
EPR effect, and targeting only tumor tissues, which improves
the drug−light interval and gives clinicians a wider window of
time in which to treat patients, which they may use to irradiate
the patient. Moreover, a tumor-targeted delivery method
decreases the buildup of PS in healthy tissues, reducing any
deleterious repercussions of photosensitivity. Tumor-targeting
PS delivery devices may improve PDT by focusing on certain
tumor types and more effectively accessing interior organs.
PDT in the treatment of cancer is still a subject of much
research. To secure a promising future for cancer therapy,
more research is needed for PDT to become the widely used
therapy that clinicians desire.
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Mucoadesivos Para Liberação Controlada de Faŕmacos. Lat. Am. J.
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