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1. Introduction

Advancements in nanotechnology-driven
photodynamic and photothermal therapies:
mechanistic insights and synergistic approaches for
cancer treatment

S. Sameera Shabnum,® R. Siranjeevi,*® C. Krishna Raj,® A. Saravanan,® A. S. Vickram,®
Hitesh Chopra® and Tabarak Malik © *f

Cancer is a disease that involves uncontrolled cell division triggered by genetic damage to the genes that
control cell growth and division. Cancer starts as a localized illness, but subsequently spreads to other
areas in the human body (metastasis), making it incurable. Cancer is the second most prevalent cause of
mortality worldwide. Every year, almost ten million individuals get diagnosed with cancer. Although
different cancer treatment options exist, such as chemotherapy, radiation, surgery and immunotherapy,
their clinical efficacy is limited due to their significant side effects. New cancer treatment options, such
as phototherapy, which employs light for the treatment of cancer, have sparked a growing fascination in
the cancer research community. Phototherapies are classified into two types: photodynamic treatment
(PDT) and photothermal therapy (PTT). PDT necessitates the use of a photosensitizing chemical and
exposure to light at a certain wavelength. Photodynamic treatment (PDT) is primarily based on the
creation of singlet oxygen by the stimulation of a photosensitizer, which is then used to kill tumor cells.
PDT can be used to treat a variety of malignancies. On the other hand, PTT employs a photothermal
molecule that activates and destroys cancer cells at the longer wavelengths of light, making it less
energetic and hence less hazardous to other cells and tissues. While PTT is a better alternative to
standard cancer therapy, in some irradiation circumstances, it can cause cellular necrosis, which results
in pro-inflammatory reactions that can be harmful to therapeutic effectiveness. Latest research has
revealed that PTT may be adjusted to produce apoptosis instead of necrosis, which is attractive since
apoptosis reduces the inflammatory response.

photomechanical interactions between light and tissues in the
body.” Thermal therapies have been used to treat cancer cells
since the 18th century. A class of disorders known as cancer is

Therapy with light has been practiced for the past three
millennia." Light was employed by the ancient Egyptian, Indian,
and Chinese cultures to treat a variety of ailments, such as
vitiligo, rickets, psoriasis, and skin cancer. Numerous therapies
exist that take use of the photochemical, photothermal, or
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defined by abnormal and uncontrolled cell proliferation that
can have detrimental effects on health. Depending on the kind
and severity of the cancer, many treatment options are avail-
able. For example, surgery aids in the removal of cancerous
masses or tumours. Drugs are used in chemotherapy to destroy
certain cancer cells. Other cancer treatments include immune-
therapy, bone marrow transplantation, targeted medication
therapy, radiation therapy, hormone therapy, and cryoablation.
While there have been some instances when these therapies
have been shown to be beneficial, they also have serious nega-
tive effects. Finding the most effective cancer medication that
has higher efficacy and few to nil side effects is therefore
urgently needed.

The raising of temperature over physiological ranges, usually
to 40-45 °C, is known as hyperthermia. The major objective of
hyperthermia is to provide an environment that makes tumor
removal easier while protecting healthy tissues used in cancer

© 2024 The Author(s). Published by the Royal Society of Chemistry
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Fig. 1 Simple diagrammatic representation of photodynamic therapy and photothermal therapy mechanism.

therapy. However, the normal tissues are frequently impacted
by this treatment. Applying photothermal therapy with laser
radiation can make photothermal therapy more applicable for
more targeted cancer treatment. The requirement for a power-
ful laser to kill the tumor cells is a major drawback of this
treatment. Modern phototherapy offers advantages including
focused therapy, deep penetration, specialized phototherapy,
large exposure area, and longer exposure period. It also makes
use of nanomaterials like CNT, gold nanoparticles, graphene,
and quantum dots. The combination of PDT and PTT is also
quickly gaining popularity due to its synergistic benefits, which
can help chemotherapy and radiation therapy as an adjuvant
treatment method Fig. 1.3

Photodynamic therapy (PDT) was developed in the nine-
teenth century by Niels Finsen. The scientists found that mixing
chemicals and light may cause more cell death than usual.
Using light-activatable chemicals (or, more recently, nano-
particles) to trigger the production of deadly harmful free
radicals or reactive oxygen species—most frequently, singlet-
state oxygen, or 'O,—photodynamic treatment (PDT) is based
on photochemistry.* The main component of photodynamic
treatment (PDT) is the use of photosensitizers (PSs), which are
activated by light of a wavelength that is long enough to convert
oxygen molecules into ROS (hazardous reactive oxygen species),
such as singlet oxygen. This process ultimately results in cell
death for the cancer cells by oxidative stress.’

In contrast, photothermal therapy (PTT) kills cells and
tissues primarily by heat using just light, often in the near-
infrared range for maximal tissue penetration.® PTT is a more
discreet and maybe helpful substitute for treating cancer.
Applying pulsed laser irradiation within the near-infrared (NIR)
range to activate photosensitizing compounds, PTT produces
heat for the thermal destruction of cancer tumours with
a restricted invasion into neighbouring healthy tissues.” Selec-
tive heating has been suggested for PTT that contains a photo-
thermal agent. The main requirements for PTT are an NIR light
source and a compatible photothermal compound with an
exceptionally high absorption co-efficient. The degree of

© 2024 The Author(s). Published by the Royal Society of Chemistry

absorption of the NIR spectrum and the light-excitation coeffi-
cient determine the temperature increase in the PTT. Photo-
thermal therapy may eradicate cancer cells from the main
tumor or from tumors that have already begun to metastasize,
either by alone or in combination.?

Cancer is a primary source of illness and mortality globally,
necessitating ongoing efforts to innovate and improve treat-
ment options. Traditional cancer treatments, such as chemo-
therapy, radiation, and surgery, are restricted due to systemic
side effects, non-specificity, and, in many cases, treatment
resistance. In response, photodynamic therapy (PDT) and
photothermal therapy (PTT) have emerged as potential mini-
mally invasive cancer therapies due to their ability to precisely
target tumor cells while causing minimum harm to
surrounding healthy tissue. PDT uses light-activated photo-
sensitizers to generate reactive oxygen species (ROS), which
cause cancer cell death, whereas PTT uses photothermal agents
to turn light into heat, resulting in localized hyperthermia and
cell ablation. Despite their therapeutic promise, PDT and PTT
are restricted by tissue penetration, nonspecific accumulation,
and sometimes poor therapeutic effectiveness. These problems
have sparked interest in nanotechnology as a way to improve
the efficacy and specificity of PDT and PTT.>*™°

Nanomaterials have distinct physicochemical features, such
as variable size, surface charge, large surface area, and
increased optical properties, making them excellent for
improving PDT and PTT. Nanomaterials, such as gold, silver,
silica, and silicon nanoparticles, quantum dots, carbon-based
nanomaterials, manganese dioxide (MnO,) nanosheets, and
nanoscale metal-organic frameworks (MOFs), have been engi-
neered to enhance the stability, cellular uptake, and therapeutic
impact of photosensitizers and photothermal agents. For
example, gold nanoparticles have a significant surface plasmon
resonance, which improves light absorption and heat produc-
tion in PTT. Furthermore, their biocompatibility and ease of
functionalization make them useful carriers for photosensi-
tizers, facilitating targeted administration and effective ROS
generation in PDT. However, the exorbitant cost of gold
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nanoparticles, as well as their potential cytotoxicity at high
concentrations, limit their use, spurring the search for
alternatives."* ™

NPs have been discovered to penetrate deep tissues,
increasing the increased permeability and retention (EPR)
impact. Furthermore, surface features influence bioavailability
and half-life by successfully passing through epithelial fenes-
tration.” For example, NPs coated with polyethylene glycol
(PEG), a hydrophilic polymer, reduce opsonization and avoid
immune system clearance.'>'® It is also feasible to optimise the
release rate of medications or active moiety by altering particle
polymer properties. Overall, the unique features of NPs influ-
ence their therapeutic efficacy in cancer care and therapy.

Drug-targeting pathways are techniques for delivering ther-
apeutic compounds directly to disease locations, boosting
therapy efficacy while avoiding unwanted effects. These path-
ways are classified as passive and active targeting. Passive tar-
geting is based on the spontaneous accumulation of
medications in certain tissues due to biological processes such
as the Enhanced Permeability and Retention (EPR) effect, which
is especially important in malignancies. The EPR effect arises
because tumor tissues have leaky vasculature with big holes that
allow nanoparticles and drug carriers to collect, and tumors
have inadequate lymphatic drainage, which helps to keep these
medications for longer. This method is frequently used in
cancer therapies, where drug-loaded nanoparticles passively
aggregate in tumor tissues without the need for particular tar-
geting mechanisms. Passive targeting simplifies drug carrier
design since it does not require specialized ligands to target
receptors; nevertheless, its shortcoming is a lack of specificity,
as it relies on physiological parameters rather than precision
targeting.'”*°

Active targeting, on the other hand, entails modifying drug
carriers with particular molecules such as antibodies, peptides,
or ligands that bind preferentially to receptors on target cells’
surfaces. By using ligands that bind to receptors overexpressed
on sick cells, such as cancer cells, active targeting guarantees
that the drug carrier is delivered specifically to the designated
region. This method is particularly effective in targeted cancer
therapy, as certain cells overexpress identified receptors,
allowing for more accurate drug administration. Active target-
ing has higher specificity and fewer off-target effects, making it
highly effective for diseases with distinct cellular markers.
However, it requires detailed knowledge of target cell receptors
and careful engineering of drug carriers, which can be complex
and costly. Both passive and active targeting are critical in
developing drug delivery systems, particularly in nanomedicine,
since they allow for increased drug accumulation at disease
locations and better therapeutic effects.>***

Nanoparticles play an important role in both passive and
active drug-targeting techniques because they have unique
features that improve drug delivery accuracy and efficiency in
modern biomedical research. Nanoparticles used in passive
targeting take advantage of tumors' Enhanced Permeability and
Retention (EPR) effect. Nanoparticles, because to their tiny size
and ability to be tailored to match ideal size and surface
features, may easily pass through tumor vasculature and
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aggregate more efficiently than standard therapeutic molecules.
This has been established in several studies employing nano-
particles such as liposomes, polymeric nanoparticles, and lipid-
based nanocarriers to carry chemotherapeutic drugs to malig-
nant cells. Researchers increased medication stability and
bioavailability by encapsulating pharmaceuticals in nano-
particles, resulting in more concentrated and extended drug
release at the target location.

Nanoparticles are an appropriate platform for active target-
ing because they may be functionalized with particular ligands,
antibodies, or peptides that bind selectively to cell surface
receptors on sick cells, such as cancer cells overexpressing
certain biomarkers. Gold nanoparticles, quantum dots, and
polymeric nanoparticles, for example, have been functionalized
with targeting molecules such as folic acid, transferrin, or
antibodies to specifically target cancer cells with overexpressed
receptors, resulting in more effective and selective delivery.
Current research indicates that nanoparticles with these surface
changes have the potential to improve drug delivery accuracy,
reduce off-target effects, and allow for lower drug dosages,
hence lowering possible toxicity to healthy tissues.**?

Furthermore, nanoparticles provide extra functions in tar-
geted treatment due to their inherent features. Certain metallic
nanoparticles, such as gold or magnetic nanoparticles, can
perform both drug delivery and imaging, enabling for real-time
tracking and monitoring of medication distribution inside the
body. Others, such as photothermal or photodynamic agents,
are intended to release therapeutic chemicals in response to
certain stimuli, such as light or heat, allowing for spatiotem-
porally regulated treatment at the target region. As a result,
nanoparticles are crucial to current research on passive and
active medication targeting, allowing for a new degree of
personalization in treatment techniques that are highly precise,
minimally intrusive, and tuned for optimal therapeutic efficacy
in disease management.**’

Nanoparticles have considerable benefits in cancer therapy,
both as independent medicines and in conjunction with
photodynamic therapy (PDT), because of their unique features
that allow for targeted, regulated, and multi-functional thera-
peutic methods. As individual agents, nanoparticles improve
drug delivery by allowing both passive and active targeting,
resulting in increased drug accumulation in tumors while
sparing healthy cells, thereby boosting therapeutic efficacy and
lowering adverse effects. Additionally, nanoparticles improve
therapeutic solubility and stability, particularly for hydrophobic
medicines that are difficult to administer efficiently in tradi-
tional forms. They also allow for regulated and prolonged
medication release at the tumor site, which reduces the need for
frequent dosing and increases patient compliance. Some
nanoparticles, such as gold and magnetic nanoparticles, have
intrinsic therapeutic capabilities, such as causing localized
heating (hyperthermia) in response to specific stimuli, which
can either directly kill cancer cells or sensitize them to subse-
quent therapies. Furthermore, nanoparticles have theranostic
capabilities, which means they may perform both therapeutic
and diagnostic tasks. For example, iron oxide nanoparticles can

© 2024 The Author(s). Published by the Royal Society of Chemistry
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act as MRI contrast agents while also providing heat, allowing
for real-time monitoring of the therapy's progression.>*->

Silver nanoparticles have also demonstrated potential owing
to their antibacterial characteristics and significant light
absorption in the near infrared (NIR) region, making them
suited for both PDT and PTT. However, worries about their long-
term biocompatibility and potential toxicity have yielded
inconsistent outcomes in clinical trials. Silica and silicon
nanoparticles, on the other hand, offer a biocompatible and
cost-effective platform with great thermal stability and drug
encapsulation capability, which improves the therapeutic index
of PDT and PTT treatments. Quantum dots (QDs) have unique
optical characteristics and great photostability, allowing for
real-time imaging and monitoring of photosensitizers in vivo,
enhancing PDT accuracy. However, the toxicity of heavy metals
in QDs has limited their usage in clinical applications.****

Carbon-based nanomaterials, such as graphene and carbon
nanotubes, have a high surface area and unique heat conduc-
tivity, making them ideal photothermal agents in PTT. These
materials have high photothermal conversion efficiency, but
they require careful surface modification to increase dis-
persibility and biocompatibility. Manganese dioxide (MnO,)
nanosheets and nanoscale metal-organic frameworks (MOFs)
have received interest for their flexibility in PDT and PTT. MnO,
nanosheets have catalytic activity that increases intracellular
oxygen levels, reducing hypoxia in the tumor microenviron-
ment, a recognized obstacle to PDT effectiveness. MOFs, with
their high porosity and flexible frameworks, provide variable
release profiles for photosensitizers and other therapeutic
agents, hence improving both PDT and PTT results. However,
there are still hurdles in synthesizing MOFs of uniform quality
and stability under physiological circumstances.*

In addition to these individual nanoparticles, great progress
has been made in mixing numerous nanomaterials to form
hybrid systems with complimentary features. For example,
incorporating gold nanoparticles into carbon-based materials
can improve photothermal stability and efficacy, whereas silica-
coated nanoparticles can minimize toxicity and increase circu-
lation times. The combination of PDT and PTT with traditional
treatments such as chemotherapy, radiation, and immuno-
therapy has shown further synergistic effects in cancer treat-
ment, leveraging the strengths of each modality to improve
overall therapeutic results. Such combination medicines
address several areas of cancer pathophysiology, possibly over-
coming challenges such as treatment resistance and immune
evasion.**?®

When used with PDT, nanoparticles provide additional
benefits that increase the therapy's efficacy. They increase
photosensitizer transport to tumor locations by raising the
concentration of the photosensitizer in cancer cells, improving
PDT efficacy while decreasing undesired accumulation in
healthy tissues. Encapsulating or attaching photosensitizers to
nanoparticles shields them against degradation, increasing
photostability and extending their active duration. Further-
more, certain nanoparticles allow for regulated activation via
dual-modal treatments, in which PDT is paired with photo-
thermal effects, therefore boosting the therapeutic

© 2024 The Author(s). Published by the Royal Society of Chemistry
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effectiveness. Nanoparticles also increase reactive oxygen
species (ROS) formation in PDT, enhancing the deadly effect on
cancer cells. Combining PDT with other nanoparticle features,
such as magnetic hyperthermia, allows for multi-modal therapy
that can overcome tumor resistance and minimize recurrence.
Finally, nanoparticles enable real-time imaging and moni-
toring, which is useful for tracking photosensitizer location and
improving therapy progress. Overall, nanoparticles employed
alone or in combination with PDT provide novel options in
cancer therapy, providing focused, regulated, and synergistic
techniques that may enhance patient outcomes by overcoming
the limits of current therapies.**~**

The need for this study stems from the potential yet frag-
mented research environment in nanomaterial-enhanced PDT
and PTT. While various studies have looked at individual
nanomaterials for these therapies, there is an urgent need to
consolidate and critically analyze the benefits, limits, and
synergistic potential of these nanomaterials in the context of
combined cancer treatments. This study seeks to bridge
knowledge gaps and highlight future possibilities in cancer
nanomedicine by giving a complete overview of PDT and PTT
molecular processes, nanomaterial advances, and combination
techniques. This topic was chosen because of its potential to
enlighten and inspire focused, effective, and patient-centered
cancer treatment tactics, resulting in the development of
more resilient and individualized oncological medicines.

2. Mechanism of action

2.1. Mechanism of action at molecular level of PDT and PTT

Three primary constituents typically necessary for PDT: light,
a light-activatable substance (called a photosensitizer, or PS),
and, in the case of many PS, oxygen. These three ingredients
combine to undergo a photodynamic reaction that results in the
production of cytotoxic ROS. A PS molecule absorbs incident
light, which changes it from its from ground state to excited
singlet state with a short half-life (~ns). This singlet state
subsequently crosses the intersystem to become an excited
triplet state, which is comparatively more stable (~ms). Photo-
sensitizer molecules can undergo a type I or type II photody-
namic reaction to return from the triplet to the ground state. In
the former, different ROS, such as O,"~ and HO), are formed
when activated photosensitizers transfer an electron to
substrate. A type II reaction produces energy quickly shifted to
ground-state molecular oxygen. Numerous biological reactions,
such as direct cytotoxicity, vascular events and inflammation,
are triggered by the reactive species. Significantly, the diffusion
distance of ROS within cells and tissues is remarkably small
(less than 50 nm), meaning the photosensitizers often required
to be positioned in close range to the target location Fig. 2.*>*
PDT frequently produces a distinct border separating the
necrotic sections that received the TPDT dosage and the viable
tissue regions because of the shortened ROS distance of diffu-
sion and targeted light delivery.** Furthermore, as photosensi-
tizers prefer to cluster inside cancer cells, PDT produces
extremely minimal effects on adjacent neurons and ECM,
although when they are in the treatment area.*® Because of this,
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PDT is appropriate for tumors that are encircled by vital tissues,
such as malignancies of the bladder, oesophagus, lung, pros-
tate, pancreatic, and head and neck.*®

Using light, usually in the near-infrared (NIR) spectrum,
photothermal treatment (PTT) raises tissue temperature and
causes local photocoagulation. PTT uses comparatively high
light intensities to reach temperatures that are either coagu-
lative (55-100 °C) or subcoagulative (43-55 °C), which causes
fast cell death by producing disruption to the cell membrane
and denaturation of proteins.*” Milder heating protocols (41-43
°C) are categorized as hyperthermia, which, unless adminis-
tered for extended periods of time (>1 h), is not tumoricidal on
its own. Although hyperthermia is not utilized therapeutically
as an independent modality, it may be used to induce HSP and
change the tumor perfusion and metabolic status, which can
improve the selectivity and effectiveness of other modalities like
radiation treatment or chemotherapy.*®

2.2. Mechanisms of cell death via PDT

Due to the short-lived ROS that primarily drives PDT-induced
cytotoxicity, the prevailing cell death pathways are determined
by the chemical structure of the photosensitizer, its subcellular
location, and the parameters of light delivery. It is well
acknowledged that lysosomal photosensitizers cause protease
release, whereas photosensitizers that localize to the mito-
chondria and endoplasmic reticulum cause apoptosis by release
of cytochrome C. It is interesting to note that PDT efficacy is
greatly increased by successive targeting of lysosomes as well as
mitochondria. This effect may be attributed to increased radical
generation within mitochondria as a consequence of photo-
chemically driven iron release by lysosomes.* Utilizing this
approach, a liposomal PS composition that targets lysosomes,
endoplasmic reticulum and mitochondria all at once was
created.”® Photo damage that degrades the Bcl-2 (an anti-
apoptotic protein), which triggers a series of downstream pro-
apoptotic events, is another mechanism of PDT cytotoxicity.
PDT can also induce paraptosis and autophagy along with
necrosis and apoptosis.*>** Last but not least, some

38956 | RSC Adv, 2024, 14, 38952-38995

photosensitizers have the capacity to elicit immunogenic cell
death (ICD), as demonstrated by the externalizing of calreticulin
(CRT) as well as the ATP, HMGB1, HSP70 and HSP90 are
therefore released.”

2.3. Mechanisms of cell death via PTT

Depending on the temperature, time frame, and the usage of
external photo-absorbers like nanoparticles, PTT can work
through diverse cell death pathways Fig. 3.** The main mecha-
nism of PTT cytotoxicity is protein denaturation via induction of
heat, so the higher the temperature, the more rapidly and effi-
ciently the death of cell occurs. Mild hyperthermia (~41-43 °C)
has been shown to induce HSP response, however, it is less
damaging if continued over an extended length of time (~1
h).>*** It is believed that apoptosis is induced by PTT (55-60 °C),
which will be followed with secondary necrosis.*” The study
showed that melanoma cells exposed with gold nanorods
exhibited patterns of temperature-dependent cell death. A
comparatively minor amount of cell viability was lost with mild
heating (43 °C), with 10.2% through apoptosis, 18.3% by nec-
roptosis, and 17.6% of cells via necrosis, respectively. Raising
the temperature over the coagulative threshold (about 55-60 °C)
usually results in tissue necrosis right away because of proteins
denaturation and a breakdown of integrity of cell membrane.*®
The real-time visualization of these tissue changes by MRI,
ultrasound, or optical modalities is beneficial for therapy
adjustment and monitoring.*”

2.4. PDT in tumor cell death

In order to kill target tumor cells, photodynamic therapy (PDT)
primarily uses the excited state of a photosensitizer to produce
singlet oxygen. PDT is applicable in a number of cancerous
conditions.”® It is a method that makes use of certain
substances that function as photosensitizers.” These
substances are dormant unless exposed to a certain kind of
light. Additionally, oxygen must always be present for them to
function. ROS are produced by the photosensitizer (PS), that is
triggered by light. Consequently, ROS are in charge of effector

© 2024 The Author(s). Published by the Royal Society of Chemistry
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Fig. 3 PTT mechanics as perceived via a medical viewpoint. (A) Tumor cell necrosis and apoptosis: PTT induces necrosis by breaking the tumor
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goes through apoptosis, the cell envelope remains intact while the death receptor and mitochondrial mechanisms cause cell death. (B) Tumor
hypoxia and vascular disruption: PTT disrupts the tumor vasculature, making the tumor hypoxic and encouraging cell death. (C) Extracellular
matrix changes and ICD: PTT induces the synthesis of DAMPs, which impact cytotoxic T cells and DCs, resulting in ICD. PTT also promotes ECM
rearrangement by damaging collagen, the major component of the ECM, via DDR1 and MMPs (Xiong et al. 2023).53

processes like tumor cell death.®® An electron moves to its initial
excited singlet state when the PS is activated by light. An
intersystem crossover that comes next produces a triplet state.
Reactive singlet oxygen ('O,) is produced when the triplet PS
transmits energy to the triplet oxygen. 'O, has a wide variety of
effects, including the direct destruction of cancer cells, vascular
damage, and immune response induction. PDT can also cause
necrosis and apoptosis in cancer cells.®* Furthermore, PDT may
damage the tumor's vascular systems, depriving cancer cells of
essential nutrients and causing them to become hypoxic.**>*
Recent research has demonstrated that ROS have a variety of
biological impacts. While direct tumor cell death is one of PDT's
most powerful effects, immunological responses generated by
PDT also have the ability to significantly impact the treatment's
overall efficacy.®® PDT may ultimately result in either immune
system activation or inhibition.**

The use of optic fibers, which could penetrate interstitial
tumor tissues, solved the challenge of delivering light to the
cancer location other than surface ones. These developments
made it possible to employ PDT to treat a variety of cancers,
such as those of the pancreas, prostate, head and neck, and
others.® For therapy of interstitial tumors, the PS can be given
intravenously or orally. Then, at the targeted tissue region, it is
triggered using a certain light wavelength. This may be
accomplished with a laser. Through optical fibers contained
within clear plastic needles, light may be administered to the
desired tissue.* PDT can make use of particular kinds of laser
or light-emitting diodes (LEDs). The type of light that is
employed depends on the type of tumor tissue and its location

© 2024 The Author(s). Published by the Royal Society of Chemistry

inside the body. The placement of the guides, which are often
done under general anesthesia, uses ultrasonography to assist
the targeting of the tumor tissue accurately. There is a lag time
between the patient receiving the medication and the light
treatment. Drug-to-light interval refers to this time frame,
which can range from hours to days according on the PS being
used (e.g., pharmacokinetic properties). The majority of PDT
applications are typically carried out in an outpatient environ-
ment and do not necessitate hospitalization.*®

The overall tumor-eradication impact of PDT involves many
unique pathways.®>*® The immune system of the host may be
boosted by PDT to combat tumor cells.* While most traditional
anti-cancer treatment techniques, like radiation and chemo-
therapy, suppress the immune system, PDT can stimulate
inflammation, draw leukocytes to the affected area, and help
activate T cells that fight cancer. PDT also reduces the micro-
vasculature of the tumor, depriving the malignant tissue of
nutrition and oxygen.®®®” Finally, but just as importantly, PDT
can directly destroy tumor cells by causing necrosis or apoptosis
by the use of active O,. Most likely, there are connections
between these systems. Certain processes may hold significance
in varying therapeutic contexts, contingent upon the tumor type
and PS. Not only do tumor tissues have parenchyma, or cancer
cells, but they also contain stroma.®® The components of the
tumor microenvironment include extracellular matrix, fibro-
blasts, vascular structures, and immune cells. The majority of
stromal components serve to promote the development of
tumors. PDT can have an impact on the majority of tumor
milieu components.”® To a certain extent, PDT can directly
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eradicate tumor cells, however this kind of removal can't be
accomplished by a single method.* PDT has the ability to lower
the quantity of tumor cells that are clonogenic. It was observed
that immediately following the conclusion of light illumination
of photosensitizer-treated tumors, a reduction of up to roughly
72% may be achieved in the overall number of clonogenic cells.
PDT directly causes target tumor cells to undergo a combination
of necrosis and apoptosis.®® PDT has the ability to cause
apoptosis quickly. Furthermore, it was claimed that PDT might
cause autophagy, a crucial conserved cellular recycling system,
to cause cancer cells to die.” Also, these pathways may manifest
simultaneously, contingent upon the kind and concentration of
the photosensitizer.”

Agarwal et al. showed that PDT might cause apoptosis and
cause DNA to break down into fragments. Time and dosage had
an impact on the DNA fragmentation. They also discovered
impairment of cytoplasmic structures and the appearance of
chromatin condensation at the nucleus's perimeter.”” A number
of photosensitizers have an impact on the mitochondria, and
PDT has been shown to be a powerful inducer of apoptosis
under a variety of circumstances. Many studies have looked at
the processes underlying PDT-induced cell apoptosis along with
the effect of signaling pathways on response to PDT.”*7”®
Apoptosis induction mediated by PDT involves caspases and
members of the Bcl-2 protein family. On the contrary, while the
apoptotic process is blocked or occurs concurrently with
apoptosis, autophagy can occur without the involvement of
Bax.” It is well known that a number of cancer treatments, such
as PDT, target apoptotic pathways.***® PDT has the capacity to
trigger many apoptotic pathways. PDT-induced apoptosis is
linked to both the intrinsic (facilitated by mitochondria) and
extrinsic (facilitated by death receptors) pathways. The kind of
apoptotic pathway depends on the photosensitizer and cancer
cell types. PDT mostly activates caspase-3 or caspase-7 by acti-
vating the intrinsic route.*” The intrinsic route, which causes
caspase-dependent and caspase-independent apoptosis in PDT,
depends critically on mitochondria. It should be mentioned
that PDT mainly initiates apoptotic pathways that are depen-
dent on caspase.” The photosensitizer's intracellular location
influences the effectiveness of inducing apoptosis in PDT as
well. Accordingly, localized photosensitizers on mitochondria
are highly effective apoptosis inducers.”® Numerous investiga-
tions have revealed significant information on the critical
processes linked to mitochondrial events and the apoptotic
pathways which are activated in response to PDT. In the context
of PDT, a number of apoptotic mediators and signaling path-
ways are being discovered.®® Apart from in vitro investigations,
other research works shown the in vivo apoptotic consequences
of photodynamic tumor treatment.®® The perturbation of the
mitochondrial transmembrane potential is one of the early
processes in PDT-mediated apoptosis that has been docu-
mented. Loss of potential for the mitochondrial membrane may
occur quickly after PDT.**** The hypothesis put forth by
Kowaltowski et al. was that the PDT agent's effects on inner
membrane permeation to protons could lead to impairment of
mitochondrial membrane potential.®> According to a number of
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studies, photosensitizers targeting the mitochondria may
effectively cause apoptosis in PDT.%**°

PDT has been linked to mechanisms such as cytochrome c
release and caspase activation, particularly caspase-9 and cas-
pase-3."%'* These results are consistent with the numerous
investigations that have examined the function of caspase-3 in
PDT-mediated apoptosis using a range of photosensitizers.'*
Additionally, it has been found that PDT modifies a number of
signaling pathways linked to oxidative stress responses.’® In
conclusion, it is clear that PDT has a strong apoptosis-inducing
effect.* However, PDT's ability to totally eradicate malignancies
in a clinical context is still lacking. The current status has been
explained in a number of ways. According to some research, the
effectiveness of photodynamic therapy (PDT) in killing tumor
cells declines as the cells get farther away from the blood supply.
This might have serious consequences due to the uneven distri-
bution of photosensitizer inside the tumor tissue.’® Further-
more, the oxygen quantity and accessibility in the tumor tissue
might affect PDT's effectiveness. Many tumor tissues demon-
strate hypoxia. Furthermore, PDT employs oxygen in photody-
namic processes. Not to add, PDT can injure vascular tissues and
cause oxygen deficit. PDT has been observed to produce abrupt
decreases in oxygen levels of tissue. According to Pogue et al., the
hypoxic tissue regions showed abrupt reduction in partial oxygen
pressure following treatment, but the greater partial oxygen
pressure regions showed heterogeneity and some parts retained
their partial oxygen pressure value. On the other hand, in a situ-
ation whereby the photosensitizer was administered three hours
before to the administration of light, another study found that
the partial oxygen pressure in the tumor tissue rose after the light
exposure was completed.'*>' In actuality, tissue hypoxia could
restrict PDT's therapeutic efficacy. The PDT irradiation process
may fragment, allowing oxygen to be replenished in the tissue.'””

2.5. PTT in tumor cell death

In photothermal treatment (PTT), laser energy is converted into
the heat to destroy cancer cells using nanoparticles placed
inside tumors as exogenous energy absorbers. PTT can be
a viable substitute for traditional cancer treatment, but in some
cases of radiation exposure, it can cause necrosis of cell. This
necrosis may elicit pro-inflammatory responses that are detri-
mental to the treatment's progression. It is desirable when PTT
can be adjusted to cause apoptosis instead of necrosis since
apoptosis inhibits an inflammatory response, as evidenced by
recent research. Several NP compositions are being investigated
by researchers as PTT transducers. The ability to capture NIR
light, with an extensive absorption cross section to improve
light-to-heat exchange, diameter around 30 and 200 nm that
promote lengthy circulation and increased tumor growth, and
lowest toxicity/maximum biocompatibility are among the main
design factors. Although PTT has advanced at an astounding
rate from idea to clinical testing, there aren't many in-depth
research that look at the fundamental biological response to
PTT. To optimize treatment efficacy and reduce the risk of
unfavourable side effects, it is critical to comprehend the
kinetics and causes of cell death brought on by this method.**®
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Necrosis and apoptosis are the two types of cell death that
PTT may cause. The breakdown of plasma membrane stability
and consequent leakage of intracellular components such as
DAMPs (damage-associated molecular patterns), within the
external to cells environment are hallmarks of necrosis. Because
of the potential for harmful inflammatory and immunogenic
reactions brought on by this aberrant release, necrosis is an
undesirable mode of cell death. In contrast, during apoptosis,
the reliability of the cell membrane is preserved, and signals
such as phosphatidylserine (PS) are sent to the extracellular
domain of the membrane, designating a cell for phagocytosis.
When apoptotic cells come into contact with phagocytes, they
undergo a transformation that inhibits inflammation, which is
a different and preferable result than what happens during
necrosis. Nevertheless, an apoptotic cell may potentially lose its
membrane integrity and discharge its internal contents,
including DAMPs, if phagocytes do not quickly remove it. When
phagocytes are not present, a process referred to as secondary
necrosis can be shown in in vitro experiments.'” Currently,
necrosis is the most often documented in vitro cellular
responses to photothermal therapy (PTT); nevertheless, other
research has indicated that, in specific light exposure settings,
apoptosis may be the major cause of cell death.”® The overview
of apoptosis by PTT is supported by the following data: (i)
Western blotting after PTT shows loss of Bid and increased
synthesis of tBid; (ii) flow cytometry after PTT shows impair-
ment of mitochondrial membrane potential; and (iii) FACS after
PTT shows activation of caspase-3. First, while PTT activates
Bid, the exact method of activation is yet unknown. In the
present investigation, administering cells along with caspase-8
inhibitor failed to avert apoptosis following PTT. Normally,
caspase-8 activates Bid into the extrinsic apoptosis pathway.""*
The mechanism of Bid-tBid separation is unknown, hence
caspase-8 is not needed for PTT-mediated cell death. The most
plausible reason is because during PTT, partial penetration or
full lysosomal rupture caused by heating of nanoparticles which
releases lysosomal cathepsins into the cytosol, that have been
demonstrated to directly breakdown Bid."*> PTT causes
cathepsin release and lysosomal disruption, which splits Bid
and triggers apoptosis. It will be necessary to do further
research on cathepsins to verify this theory. To put it briefly,
after laser irradiation, lysosome rupture triggers Bid, which
causes Bax/Bak oligomerization along with pore creation in
outer membrane of the mitochondria. Apaf-1 facilitates the
assembly of apoptosomes once cytochrome c is released. After
that, the apoptosome triggers caspase-9, which in turn triggers
caspase-3. Subsequently, caspase-3 initiates apoptotic cell death
by acting as the executioner.'*®

Even though PTT is now undergoing clinical studies, not
much is understood about the mechanisms of cell death that
are triggered." The number of research using PTT as a cancer
treatment is constantly rising, but there are relatively few
publications carrying out a thorough investigation, making it
challenging to identify a common mechanism of cell death."**
Depending on the properties associated with the tumor and the
nanoparticles, the degree of internalization, the amount of
energy absorbed, and the duration of the radiation, heat
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produced by PTT can trigger many pathways. As a result,
a complicated biological reaction to PTT is to be expected." It
has been demonstrated that apoptosis is induced by moderate
temperatures up to 42-47 °C."® Necrosis was caused by
temperatures over 55 °C."” The laser's intensity, the kind of cell,
the qualities of the NP (composition, size, shape, and degree of
internalization), and the surrounding environment (vasculari-
zation) all affect the temperature that is reached during irradi-
ation.”®'® The simple existence of NPs may also change cell
processes; therefore, the action of PTT cannot be solely caused
by heat shock.

Numerous investigations have been conducted, concen-
trating on several mechanisms that may result in cellular
death.™® Excessive light intensity can induce skin burns and
subsequently inflammation in both healthy and tumorous
cells.””* Certain nanoparticles (NPs) during PTT increase heat
stress, which intensifies the generation of (ROS) that may cause
damage to nearby healthy tissues.””'** The reaction can be
varied by the heat shock's duration and rate of heating (rapid or
slow). When comparing radiation dose and duration, shorter
radiation exposure times cause a little rise in body temperature
and trigger apoptosis. Quite the opposite extending the radia-
tion's duration raises the temperature more quickly, causing
skin damage and necrosis. According to one research, PTT
alters the phenylalanine route, making cells more susceptible to
apoptosis. According to other studies, PTT causes the mito-
chondria to depolarize.” A more thorough investigation has
identified the intrinsic apoptotic pathway in which a proapo-
ptotic protein Bid plays an essential part during the per-
meabilization of mitochondria as the mechanism causing cell
death triggered by moderate PTT."' Additional research
revealed a reduction in Akt and Erk activation, which lowers the
action of several proapoptotic protein inhibitors and promotes
mitochondrial membrane permeabilization."*

2.5.1. PTT and autophagy. The stimulation of autophagy as
a protective mechanism towards oxidative stress has been
linked to gold nanoparticles. Nevertheless, another research on
autophagy, which examined the production of autophagosomes
as well as the p62 degradation, revealed a buildup of autopha-
gosomes together with a blockage in autophagic flux.'*>'?¢
Damage to proteins and organelles brought on by elevated
temperatures triggers autophagy, a defense mechanism against
PTT. According to some studies, autophagy inhibition boosts
PTT's effectiveness. As a result, designing dual chemo-PTT with
autophagy inhibitors might offer a novel way to boost PTT's
effectiveness.” But taking into account not only individual cells
but the entire body, autophagy plays a role in presenting anti-
gens and may thus enhance the immune response to tumors,
indicating that autophagy shouldn't be suppressed.*®

2.5.2. PTT and heat shock proteins. HSPs are usually
expressed when the temperature rises. The conserved family of
chaperones known as HSPs binds to denatured proteins under
heat stress to stop them from aggregating and to help them
refold when the temperature returns to normal.”® In non-
stressful circumstances, HSF1, a heat shock factor (HSF),
binds to HSP90 and HSP70. HSF1 gets released and migrates to
the nucleus after which it binds to DNA to activate HSP genes
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when HSP90 and HSP70 connect to unfolded proteins during
heat shock. Consequently, it is anticipated that HSPs will
engage in processes that PTT initiates.”*® Inhibiting apoptosis
and protecting against high temperatures, HSP70 binds to
unfolded proteins therefore plays a protective function in
cellular recovery. Certain malignancies have been shown to
overexpress HSPs, and some research lends credence to the
theory that blocking them might increase the susceptibility of
the tumor to PTT."** As previously stated, the immune system
cannot be disregarded, though, as HSP70 can convey antigen to
DCs and its expression may thus trigger an antitumoral
immune response.**>

2.5.3. PTT and immune activity. A potentially effective next-
generation therapeutic strategy is cancer immunotherapy.
Numerous research has demonstrated the effectiveness of this
strategy. However, creating a common approach for many
cancer types is challenging due to the intricate immune
response. Thankfully, a novel method for eliciting an anticancer
immune response by PTT with inorganic NPs has been found.***
Tumor ablation produces cell residues which can function as
tumoral antigens produced in situ, which is why PTT is advan-
tageous when used in conjunction with immune treatment. As
a result, a single, distinctive method produces several distinct
immune responses to a wide range of solid tumors. On the other
hand, these tumor antigens have the potential to stimulate an
inflammatory response, which might result in either accelera-
tion or repression of tumor development.’*® Furthermore, in
order for the immune response to be triggered, a stimulation
signal is required. Necrosis cells emit constituents of their own
that may be antigens or DAMPs that stimulate DCs and stim-
ulate the immune system as a whole. However, apoptotic cells
often do not produce DAMPs and instead display “tolerate me”
signals. They additionally deliver antigens to DCs containing
phagocyted apoptotic material. As a result, the immunological
reaction is inhibited."* Co-stimulators enhance the stimulation
of the antitumoral immune response when used with PTT. This
is the reason why some works include an adjuvant—a material
that boosts the immune system's reaction to an antigen—in the
construction of the NPs.™*® However, gold nanoparticles have
the ability to stimulate DCs and macrophage's immune
systems, which increases the release of proinflammatory cyto-
kines. As a result, gold nanoparticles could have advantageous
properties that might be used.’ In order to preserve immu-
nological homeostasis and guard against improper immune
response activation, the immune response features check-
points. PD-1 (Programmed death-1) and CTLA-4 (cytotoxic T
lymphocyte-associated antigen-4) are negative regulators of the
immune response; hence, blocking them strengthens the
immunological response.™*® It is vital to notice that necrosis
promotes tumor development whereas apoptosis is thought to
be an immunosuppressive method of cell death. As a result,
there are differences in the methods used to control the
immune response triggered by each cell death pathway. There
has to be more research done on the immune response's
balance between tumor necrosis and apoptosis since the
immune response that is triggered after PTT is not well
understood."™
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3. Photosensitizers in PDT

The existence of photosensitizers is essential components of
photodynamic therapy (PDT), along with oxygen and light.
These elements are described as materials that have the ability
to absorb light at a certain wavelength and cause photophysical
or photochemical processes.”

It is possible to identify a collection of traits and circum-
stances that characterize the perfect photosensitizer: (i)
extremely pure chemical composition, (ii) steadiness at ambient
temperature, (iii) the photosensitive effect is only present when
a certain wavelength is present, (iv) the photochemical reactivity
is high, and the optimal range of wavelengths for maximal light
absorption is between 600 and 800 nm. Light having a wave-
length greater than 800 nm cannot be sufficiently absorbed to
produce further reactive oxygen species or to excite oxygen in its
singlet form, (v) a minimum amount of absorption between 400
and 600 nm. By doing this, sunlight-induced hyper photosen-
sitivity is potentially avoided, (vi) no chemical in the human
system, including endogenous pigments like melatonin, hae-
moglobin, or oxyhaemoglobin, should have its absorption
bands overlapped, (vii) easy solubility in bodily tissues, (viii)
reduced cell death in the dark, (ix) high affinity for neoplastic
tissues: to reduce the photo toxic adverse effects of the therapy,
the photosensitizer must be rapidly withdrawn from healthy
tissues but gradually removed from problematic regions, where
it should remain for at least a few hours, (x) easy availability and
synthesis at a low cost.**

3.1. 1st generation photosensitizers

Oscar Raab, a Munich-based medical student, is credited with
pioneering the use of light with a photosensitizing chemical.
Raab discovered that fluorescence happens in protozoa that
have been dye-treated and subsequently exposed to radiation
while conducting studies with acridine dyes. This occurrence
caused oxygen to be consumed and had a toxic impact, which
killed protozoa. In 1904, Raab showed Professor von Tappeiner
his data, and he clarified and labeled this phenomenon as
a “photodynamic effect”.”® Soon after, in 1905, the first
successful effort to cure skin cancer with 5% eosin dye was
conducted. But this treatment was not widely adopted and was
ignored for many years.'* It was in the 1970s when Dr Thomas
Dougherty along with others first commercialized photosensi-
tizers for use in medical therapy.'*” They were evaluating
a porphyrin combination known as the “hematoporphyrin
derivative” (HpD), which is soluble in water. Separation and
chemical treatment of hematoporphyrin (Hp), the very first
porphyrin used as PS, produced HpD. When it came to malig-
nancies, HpD exhibited superior tissue selectivity and less
photosensitizing capability on the skin than Hp. Later, a blend
of dimers and oligomers of porphyrin that were separated from
HPD was sold under the brand name “Photofrin.” As of right
now, sodium porfimer, also referred to as Photofrin, is still the
most widely used PS Fig. 4.%*** Even though PDT is widely used,
the therapeutic uses are limited by its low purity of chemicals (it
is a combination of over 60 compounds) and poor tissue
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Fig. 4 First generation photosensitizer — Photofrin (Chen et al., 1995).6

penetration because of its greatest absorption at 630 nm, a very
short wavelength. In addition, a few weeks following PDT, skin
becomes hypersensitive to light due to the prolonged half-life of
PS and the elevated levels in the skin. The shortcomings asso-
ciated with the first-generation PS made it necessary to look into
other substances, which sparked the creation of a second-
generation photosensitizers.'**

H,N OH
o

Aminolevulinic acid

Fig. 5 Structure of aminolevulinic acid (Morton et al,, 2002).*4
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3.2. 2nd generation photosensitizers

Research on the upcoming generation of photosensitizers
started as early as the 1980s. Only a small number of the several
hundred compounds with possible photosensitizing qualities
that had been suggested have been employed in clinical studies.
Even fewer compounds have regulatory approval for clinical use
during photodynamic therapy (PDT) against cancer.*** Deriva-
tives of hematoporphyrin and synthetic photosensitizers, such
as texaphyrins, 5-aminolevulinic acid, thiopurine derivatives,
benzoporphyrin derivatives, chlorin, and bacteriochlorin
analogues and phthalocyanines, are currently included in the
category of second-generation photosensitizers Fig. 6.
Utilizing 5-aminolevulinic acid (ALA), the precursor to proto-
porphyrin IX, proved to be a significant finding. ALA is a type of
a prodrug that requires transformation into a protoporhyrin in
order to become an active PS. Because of this, ALA and its esters
have a wide range of therapeutic uses, both topically and orally
Fig. 5.1V
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The photosensitizers of the second generation exhibit
enhanced chemical purity, higher levels of generation of singlet
oxygen, and superior penetration into deeply situated tissues
because of their greatest absorption in the 650-800 nm wave-
length range. Because of their increased selectivity for malig-
nant tissues and quicker bodily removal of the photosensitizer,
they also show less adverse effects. The primary drawback of
second-generation PS is its low water solubility, which severely
restricts their use via IV and necessitates the development of
novel drug delivery strategies.'*®

3.3. 3rd generation photosensitizers

The production of materials with a greater affinity for tumor
tissue provides the foundation for the creation of third-
generation photosensitizers, which lessen harm to nearby,
healthy tissues. Preparing a pharmacological process that
would allow photosensitizers to be administered parenterally is
another obstacle to the broad clinical implementation of
photodynamic therapy in cancer. The photodynamic method's
bioavailability can be efficiently increased by new drug delivery
techniques that are on the rise."**

To improve the drug's selectivity, photodynamic treatment is
modified in the following ways: (i) combination of targeting
agents with second-generation photosensitizers, (ii) mixtures of
photosensitizers and low-density lipoprotein, as the growing
tumor cells require higher levels of cholesterol in production of
their cell walls, (iii) using tumor surface indicators like growth
factor receptors, hormones (like insulin), as well as transferrin
receptors Fig. 7. (iv) In combination with a photosensitizer and
a monoclonal antibody that recognizes cancer cell antigen.****>*

4. PDT and nanotechnology

In the past ten years, there has been a notable acceleration in
the advancement of nanotechnology. The field known as
“nanomedicine” employs nanomaterial systems for diagnostic

K ow
vie
o) 0

Ac-L-Phe-ALA-OMe

=\ Y
":‘\ ) N N ;'J' "
| 7/ -
N /\5;'\ N = >< C?&/\:\ﬂc
¥ r:] OR'N—{ 02

Galactose substituted Si(IV)-Phthalocyanine

View Article Online

Review

and therapeutic procedures, which makes it possible to
precisely deliver drugs to target tissues and enhance the efficacy
of cancer treatment. The incorporation of photosensitizers
along with nanomaterials may improve the efficiency of
photodynamic therapy and as well get rid of its side effects. The
application of nanoparticles allows for the achievement of
a targeted method that is focused on particular receptors, which
in turn enhances the specificity of photodynamic therapy. PS's
can be encapsulated within or immobilized upon nanoplat-
forms through covalent, noncovalent interactions.**?

4.1. Photosensitizers in photodynamic therapy

The therapeutic uses of traditional organic photosensitizers
(PSs) have been mainly restricted by their poor stability and
hydrophobicity in the PDT environment, and reduced cell/
tissue selectivity, despite the fact that PSs are still frequently
employed and have made considerable advancements in PDT.
As a result, intriguing nano-agents with optical and physico-
chemical qualities have surfaced as a compelling substitute to
get over these limitations of conventional photosensitizers.
Although certain first-generation PSs has been granted approval
for clinical use, their limitations such as hydrophobicity and
shallow penetration depth-as well as the decreased cell and
tissue specificity of second-generation PSs continue to impede
their potential as clinical therapeutics. A lot of focus has been
on the study of nanomaterial-based photodynamic therapy
(PDT) during the last few years. This is a novel treatment
approach that use nanomaterial as a PS or carrier.
Nanomaterials have several special qualities which render
them more effective for PDT as compared to organic PSs.®
Nanomaterials are radiation-stable and have exceptional optical
characteristics that enhance PDT's penetration and effective-
ness.’®® Furthermore, molecule-modified nanocarriers can
more accurately distribute PS to the targeted cells than
conventional PSs, which translates into a better therapeutic
benefit and fewer adverse effects.’***** Because of their unique
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Fig. 7 Several examples of third-generation PSs that have been coupled with targeting agents (Lee et al., 2005).15°
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light absorption characteristics, certain nanomaterials, such as
semiconducting nanoparticles, have the innate ability to create
ROS through the transfer of energy or electron transfer
process.™® Because of their vast surface area and adaptable
surface changes, nanomaterials are increasingly used as PS
carriers, enabling targeted distribution of photosensitizers
toward the tumor location through improved drug loading
efficiency as well as better uptake by the cancer cells.’”

4.1.1. Gold nanoparticles. The simplicity of surface modi-
fication using gold-thiol chemistry, biocompatibility, and huge
surface areas of these gold nanoparticles have made them the
subject of much investigation for years as a means to induce
PDT."® Since gold nanoparticle’'s optical dispersion and
absorption may be adjusted, they are also being investigated in
great detail for diagnostic purposes.’® The Hwang group re-
ported in 2014 the first application of gold nanorods (Au NRs)
for PDT on their own (without using an organic PS). It was
discovered that gold nanorods could create singlet oxygen
under the stimulation of near-infrared light (915 nm, A1), which
caused the B16F0 melanoma cancers in mice to be destroyed.
Heat shock protein (HSP 70) generation indicates the activation
of gold nanorods at 780 nm (A2) which can raise the tempera-
ture surrounding tumor tissues in addition to generating '0,.
This is because photon energy can be converted to heat. Gold
nanorods primarily produced the so-called photothermal
treatment (PTT) impact in this procedure, which caused cancer
cells to undergo apoptosis. PDT and PTT are the two dominant
phototherapeutic effects that may be altered by varying the
stimulation wavelengths (A1 or A2) Fig. 8.'*°

Prior research has demonstrated that metal nanoparticles
may produce singlet oxygen using the one-photon excitation
method. Nevertheless, the surrounding tissues near the tumor
site may sustain photodamage as a result of one-photon stim-
ulation. In this regard, two-photon excitation with accurate
treatment dosage modification is more desirable.'***** Gold
nanorod and gold nanosphere aggregates have been evaluated
as photosensitizers for two-photon PDT in the work of Jiang and
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colleagues. Either, individual or clustered gold nanoparticles
were used to demonstrate two-photon induced production of
singlet oxygen upon exposure to femtosecond laser pulses at
800 nm. Aggregated gold nanoparticles, however, typically
improved the 'O, production capabilities. In other words,
aggregated gold nanospheres were 8.3 times more capable of
generating 'O, than unaggregated ones.'®

4.1.2. Silver nanoparticles. These days,
treatments also make extensive use of silver nanoparticles. The
fact that silver nanoparticles often have an extraordinarily high
specific surface area — meaning that the surface area of silver
that is in contact with microorganisms can be very large is one
of its fascinating characteristics. The capacity of silver nano-
particles to produce singlet oxygen has also been discovered,
which has led to a lot of research into their application in PDT.**
According to Hwang et al., silver nanoparticle-mediated excita-
tion and singlet oxygen production are closely correlated with
their shape, just like in the situations of gold nanoparticles. For
example, using silver nanocubes produced either a little or
absence of 'O, phosphorescence signal, whereas stimulation of
silver decahedrons as well as silver triangular nanoplates could
generate singlet oxygen. A notable singlet oxygen production
was seen during silver decahedrons photo-excitation (approxi-
mately 520 nm LSPR band) in NIR wavelength of 885 nm.
Similarly, at 544 nm excitation, silver triangular plates (about
590 nm LSPR band) produced a robust 'O, phosphorescence
signal, whereas radiating silver nanocubes (about 500 nm LSPR
band) in 525 nm produced only a faint singlet oxygen produc-
tion.’* Silver nanoparticles have a variety of shapes and
compositions that can result in highly adjustable optical char-
acteristics, which makes them appealing for use in photody-
namic therapy. Furthermore, cancers can experience oxidative
stress from silver nanoparticles, which triggers the death of
tumor cells.***

In a work by Mahajan et al, a new porphyrin derivative
5,10,15,20-tetrakis(2,4-dihydroxyphenyl) porphyrin (POR) was
synthesized and loaded on the surface of readily manufactured
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(Vankayala et al., 2014).1%°

© 2024 The Author(s). Published by the Royal Society of Chemistry

RSC Adv, 2024, 14, 38952-38995 | 38963


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d4ra07114j

Open Access Article. Published on 10 December 2024. Downloaded on 2/21/2026 6:52:29 PM.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

RSC Advances

MSA-capped silver nanoparticles. The efficiency of singlet
oxygen quantum yield was found to be greater when POR was
integrated into MSA-AgNPs rather than in its free form.
Furthermore, the produced nanocomposite might be a prom-
ising option for cell imaging applications against the cancer cell
line A375, with non-toxic properties.'®® Khoza et al. evaluated
the complex’s in vitro photodynamic activity using a metastatic
melanoma cancer cell line. When exposed to red light in the
presence of varying amounts of phthalocyanine (complex 3) and
silver nanoparticles, cell viability decreased proportionally. The
photodynamic activity of complex 3 increased in the presence of
AgNPs.'¢

Montaseri et al. studied the notion of photodynamic therapy
(PDT) using silver-based nanohybrids to treat A375 melanoma
cancer cells. Ag-PEG NPs and core/shell Ag@mSiO, NPs were
synthesized and attached to zinc phthalocyanine tetrasulfonate
(znPcS,) photosensitizers (PS). Folic acid (FA) was also used as
a targeting moiety on the surface of nanohybrids to specifically
target the overexpressed folate receptors in A375 cells. Cells
subjected to 674 nm laser irradiation after incubation with
ZnPcS,/Ag@mSiO,-FA had a strong PDT impact, with ~92%* +
1.1 cell death compared to ~70%* + 2.9 cell death for ZnPcS,/
Ag-PEG-FA nanohybrids. This was due to the increased forma-
tion of ROS in the former nanohybrids. As the nanohybrids
successfully localized in mitochondria, the bulk of cell death
was caused by apoptosis rather than necrosis.*®’

4.1.3. Silica and silicon nanoparticles. Due to its reduced
toxicity, chemical inactivity, and optical transparency, nano-
particles of silica can be utilized to encapsulate PSs in PDT even
though silica doesn't seem active for PDT itself. Because silica
has hydroxyl groups on its surface, chemical functionalization
of the material is also possible. In these kinds of investigations,
silica nanoparticles are typically employed for drug delivery.***
Yan and colleagues used a modified Stober sol-gel technique in
2007 to embed the PS m-THPC (meta-tetra(hydroxyphenyl)-
chlorin) on matrix-based sol-gel silica nanoparticles.’®® The
ability of organically manipulated silica (ORMOSIL) nano-
particles to effectively conjugate with hydrophilic and hydro-
phobic compounds makes them a viable vehicle for PS drug
delivery."® When PS molecules were covalently bonded to
ORMOSIL nanoparticles in 2007, Ohulchansky and colleagues
observed that the molecules could produce singlet oxygen with
stability upon excitation while maintaining their functional and
spectroscopic characteristics."”® The unique qualities of meso-
porous silica nanoparticles (MSNs), such as a large surface area,
pore volume, and chemical stability, make them a frequent
choice for PS distribution. Hydrophobic PSs, such zinc picoli-
nate (ZnPc), which have a tendency to self-aggregate in aqueous
media, can be transported by MSNs Fig. 9."7%*7> In 2012, MSNs
modified with galactose on their surface were reported for use
as PDT agents and delivery vehicles."”®'* Galactose function-
alization can boost absorption by cancer cells via galactose
receptor-mediated endocytosis, which leads to the aggregation
of the nanomaterials in the lysosomal and endosomal
compartments, according to confocal microscopy tests. As the
synergistic anticancer effects of porphyrin (first generation PS)
and camptothecin anti-cancer medication were evaluated on
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Fig. 9 Several topologies for generating multipurpose silica nano-
particles are demonstrated, including employing the silica matrix as
a center, shell, or hybrid design, and adding components such as
molecules and atoms (Piao et al., 2008) .17

MSNs, the results demonstrated a significant increase in cancer
cell death under illumination at 650 nm as compared to indi-
vidual treatments.'” Different synthetic techniques may be
used to create a range of silicon and silica nanoparticles with
ideal sizes and porosities for PDT. Additionally, by surface
functionalizing the silicon-based nanoparticles, cancer-specific
medicines may be added, enhancing their capacity to target
tumours. Furthermore, their potential applications in two-
photon PDT and NIR for profound cancer treatment have
been demonstrated by recent investigations.'”?

Li et al. used mesoporous silica nanoparticle (MSN) as
a nanoplatform. SiNPs and the photosensitizer 5,10,15,20-tet-
rakis (1-methyl 4-pyridinio) porphyrin tetra (p-toluenesulfonate)
(TMPyP) were first embedded in the MSN and was further
modified with folic acid (FA) to obtain the mesoporous silica
nanocomposite (MSN@SiNPs@TMPyP-FA) for targeted two-
photon-excited fluorescence. The integrated TMPyP could
create singlet oxygen for PDT under light irradiation, and the
anticancer medication doxorubicin (DOX) could be loaded for
chemotherapy. Furthermore, due to SiNPs' two-photon stimu-
lated fluorescence, the nanocomposite enabled targeted two-
photon fluorescence cellular imaging at near-infrared (NIR)
laser excitation, effectively avoiding interference from biological
auto-fluorescence. In vitro cytotoxicity studies demonstrated
that the combination treatment of PDT plus chemotherapy had
a high therapeutic effectiveness against cancer cells.”®

In another work, a new photo-responsive hollow silica
nanoparticle (HNP)-based gene and photosensitizer (PS) co-
delivery nanovehicle was developed for dual-wavelength light-
triggered synergistic gene and PDT treatment. The resulting
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HNP coupled with PDMAEMA polycation via a 405 nm light-
cleavable Cou-linker, known as HNP-Cou-PD, has great gene
condensation capacity, good biocompatibility, exceptional PS
loading ability, and light-triggered gene release features. HNP-
Cou-PD with Chlorin e6 (Ce6) loaded inside the silica cavity
and a plasmid encoding caspase-8 gene (CSP8) attached to the
PDMAEMA outside layer (Ce6-HNP-Cou-PD/CSP8) has been
shown to have better antitumor effects under pre-405 nm and
post-670 nm light irradiation both in vitro and in vivo due to
light-triggered intracellular gene release and reactive oxygen
species (ROS) generation.'””

Dina Aggad et al. described ethylene-based periodic meso-
porous organosilica nanoparticles (PMOs) for PDT and the
autonomous administration of gemcitabine hydrochloride, an
FDA-approved chemotherapeutic medication, in cancer cells.
Depending on the nature of the photosensitizer (tetrasiylated or
monosilylated porphyrin) and its aggregation state, they may
create two-photon PDT. The synergistic impact of two-photon
irradiation with gemcitabine increased the percentage of cell
death by approximately 20% compared to the delivery proce-
dure without irradiation.'” Ozge Er et al. developed meso-
porous  silica  nanoparticles loaded  with  zinc(n)
2,3,9,10,16,17,23,24-octa (tert-butyl phenoxy phthalocyaninato
(2-)-N29,N30,N31,N32 (ZnPcOBP) as a photosensitizer to deter-
mine the production of singlet oxygen and achieve in vitro PDT
against pancreatic cancer cells. When ZnPcOBP was integrated
into silica nanoparticles, it demonstrated a strong phototoxic
impact, which was exacerbated by cetuximab. Cetuximab is
a monoclonal antibody that primarily targets the epidermal
growth factor receptor. Thus, the imidazole was a good carrier
for the selective delivery of ZnPcOBP to pancreatic cancer cells
(ASPC-1, PANC-1, MATpaca-2) in vitro."”

Qi Sun et al. were the first to disclose that gold (Au) nanorods
were capped to chlorine e6-doped mesoporous silica nanorods
for a single wavelength of NIR light-triggered combination
phototherapy (PDT and PTT). This single wavelength of light,
along with the rod form of the nanosystem for combination
phototherapy, exhibited the following unique characteristics:
(1) the impact of PDT and PTT could be realized under a single
wavelength of near-infrared light (660 nm), making the ther-
apeutical procedure viable and straightforward; (2) chlorin e6 is
doped into a mesoporous nanorod but remains in the nano-
carrier throughout delivery. AuNRs-Ce6-MSNRs are not only
capable of producing single oxygen for PDT based on chlorin e6
after uncapping gold nanorods under single NIR irradiation,
but they can also create heat to execute the PTT effect based on
AuNRs.™ In a separate investigation, the ICG was combined
with doxorubicin hydrochloride to form hollow mesoporous
silica nanoparticles and dopamine-modified hyaluronic acid
(DA-HA) to serve as targeting agents and gatekeepers for HMSNs
via boronate ester linkages. In vitro cell culture investigations
revealed that the ID@HMSNs-B-HA nanoplatform (where ID
represents both DOX and ICG) may suppress murine mammary
cancer cells (4T1) using a combination of PDT and
chemotherapy.**

4.1.4. Quantum dots (QDs). QDs, a different kind of
nanomaterial, have also been thoroughly researched for use in
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PDT. QDs are potential nanocarriers because of their unique
optical features, which include high emission quantum yield,
adjustable release based on size and composition, and easy
surface modification Fig. 10.**'** QDs also contribute to fluo-
rescence resonance energy transfer (FRET), a popular biomo-
lecular dynamics approach.” In a study by Qi et al (2010)
where biocompatible CdSe QDs containing water-soluble
porphyrin was produced for PDT using two-photon excitation.
The results showed that the 'O, quantum yield from porphyrin-
conjugated QDs following two-photon stimulation was two
times greater than from the porphyrin solution alone.'®* Shen
and colleagues recently described a QD-based hybrid nano-
composite that targets tumors by encapsulating a QD-Zn-
porphyrin (TMPyPZn-QD) nanocomplex, an extremely fluores-
cent photosensitizer rhodamine 6G (R6G), and NIR775, an NIR
fluorophores found in FA-decorated phospholipid polymers.
These nanoparticles have a significant capacity to absorb light
and may be significantly loaded with porphyrin. Consequently,
an efficient dual energy transfer technique was used to generate
an exceedingly high level of singlet oxygen quantum yield of
around 0.91. Furthermore, the folate receptor may play a role in
the highly targeted distribution of as-prepared nanoparticles to
malignant tissues, enabling effective photodynamic tumor
elimination in vivo and non-invasive fluorescent imaging
without harming the nearby healthy cells.**

Murali et al. created hematoporphyrin (HP) photosensitizer-
encapsulated carbon quantum dots (CQDs) (HP-CQDs) utilizing
a well-controlled one-step microwave process with the HP
monomer as a precursor. The HP-CQDs as synthesized
preserved all of HP's fundamental optical and chemical features
while demonstrating exceptional water solubility. Importantly,
HP-CQDs' exceptional capacity to generate reactive oxygen
species under deep red light suited its application in PDT-
assisted effective eradication of human breast cancer cells
(MCF-7). In comparison to HP, HP-CQDs displayed very signif-
icant phototoxicity and minimal dark toxicity towards MCF-7
cells.'® Zeng et al. used microwave-assisted synthesis to create
CQDs with green fluorescence as a targeted carrier for medi-
cation delivery in mice models to treat hepatocellular carci-
noma. Researchers observed non-covalent coupling of DOX
with CQDs. The CQD-DOX combination increased iz vivo tumor
stability and delivery efficacy.’® Alaghmandfard et al
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demonstrated that CQDs work as a tool for gene delivery,
conjugating with polyamidoamine (PAMAM) for the treatment
of triple-negative breast cancer.'’

4.1.5. Carbon-based nanomaterials. Carbon-based nano-
materials are popular in PDT research because to their unique
optical and mechanical characteristics, tunable chemical
functionalization, excellent biocompatibility, and low toxicity.
Because carbon exists in so many allotropic forms, there are
a wide variety of carbon-based nanomaterials. The ones that are
most frequently used in PDT include graphene-based nano-
materials, fullerenes, and carbon nanotubes (CNTs).'*

4.1.5.1 Carbon nanotubes. With an average inner diameter
ranging from one to ten layers, carbon nanotubes (CNTs) are
essentially rolled-up single or multilayered graphene in one
dimension.** Murakami et al. demonstrated that with NIR light
irradiation (808 nm), semi-conducting and metallic SWCNTs
may produce ROS (singlet oxygen and O, ). In this investiga-
tion, it was discovered that SWCNTs had more photodynamic
aftermath than MWCNTs.** In another study, Wang and
colleagues developed two modified SWCNTs by covalently
functionalizing SWNTs with PEI or noncovalently functionaliz-
ing them with polyvinylpyrrolidone (PVPk30). The photody-
namic ability was found to be influenced by the
functionalization technique, and both of in vivo and in vitro the
PEI functionalization demonstrated a greater photodynamic
performance than the PVPk30 alteration.'” Recently Zhang
et al. described the usage of Fe;0,@CQDs coated on PEGylated
SWCNTs to create a multifunctional nanoplatform. This nano-
platform may be employed concurrently for drug release,
combined photodynamic/photothermal treatment, and
magnetic resonance imaging (MRI) by loading the chemother-
apeutic medication doxorubicin (DOX) and combining with
sgc8c aptamer Fig. 11.'%

4.1.5.2 Fullerenes. Fullerenes are all-carbon materials
having 3D spherical, tubular or ellipsoidal structures; the best
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researched example is Cgo. While fullerenes on their own are
intrinsically poisonous and poorly soluble in water, several
surface modifications have been created to address these
problems. Furthermore, it has been demonstrated that fuller-
enes are more biocompatible than other materials made from
carbon like graphene and carbon nanotubes (CNTs) Fig. 12. A
multifunctional nanocomposite based on fullerene was
described by Li et al. in 2015. Phenylalanine was used to modify
Ceo, and polylactic acid (PLA) was used to attach it. When
exposed to visible light, this as-prepared nanoplatform may very
specifically deliver the anticancer medication mitoxantrone into
the tumors in C57BL mice, leading the combined effects of
chemotherapy and photodynamic treatment with minimal
harm to the normal, healthy organs.’** Graphene oxide (GO)
and Ce, were conjugated, according to Li et al., to create a GO-
Ceo hybrid that demonstrated high stability in physiological
settings. In addition to mediating the photothermal effects, GO
may also transfer acquired light energy to Cgg, causing Ce to
produce ROS when exposed to near-infrared radiation. Conse-
quently, HeLa cells can experience synergistic PDT/PTT effects
from the prepared GO-Cg, hybrid in vitro."*

4.1.5.3 Graphene-based nanomaterials. PDT and other forms
of cancer therapy have made graphene-based nanomaterials,
including GO (graphene oxide) and GQDs (graphene quantum
dots), and reduced graphene oxide (rGO) are widely used
because of their excellent thermal and optical characteristics,
large surface area, and good biocompatibility Fig. 13.*” Ge et al.
has shown that GQDs are an effective PDT agent, producing an
outstanding quantum yield of 'O, (up to 1.3). The graphene
quantum dots were created utilizing the hydrothermal tech-
nique with polythiophenes serving as the carbon precursors.
The killing of HeLa cells and breakdown of tumor in BALB/nu
mice having breast cancer were seen during the in vitro and in
vivo testing of the PDT effects of the graphene based QDs.
Regretfully, photodynamic activity was only seen by the GQDs in

Fig. 11
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Image of tumor-bearing mice following various treatments (Zhang et al., 2018).°%
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Fig. 12 Schematic of fullerene-based multifunctional sustained-release microsphere and its bio-functions (Li et al., 2015).*%*

our investigation when they were stimulated by visible light.'*®
When nitrogen as well as an amino group were added to the
GQDs in 2018, Kuo et al. showed that the resulting amino-N-
GQDs could produce exceptional amounts of singlet oxygen in
the near-infrared (NIR) range (800 nm). Crucially, amino-N-
GQDs were more potent PDT agents with better two-photon
excitation than unmodified GQDs.™ In order to create a light-
sensitive medication delivery system, Ding and colleagues put
PS hypocrellin A (HA) as well as TiO, nanoparticles over the GO
surface in 2016. A mutual sensitization process was used to
achieve increased ROS generation capacity. The stable complex
HA-TiO, was the source of the sensitization effect. Concurrently,

CNS
capillary

Magnetic
2 ¢ (2)Magnetic
(% ”2 guidance

Tumor

(3) Epirubicin
release

(4) LFUS-enhanced
Epirubicin release

adding GO to TiO, can potentially cause it to produce ROS when
exposed to light. In vitro tests that demonstrated the obtained
HA-TiO,-GO nanocomposite had significantly greater capacity
to eliminate cancer cells compared to the TiO,~GO or HA-TiO,
complex validated the enhanced efficacy of PDT. Additionally,
the produced ROS has the ability to degrade GO, suggesting that
this drug delivery method may be used in clinical PDT with
regard to metabolism.>*

Apart from GO; rGO has been studied for theranostic appli-
cation in cancer. Zhang et al. reported on a nanosystem con-
sisting of a PEG infused Ru(n) complex (Ru-PEG) and rGO
nanosheet, used in conjunction with photothermal/

(1) IV injection %1“ o o

"ii’

NMGO-mPEG-EPI

Fig. 13 The molecular mechanism of effect of NMGO-mPEG-EPI in cancer therapy and LFUS-induced hyperthermia. NMGO-mPEG-EPI
functions as a heat-conducting basis, causing the local temperature to increase when LFUS is employed for deep targeting.*®”
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photodynamic treatment and lysosome-targeted phosphores-
cent imaging. Using hydrophobic interactions as well as w—m
stacking, the Ru-PEG complex-which functions as both as an
imaging agent and PS - was adhered to rGO. Ru-PEG produced
a higher quantum yield of radicals (0.06 and 0.31, respectively)
under 450 nm irradiation than rGO-Ru-PEG. This difference was
most likely due to the quenching action of rGO. It was shown
that A549 cells with particular localization to lysosomes could
better absorb Ru-PEG when exposed to rGO. When rGO-Ru-PEG
was used in conjunction with PTT and PDT, the anticancer
effectiveness was greater than when each therapy was used
alone. In addition to causing ROS, cathepsin-induced lysosomal
damage by a combination photothermal and photodynamic
action has also been discovered to aid in the death of cancer
cells. Additionally, photothermal imaging of rGO-Ru-PEG under
808 nm light demonstrated the strong anticancer effectiveness
of the constructed nanosystem in vivo.””*

A team of scientists created a BODIPY-based photo-
theranostic nanoparticle with photo-chemo synergistic proper-
ties, and the nanoparticle MMC-Graphene@BODIPY-mPEG
(MGBP) has excellent ROS production ability, high photo-
thermal conversion efficiency (48%), and excellent therapy
efficiency (HeLa cell viability was reduced to 17% after treat-
ment) in vitro. Furthermore, because to the strong fluorescence
and anti-photobleaching ability of BODIPY and the photo-
thermal conversion capacity of graphene, MGBP demonstrated
excellent fluorescence and photothermal imaging performance
in the agar model.>*” Cheng et al. devised and manufactured the
Fe;0,/g-C;N,@PPy-DOX nanocomposite, which contains
magnetic iron oxide (Fe;O,) nanoparticles (NPs), a lamellar
structure of graphite-like carbon nitride (g-C;N,), and a poly-
pyrrole (PPy) shell with the anti-tumor medication doxorubicin
hydrochloride (DOX). It is intriguing that Fe;O, NPs have
photosensitizer properties for photodynamic treatment (PDT).
The use of g-C3;N, sheets in photocatalysis to degrade water and
generate O, might successfully relieve solid tumor hypoxia and
raise PDT efficiency. Furthermore, PPy has a high light-to-heat
conversion efficiency, making it ideal for cancer photothermal
treatment (PTT). Finally, an anticancer medication (DOX) was
loaded onto the nanocomposite due to its mesoporous struc-
ture. Thus, the produced Fe;0,/g-C;N,@PPy-DOX nano-
composites have a synergistic chemotherapy/PTT/enhanced
PDT anticancer activity.>® Qin et al. (2018) created a nano-
composite composed of GO, magnetic nanoparticles (Fe;0,),
chitosan, and a new photosensitizer HNPa (3-[1-hydroxyethyl]-3-
divinyl-131-b,b-dicyano-methylene-131-deoxopyr-
opheophorbide-a). They demonstrated a higher singlet oxygen
quantum yield than the single HNPa, at 62.9% and 42.6%,
respectively. Furthermore, they found that the presence of GO-
Fe;0, enhanced HNPa penetration into the nucleus of the
human hepatocellular carcinoma cell line (HepG2). Further-
more, an MTT experiment conducted under 698 nm of irradi-
ation confirmed that HNPa increased photodynamic cancer cell
mortality.***

4.1.6. Two-dimensional (2D) nanomaterials. 2D nano-
materials have a huge surface area, extremely thin thickness,
variable composition, and ease of surface modification, which
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allow them to display certain distinct and chemical and physical
characteristics.”® These characteristics make them extremely
desired for a wide range of possible uses, including energy
storage, optoelectronics, catalysis, device manufacturing,
sensing, and the detection and treatment of illness.”*

4.1.6.1 Manganese dioxide (MnO,) nanosheets. One problem
with PDT-based tumor therapy is that solid tumors, which are
primarily hypoxic all the time, consume the ROS that are
produced. Furthermore, the ROS generated by PDT drugs might
also be consumed by the tumor cells attributed to the over-
expression of glutathione (GSH).**” It has been demonstrated
that MnO, nanosheets may quickly raise the oxygen content of
tumor tissues by interacting with H,O, in the surrounding
tissue microenvironment to regenerate oxygen and reduce
GSH.?>*® Moreover, MnO, nanosheets have several desirable
characteristics for PS transport, including significant PS
adsorption capacity owing to electrostatic interaction as well as
Mn-N coordinate bonds, that might facilitate PS endocytosis in
the intracellular PDT.?*® Furthermore, MnO, nanosheets exhibit
strong biocompatibility because nontoxic manganese plays
a crucial role in physiological metabolism.?*

MnO, nanosheets were employed as a PS Ce6 nanocarrier,
whereas they also served as an oxidant to deplete intracellular
GSH and increase photodynamic efficiency. This nanosystem,
Ce6 has been effectively loaded onto the MnO, nanosheets also
shielded from self-destruction by MnO, when exposed to light,
facilitating the efficient delivery of PS to the cytoplasm.
Surprisingly, the as-prepared Ce6-MnO, nanocomplex per-
formed better in killing MCF-7 cells under the author's
circumstances than other nanomaterial-based composites
(such Ce6-GO and Ce6-MSN). Over 95% of cells were killed by
the Ce6-MnO,-mediated PDT, compared to 36% and 21% for
the Ce6-GO and Ce6-MSN nanosystems, respectively. These
findings showed that MnO, nanosheets have a great deal of
promise for raising PDT efficacy in a situation that is clinically
relevant Fig. 14.%°® Recently, PEG-cyclic arginine-glycineaspartic
acid tripeptide (PEG-cRGD) was used to modify MnO, nano-
sheets in another work by Zeng and coauthors. PS Ce6 was then
coupled with PEG-cRGD with high loading efficacy. Because of
the cRGD-mediated tumor-targeting capacity, the produced
MnO,-PEG-cRGD/Ce6 nanocomplex dramatically raise the
concentration of oxygen and was particularly taken up by PC3
cells. This led to the achievement of good therapeutic results in
vitro following irradiation at 660 nm.*"*

4.1.6.2 2-Dimensional TMD nanosheets. TMD nanosheets
have a large specific surface area, excellent biocompatibility,
ease of customization, and extremely light and heat conversion
efficiencies, making them an effective tool for tumor treatment
and drug administration.** In 2014, Liu et al. treated MoS,
nanosheets with lipoic acid-terminated PEG (LA-PEG) to
develop a PEGylated MoS,-PEG nanosystem, which exhibited
remarkable stability in physiological conditions. When
compared to cells incubated with free Ce6, the cells treated with
MoS,-PEG/Ce6 exhibited much greater intracellular Ce6 fluo-
rescence, indicating a considerably improved PS Ce6 delivery
effectiveness. In vitro tests also showed that MoS,-PEG/Ce6 had
significantly higher PDT efficacy than free Ce6 in eliminating

© 2024 The Author(s). Published by the Royal Society of Chemistry


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d4ra07114j

Open Access Article. Published on 10 December 2024. Downloaded on 2/21/2026 6:52:29 PM.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

Review

Fig. 14 The activation mechanism of the Ce6-MnO, nanosystem
improves the photodynamic therapy efficiency (Fan et al,, 2016).2°

4T1 cancer cells when exposed to 660 nm of light. This differ-
ence in efficacy may have resulted from the PS's enhanced
cellular uptake, which increased the production of singlet
oxygen inside the cells Fig. 15.>** The p-MoS,/n-rGO-MnO,-PEG
nanocomposite was created by Kapri and colleagues employing
p—n heterojunction to incorporate p-type MoS, glycosheets onto
n-type nitrogen-modified reduced GO. This was then organized
using PEGylated modified MnO, nanoparticles. When sub-
jected to NIR light, the p-n heterojunction found in this
nanosystem promotes electron and hole mobility, resulting in
improved separation of electron-hole pairs and increased ROS
generation via photocatalysis. Furthermore, MnO, caused
intracellular H,O, to disproportionate, producing additional
0,, which enhanced ROS generation even further. Studies
conducted in vitro demonstrated that this nanocomposite has
a potent PDT impact on HeLa cell death.***

4.1.6.3 Graphitic-phase carbon nitride nanosheets. Due of its
high biocompatibility, high stability, low toxicity, and high
photoluminescence quantum yields, g-C3;N, nanosheets,
emerging 2D nanomaterials have been applied in a number of
biomedical applications.”** g-C;N, nanosheets have been used
as PS to create singlet oxygen, effectively killing HeLa cells

Chlorin e6
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following light revelation with a modest power density (20 mW
cm™?) between 440-450 nm. Lin et al published the first
example of its application in PDT in 2014. Furthermore,
because of their large surface-to-volume ratio, g-C;N, nano-
sheets may operate as a carrier with a significant loading
capacity of 18200 mg g ' when loaded with the anticancer
medication DOX. Because DOX was more soluble and enhanced
protonation in an acidic environment, its release was increased
in an acidic pH environment. Furthermore, the g-C;N, nano-
sheet's strong photoluminescence quantum yield made it
feasible to utilize them for imaging, which allowed researchers
to follow the delivery process Fig. 16.>*

Dai et al. recently used photo-excitation of the g-C;N, solu-
tions having spherical gold nanoparticles to cover the g-C3;N,
nanosheets added to gold nanoparticles. Due to the improved
electron/hole separation caused by the added gold nano-
particles, the absorption efficacy of 670 nm light may be
improved, hence boosting the efficiency of 'O, generation by
photocatalytic water-splitting. The g-C3N,~AuNPs nano-
composites have shown good photodynamic therapy (PDT)
results in inducing apoptosis or necrosis in three cancer cell

/LED irradiation

g

S MDH<6.0

o,‘)
ROS
Photodynamic therapy

Chemotherapy

% g-C3N, nanosheets

A, g-C;N,-DOX
- DOX

Fig.16 g-CsN4 nanosheets can function as photosensitizers as well as
pH-responsive carriers of drugs for cancer therapy, as indicated in the
schematic diagram (Lin et al., 2014).2*

Fig. 15 A schematic of MoS,-PEG/Ce6 nanosheets that enable Ce6 loading and combined PTT and PDT (Liu et al., 2014).2*
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lines (MCF-7, A549, and HeLa) that was test, when exposed to
a 670 nm laser. Furthermore, in mice carrying MCF-7 tumors,
efficient inhibition of tumor development has also been
accomplished.***

4.1.6.4 Black phosphorus (BP). Because of its remarkable
structural, optical, and chemical qualities, BP has developed as
a unique kind of two-dimensional semiconductor that spurred
a considerable lot of study in PDT after its first successful
ablation from bulk to one or few layers of BP in 2014.>'® Gold
nanoparticles and Iron oxide (Fe;O,) were assembled on BP
nanosheets using a standard electrostatic attraction technique
to create a unique BPs@Au@Fe;O, nanocomposite. This
nanosystem demonstrated better therapeutic impact with
superior targeting abilities by combining the PTT response of
gold nanoparticles, cancer localization and MRI targeting effi-
ciency of Fe;O, nanoparticles, and the PDT effect of black
phosphorus nanosheets. Moreover, the Ul4 tumor-bearing
mice treated with BPs@Au@Fe;0, at 650 nm light demon-
strated a notable inhibition of tumor development. The
potential applications of BP nanosheets in biomedicine were
unveiled by this work Fig. 17.>"

In a different study, Liu and colleagues created a BP/MnO,
nanoplatform by electrostatically assembling fluorescein iso-
thiocyanate (FITC)-designed FBP (BP with peptide modification)
and Rhodamine B (RhB)-confined MnO, (R-MnO,). R-MnO,
serves as the O, supply and indicator in this R-MnO,-FBP
nanocomposite. Endocytosis mediated by the target FA receptor
(FR) can cause the production of O, in an acidic and H,0, rich

i

>
-
Control
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atmosphere. Additionally, due to the emitted dyes RhB and
Mn*", fluorescence and magnetic resonance imaging (MRI) may
be used to track the process of oxygen production. Both in, in
vitro and in vivo, the FBP moiety could mediate very effective
PDT in its capacity as the theranostic agent. Furthermore, by
employing the activated caspase which is in the process of cell
death brought on by oxygen-generating PDT, a self-feedback
mechanism for the therapeutic response may be constructed.**®

4.1.7. Nanoscale metal-organic frameworks (MOFs).
Nanoscale metal-organic frameworks (NMOFs) have emerged
as a potential delivery system for photodynamic therapy (PDT)
owing to their diverse activities arising from their chemical
compositions, unique crystalline structures, substantial
porosity, and tunable framework stability. In a study by Meie He
and his colleagues, they described a Mn-porphyrin based MOF
made of biocompatible Zr** ions and Mn-porphyrin ligands.
The Mn-porphyrin shown a strong catalytic capacity to convert
H,0, to O,, achieving oxygen self-supplementing PDT. Addi-
tionally, the special porous MOF frameworks may speed up the
diffusion of produced O, and H,0, and inhibit Mn-porphyrin
from self-aggregating Fig. 18.>1%*

4.1.8. Organic nano-agents. PDT has also made use of
several newly created nano-agents, like porphysomes and
nanostructured phthalocyanine self-assemblies Fig. 19.*** Li
et al. 2017 reported on nanostructured phthalocyanine self-
assemblies made of zinc(u) phthalocyanine building blocks
decorated with triethylene glycol (TEG) as target molecules. The
unique noncovalent interactions among the targeting agents,

PDT+PTT+M

B C«’ ¢ @

BPs+650nm BPs@Au+650nm PDT+PTT

Fig. 17 On day 14, (A) tumor-bearing animals treated normal saline, BPs, BPs@Au@FeszO4 BPs and BPs@Au in 650 nm irradiation,
BPs@Au@FezO,4 with two stimuli, and BPs@Au@FezO,. (B) Photograph ordinary mice on day 14. (C) H&E-stained tumor slices from panel (C)

groups (Yang et al., 2017).2
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s PDT

=

Magnetic Resonance Imaging

Fig. 18 Illustration of PCN-222(Mn) for MRI-guided oxygen self-
supporting photodynamic therapy (He et al., 2019).2*°

phthalocyanines, lead to the produced nanoassemblies
demonstrating targeted protein-induced partial disintegration.
The nano-phthalocyanine ensembles exhibit switchable photo-
activity, facilitating the generation of reactive oxygen species
(ROS) and enabling tumor-specific photodynamic treatment.?*>
In summary, a growing number of novel nanomaterials are
predicted to arise as a result of the biomedical field's tremen-
dous advancement in nanoscience over the past several
decades, presenting promise for the development of viable
alternative cancer therapy techniques.*”

4.1.9. Nanofibers. Localized cancer treatment is a very
successful strategy for destroying solid tumors in early stages,
minimizing adverse effects from cancer therapies. Electrospun
nanofibers are a viable implantable platform for targeted cancer
treatment. They allow for on-site delivery of therapeutic
components while reducing negative effects on normal tissues.
Paclitaxel was successfully loaded into electrospun PLGA
nanofibers with over 90% efficiency. The study found that
medication release can persist up to 60 days and kill up to 70%
of C6 glioma cells within 72 hours.** Severyukhina et al. studied
photosensitizer-loaded electrospun fibers for photodynamic
cancer treatment. Electrospinning was used to produce
chitosan/PEO nanofibers containing various photosens. The
physically adsorbed photosens were released with the swelling
of the nanofibers. The breakdown of the nanofiber complex
caused a delay in release. 675 nm laser irradiation dramatically
reduced metabolic activity in scaffold-treated human mammary
gland T-47D cancer cells, with no recovery. In addition, limiting
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the lighted region can reduce the phototoxic impact, leading to
improved topical photodynamic cancer treatment.***

Wau et al. found that electrospun PLLA nanofibers containing
purpurin-18 were biocompatible. Human esophageal cancer
ECA109 and human hepatocellular carcinoma SMMC 7721 cells
interacted and integrated well with the surrounding fibers. MTT
experiments showed that cancer cells were killed promptly after
PDT with a 702 nm laser light.*** Costa et al. created core-shell
electrospun nanofibers from biodegradable polymers such as
poly(vinyl alcohol) (PVA) and gelatin (Gel) to function as
a localized DDS for the treatment of cervical cancer with PDT.
The synthesized porphyrin (Por) produced singlet oxygen (®A =
0.62) and exhibited stronger phototoxicity against tumor cells
than healthy cells (Table 1). The Por release profile from
nanofibers demonstrated an initial rapid release phase, fol-
lowed by continual release for at least 9 days. PVA-Gel + Por
core-shell nanofibers inhibited cancer cell growth more effec-
tively under light irradiation than under dark irradiation, and
they had a greater phototoxic impact on tumor cells than non-
tumor cells.?*®

4.2. Photothermal agents in photothermal therapy

Stimulation-responsive nano-systems are being proposed as
a method of precisely controlling nanomedicine expression.
Because tumors can be deep-rooted, it is difficult to activate
nano-systems in lesions while avoiding overexpression in
healthy tissues. Because of this limitation, a suitable illumina-
tion source is required for efficient PTT. NIR light is regarded as
a suitable excitation source as low-power NIR rays may enter
tissues deeply while avoiding major harm or absorption by
bodily fluids.?*”**® As a result, NIR-induced imaging and tar-
geted therapy have lately received a great deal of interest.
Because of its strong penetration through tissues, NIR fluores-
cence is currently used for diagnostics and labelling.** Nano-
materials have many distinct characteristics than their
macroscopic analogue. It is vital to highlight that the effect of
photothermal energy is linked to the nanoscale characteristics
of agents. For example, gold nanoparticles (NPs) may transform
excited state photon energy to heat via surface plasmon reso-
nance (SPR).>°

Nanomedicines also provide a benefit in cancer treatment
for passive tumor targeting by the mechanism of nanoparticle
produced endothelial leakage (NanoEL) or enhanced EPR of

Heat Singlet Oxygen
Targeting-driven 2 ~ ~ ?o ‘,;;‘4_,0/\,'0\'4 /
Light Structure-opening 4 o @ Light
Irradiation 1 et Irradiation
Self- bl | m
elf-assembly ol
Intact Disrupted
Photothermal Therapy Photodynamic Therapy

Fig. 19 Porphysomes are targeted for photodynamic activation in this illustration (Jin et al., 2014).2
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nanoparticles for both immature and adult cancers, respec-
tively. During leakage of endothelium, NPs of particular density
and size react with the protein of adherens junction of endo-
thelial cells, causing micro-sized gaps between them, boosting
nanomedicine permeability and accumulation.”®' The size,
surface chemistry and shape associated with nanoparticles have
a significant impact on their biocompatibility and thermal
performance.*®> Noble metal nanoparticles, being one of the
earliest PTT ablation agents, have been extensively investigated
in the past. Novel nanomaterials, including as nano-
architectured conducting polymers, have been developed for
PTT usage in recent years.>*®

4.3. Noble metal nanoparticles for photothermal treatment

Nanoparticles composed of noble metals, such as gold and
platinum, have dominated research on PTT agents in the last
few decades.”® Unlike organic dyes, which often cause quick
photobleaching when used as ablation agents, noble metal
nanoparticles have a reasonable photothermal interaction effi-
ciency and a considerable optical absorption capacity.”** To
convert light into heat, noble metal nanoparticles must have
oscillations that resonantly match the practical frequency of the
light.>*

4.3.1. Gold nanoparticles. Noble metal nanomaterials have
recently taken an attention in studies investigating the potential
of gold nanoparticles for PTT. For instance, in the visible light
spectrum, unaltered gold nanoparticles display SPR activity. It
was illuminated by 20 ns bursts of 532 to 565 nm laser energy,
according to Pitsillides et al. Short bursts of laser light were
used to stop heat from diffusing, even though these wave-
lengths may not fall squarely inside the biological window.>” If
the gold nanoparticles are large and irregularly shaped, the Mie
theory predicts, the SPR effect will be strong, and the SPR
wavelength will be moved into the near-infrared spectrum.?*®* To
alter the SPR and enhance photothermal performance, many
gold nanomaterials have been created, such as nanohexapods,
nanorods (NRs), and nanoshells.>*>*

The length and diameter of the rod determine the optical
absorptions in gold NRs, which are transverse and longitudinal,
respectively. Additionally, the SPR zone may be shifted to the
near-infrared (NIR) area for PTT by adjusting the aspect ratio.
Link et al. looked at how aspect ratio relates to longitudinal

Lipid-coated Au
nanocages

Bimodal NmPDT &
NmPTT

Fig. 20 Photo-induced lipid-coated gold nanocages working
mechanism is illustrated schematically (Vankayala et al., 2014).24°
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plasmon resonance absorption maximum. Their research
shows that whereas the transverse plasmon absorption of
typical gold NP occurs in the visible light region, the longitu-
dinal plasmon absorption moves to 740 nm when the average
aspect ratio approaches 3.3.>** The prospective uses of dendritic
gold nanoparticles in photothermal therapy are also being
explored, since their properties vary according to the hyper-
branched structures they possess. A correlation between the
degree of branching and the photothermal characteristics of
gold nanodendrites has been studied. The optical characteris-
tics of gold nanodendrites were found to be changeable. In the
second near-infrared region (Fig. 20), photothermal treatment
efficiency was better for gold nanodendrites with fewer
branches.*” Gold nanoparticles which have been created as
drug transporters and image contrast agents, hinting that they
might play a multifunctional role in medicine. A potential PTT
ablation agent with further medical uses might be a hollow kind
of gold nanomaterial, such a gold nanocage. In addition to their
unique hollow nanostructure, which likely enables them to
serve as drug carriers and contrast molecules for imaging, the
hollow gold nanoparticles exhibit outstanding near-infrared
absorption for photothermal therapy (PTT).>** Yavuz et al
modified gold nanocages by coating them with a polymer blend
of poly(N-isopropylacrylamide) and polyacrylamide. In order to
facilitate the circulation of medications contained inside the
gold nanocages, a polymer coating goes through a phase shift
and produces open holes when exposed to the photothermal
activity of the nanocages.”** Nanoparticles of silica and iron
oxide encased in gold have recently been suggested. These
composites exhibited robust near-infrared optical absorption
due to the nanostructure of the gold nanoshells.>*®

A group of scientists evaluated the effect of PEG-Cur-Au NPs
on the C540 (B16/F10) cell line and implanted (bearing) mela-
noma tumors in inbred C57 mice after being exposed to an
808 nm laser. PEG-Cur-Au NPs exhibited dose-dependent cyto-
toxicity against the C540 (B16/F10) cell line at concentrations
>25 pg mL ™", with an IC50 value of 42.7 pg mL ™" in dark (and no
toxicity at 10 ug mL™'). For 10 minutes of 808 nm laser irradi-
ation (without PEG-Cur-Au NPs), the C540 (B16/F10) cell line
was killed in a laser power-dependent manner at power density
>0.5 W cm 2 (no toxicity at 0.5 W cm™?). However, PTT
employing PEG-Cur-Au NPs was extremely visible following
laser illumination. Even at a power intensity of 0.5 W cm™ > of
PEG-Cur-Au NPs concentrations <10 pg mL ™', the cells showed
significant PTT.***

A group of scientists created hybrid albumin nanoparticles
using AuNCs (~88 nm) and AuNPs (~4.5 nm). After 808 nm
laser irradiation (1.5 W em ™2, 10 min), AuNCs/BSA-NPs signif-
icantly inhibited tumor development (17.8 + 16.9 mm® vs. PBS
and AuNCs/BSA-NPs (formula E): ~1850 and ~1250 mm®,
respectively).>” Wang et al. produced a multifunctional
responsive drug carrier by loading resveratrol (Res) into chito-
san (CTS) modified liposomes and coating them with gold
nanoshells. The resulting GNS@CTS@Res-lips have a broad
near-infrared (NIR) absorbance, high capability, stability, and
photothermal conversion ability, making them suitable for
effective photothermal treatment (PTT). In addition, the
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GNS@CTS@Res-lips have on-demand pH/photothermal-
sensitive drug release and a high-Res loading capacity. The
drug delivery device might greatly improve drug uptake by cells
when exposed to NIR laser irradiation. More notably, compared
to single chemotherapy or PTT, carriers with NIR irradiation
had a greater therapeutic impact on HeLa cells.”*®

Xia et al. reported a simple method for fabricating gold
nanostars (GNS) attached with matrix metalloproteinases
(MMP2) polypeptides (Ac-GPLGIAGQ) and IR-780 iodide via
bovine serum albumin (BSA) for targeted dual-modal photo-
acoustic (PA)/near-infrared (NIR) fluorescence imaging and
enhanced photothermal therapy (PTT)/photodynamic therapy
(PDT) for lung cancer. MMP2 polypeptides were used as a tar-
geting ligand, IR-780 iodide as an NIR fluorescence imaging and
PTT/PDT agent, and GNS as a carrier of IR-780 molecules for PA
imaging and PTT. In vitro investigations confirmed that
GNS@BSA/I-MMP2 nanoparticles (NPs) were successfully
absorbed by A549 cancer cells, resulting in exceptional anti-
cancer activity. GNS@BSA/I-MMP2 NPs could selectively target
the tumor and greatly inhibit tumor development, and their
anticancer effects were mostly due to the synergistic effects of
PDT and PTT based on IR-780 and GNS.***

4.3.2. Semiconductor nanomaterials used in PTT. Due to
their affordability and cytotoxicity, a number of semiconductor
nanomaterials, including semiconductor copper chalcogenide
nanomaterials, have drawn interest as PTT ablation agents in
addition to noble metal nanoparticles.>® Nevertheless, under
standard NIR light at around 808 nm, the relatively poor pho-
tothermal interaction efficiency of certain copper-based nano-
materials may need increased NIR power to facilitate tumor
ablation. To overcome this challenge, NIR light at 980 nm is
frequently used as a replacement for certain Cu-based NPs. This
light is a rather high threshold for exposure to human skin, with
penetration across biological tissues potentially reaching
several centimeters. With this regard, the strength of the NIR
laser might be lowered while the treatment's effectiveness was
maintained.*®* Hu's group successfully synthesized CuS nano-
particles exhibiting a consistent three-dimensional floral shape,
enhancing photothermal efficiency. It was suggested that these
superstructures may serve as laser-cavity mirrors for a 980 nm
laser, enhancing reflectivity and hence photothermal efficiency.
They also synthesized hydrophilic Cu9S5 plate-like nanocrystals
with a photothermal efficiency of up to 25.7%, surpassing that
of gold nanorods under analogous 980 nm light irradiation.>*>

CuS NPs are being employed in studies on the detrimental
impact of PTT upon HeLa cells. The dependent impact of laser
dosage and CuS concentration of particles was then investi-
gated. In this study, an NIR laser (808 nm) with a power of up to
24 W cm 2 was used to accomplish relatively selective cancer
treatment. The NIR laser as well as CuS NPs alone had
a moderate effect on cell death. Furthermore, the minimal
cytotoxicity of this NP was demonstrated individually in this
study, meaning that copper sulfide NP-induced PTT was
harmless to normal cells. Moreover, modified Cu7.2S4 nano-
crystals with photothermal efficiencies as high as 56.7% were
developed. These Cu7.2S4 nanocrystals effectively eradicated
cancer cells using a low dose concentration and a diminished
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power 980 nm laser. CuS nanoparticles has the potential to
serve as an exceptional ablation agent for photothermal therapy
due to their targeted ablation effect, low cytotoxicity, and cost-
effectiveness.”

4.3.3. Carbon-based nanomaterials used in PTT. CNTs
have recently been investigated in the medical area for appli-
cation in thermal therapy due to their optical characteristics
and outstanding thermal behavior. CNTs have been used in
medical applications such as medication transporters and
bioimaging probes. They can be covalently or noncovalently
treated with various chemical groups. CNTs may readily be
functionalized with other medicinal molecules, such as
magnetic NPs and anti-cancer medicines, by binding or wrap-
ping. This might increase the photothermal efficiency of CNTs
and allow for the development of synergic medicines.”®* PEG
coatings often enhance biocompatibility, inhibit aggregation,
and prolong blood circulation duration, all of which are
considered advantageous in nanoparticles used as ablation
agents.”® Burke et al. examined the response of BCSCs to
hyperthermia by a water bath or the photothermal effect
induced by MWNTs to elucidate the PTT mechanism mediated
by CNTs. BCSCs exhibited resistance to hyperthermia
throughout a broad temperature spectrum; yet, the photo-
thermal action induced by MWCNTs may surmount this resis-
tance by enhancing necrotic cell death. The hypothesis was
formulated based on the interaction between cancer cell
membranes and NIR-stimulated MWNTs exhibiting increased
surface temperatures.>*®

Graphene-based nanomaterials, just like CNTs,
a substantial optical absorption in the near infrared area along
with high surface activity, which makes them a prospective PTT
ablation agent with synergic therapeutic applications Fig. 21.>”
Markovic et al. examined the sort of cell death caused by
graphene-induced PTT. Based to their results, cells perished
through combination of both necrosis and apoptosis. Though
PTT causes necrosis, heat would increase oxidative stress/
superoxide generation and, eventually, apoptosis.?*®

Lim et al. (2018) created a ~155 nm nanocomposite con-
taining GO, folic acid, and manganese dioxide (MnO,). In
cancer, MnO, decomposes hydrogen peroxide into oxygen,
alleviating hypoxia. The results demonstrate that the composite
has a higher heat capacity than a single GO. Under 808 nm laser
illumination for 3.5 minutes, the nanocomposite reaches the
target temperature of 47 °C, whereas GO only reaches 35 °C.>*®
Xie et al. (2019) created a composite with high stability and
dispersibility using GO, magnetic nanoparticles (Fe;0,), chito-
san, sodium alginate, and doxorubicin hydrochloride. They
tested the composite PTT qualities using an MTT assay using
a human lung cancer cell line (A549) and 808 nm irradiation for
5 minutes, exhibiting good intracellular uptake characteristics
and a temperature-dependent rise in concentration. The dosage
of 100 ug mL ™" resulted in a 14.36% drop-in survival rate.?*®
Gulzar et al. (2018) created a combination of GO, amino-
modified upconversion nanoparticles (NaGdF,:Yb*"/
Er**@NaGdF,:Nd**/Yb®"), polyethylene glycol (PEG), and
chlorin e6 (Ce6). Singlet oxygen production was confirmed
using the DPBF (1,3-diphenyliso-benzofuran) chemical probe

have
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injected mouse was fully destroyed (Zhang et al., 2011) .27

(PDT effect). In addition, an in vivo anticancer property was
assessed in mice utilizing an U14 (murine hepatocarcinoma)
cell line and 808 nm irradiation. As a result, the fluctuation in
the relative volume of the tumor (V/Vo) was decreased by half
after 14 days as a result of the PTT effect, while this value in the
control group rose by ninefold.”*

De Paula et al. (2020) used red LED (640 nm) ablation to
drastically reduce the tumor mass in mice (melanoma in
B16F10 lineage cells) with a rGO-based therapy. The tumor
volume was around 70 mm? on the first day, but decreased to
around 40 mm® after 8 days of therapy. Furthermore, the
immunological response was validated by measuring the
development of CD®*" T cells.?®> Zhang et al. treated A549 lung
cancer cells with two distinct light sources, 808 nm and 450 nm,
to PTT and PDT, respectively. They employed an r-GO composite
with a PEG-modified Ru(u) complex as the PS. This combination
improved cytotoxicity and reduced tumor volume, as demon-
strated by in vivo experiments. The PTT-PDT therapy slows
tumor development, lowering the relative tumor volume value
(V/Vo) to near-zero. In contrast, PTT and PDT alone increased
this value to around 1.5 and 2.5, respectively.>**

Marangon et al. developed a nanosystem based on multi-
walled carbon nanotubes (MWCNT) and the photosensitizer
m-tetrahydroxyphenylchlorin (mTHPC) for cancer treatment
using photodynamic (PDT) and photothermal (PTT) therapy.
The photothermal and photodynamic cytotoxicity of these
mTHPC/MWCNT on/off complexes was evaluated at the cell
level using viability tests, imaging flow cytometry, confocal
microscopy, and transmission electron microscopy, as well as at
the molecular level using a proteomic analysis of apoptosis-
related proteins and a genomic analysis of 84 oxidative stress
genes. At the cell level, cytotoxicity was associated with mTHPC/
MWCNT absorption, whereas PDT and PTT treatment gener-
ated distinct signaling pathways that led to cell death. For the
first time, the mechanisms of PDT/PTT synergy in cancer cell

© 2024 The Author(s). Published by the Royal Society of Chemistry

eradication were investigated, indicating that different cell
responses to PDT and PTT undermine the cell's oxidative stress
defense.>®

4.3.4. Conducting polymers used in PTT. PEG coatings
often enhance biocompatibility, inhibit aggregation, and
prolong blood circulation duration, all of which are considered
advantageous for nanoparticles used as ablation agents.”*®
Burke et al. examined the response of BCSCs to hyperthermia by
a water bath or the photothermal effect induced by MWNTSs to
elucidate the PTT mechanism mediated by CNTs. BCSCs
exhibited resistance to hyperthermia throughout a broad
temperature spectrum; yet, the photothermal impact induced
by MWCNTs might potentially surpass this resistance by
enhancing necrotic cell death. The hypothesis was formulated
based on the interaction between cancer cell membranes and
NIR-stimulated MWNTs exhibiting increased surface
temperatures.>*®

A multitude of nanoparticles has been included into photo-
thermal therapy (PTT), signifying substantial promise for this
focused and less deleterious cancer treatment. Although the
experiments remain in preliminary phases, several biological
investigations on PTT have shown encouraging outcomes.
Despite the variability in the processes of various ablation
agents, it was shown that the effects of photothermal radiation
could generally be regulated by modifying the shape and
dimensions of these PTT agents (Fig. 22). Given the multitude of
potential alternatives and ablation chemicals for photothermal
therapy (PTT), together with the use of nanotechnology,
researchers may manufacture a molecule exhibiting enhanced
photothermal effectiveness for PTT.*

4.3.5. Tungsten based nanomaterial. Zhou et al. developed
a simple thermal decomposition method to produce tungsten
oxide nanorods (WO, o NRs) measuring 13.1 £ 3.6 nm in length
and 4.4 £ 1.5 nm in diameter for tumor theranostic applica-
tions. The generated WO,, NRs were treated with

RSC Adv, 2024, 14, 38952-38995 | 38975
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epithelial cancer cells (Yang et al., 2011).2%*

methoxypoly(ethylene glycol) (PEG) carboxyl acid by ligand
exchange to improve water dispersibility and biocompatibility.
PEGylated WO, o NRs exhibit high photothermal conversion
efficiency and superior X-ray attenuation compared to clinically
used CT contrast agent Iohexol. They effectively inhibit cancer
cell growth in vitro and tumor growth in vivo, allowing for
effective CT imaging.”*

Sharker and his colleagues reported a dopamine-conjugated
hyaluronic acid (HA-D), a mussel-inspired simple capping
material that can make tungsten oxide (WO;) nanoparticles
biocompatible and targetable, enabling for precision delivery
(WO3-HA) to a tumor location. Near-infrared (NIR) irradiation
WO;-HA demonstrated a quick and significant increase in
photothermal heat, resulting in full in vitro thermolysis of
malignant MDAMB and A549 cancer cells, but was shown to be
less susceptible to normal MDCK cells. Long-term in vivo study
of WO3-HA nanoparticles with ~10 nm HA thickness showed
effective photo-thermal conversion and time-dependent tumor
target accumulation. This long-term in vivo survival study of
WO;-HA demonstrated good biocompatibility, with full recovery
from malignant tumors.>*

4.3.6. Nanofibers. In recent years,
focused on precise spatiotemporal regulation of physiologically
important species delivery. Light, particularly near-infrared
(NIR) light, inside the “transparency window” for biological
tissues, is an elegant on/off stimulus that meets these charac-
teristics.*” Cheng et al. introduced PEG-modified gold nano-
rods (PEGGNRs) into an electrospun PLGA/PLA-b-PEG
membrane. This platform's polymer membrane provided both
a physical barrier against surgical damage and a biocompatible
carrier for PEG-GNRs. When incubated with cancer cells, the
PEG-GNRs were released from the fibrous mat and eventually
absorbed by the cells. PEG-GNRs released under 850 nm NIR
irradiation generate heat. An in vitro investigation found that
the PEG-GNR-incorporated mesh may selectively kill cancer
cells and limit their growth.>®® In the work by Wang, doxoru-
bicin (DOX) and indocyanine green (ICG) co-loaded meso-
porous silica nanoparticles (DIMSN) were produced. The

life scientists have
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nanoparticles were then electrospun into chitosan/poly(vinyl
alcohol) (CS/PVA), resulting in multifunctional composite
nanofibers (DIMSN/F). Under the mimic erosion of vaginal
discharge, DIMSN/F demonstrated site-specific drug release,
however local administration of a thermosensitive DIMSN-
loaded gel (DIMSN/gel) did not. When compared to systematic
DIMSN injection, vaginal implantation of DIMSN/F might
optimize drug accumulation in mice's vaginas. DIMSN/F pho-
tothermalchemotherapy (PTCT) effects were investigated in
both subcutaneous and orthotopic cervical cancer models in
mice, although drug penetration in the hard nodular tumor
offered a significant barrier. The tumor inhibition rate (TIR) for
orthotopic cervical/vaginal cancer remained as high as 72.5%,
indicating a good promise for cervical cancer therapy.”* Pacli-
taxel, an anticancer medication, and graphene oxide/gold
nanorods (GO/Au NRs) were loaded into poly (tetramethylene
ether) glycol-based polyurethane (PTMG-PU) (core)/chitosan
(shell) nanofibers generated by coaxial electrospinning. The
potential of the produced nanofiber as a pH/temperature dual
responsive carrier was examined for the controlled release of
paclitaxel against A549 lung cancer using the PTT/CHT combi-
nation technique. The cell survival of manufactured nanofibers
treated with A549 lung cancer cells was studied using the alone
CHT, alone PTT, and PTT/CHT methods. In vivo investigations
suggested that the PTT/CHT approach displayed an optimum
therapeutic impact on tumor inhibition without changing body
weight.>”

5. Stimuli responsive nanomaterials

Although their clinical applications are still in the early stages,
as compared to traditional chemotherapy, multiple significant
pre-clinical investigations have indicated that stimuli respon-
sive techniques provide superior therapeutic success with fewer
adverse effects.””"*”> Specific triggers/stimuli can be roughly
classed as intrinsic or external stimuli. Intrinsic stimuli are
limited to the interior of the body/organism system, with the
tumor microenvironment serving as an excellent example of

© 2024 The Author(s). Published by the Royal Society of Chemistry
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creating local stimuli such as pH or interstitial pressure, among
other things. A collection of characteristics known as ‘external-
stimuli’ exist in addition to the host's internal system and
include magnetic fields, ultrasound, light, and so on.””® Light-
responsive drug release systems have been developed using
methods such as photoisomerization, photocrosslinking/
decrosslinking, photosensitised oxidation, light-triggered
polarity flipping, and photo- or photodegradation of the poly-
mer backbone.?”* Cholesteryl succinyl silane (CSS) nanomicelles
encapsulating DOX, Fe;O, magnetic NPs, and Au nanoshells
were created as a multicomponent/functional drug delivery
system. These composite nanomicelles show an 808 nm NIR
laser-induced temperature rise, which causes progressive DOX
release. These CSS nanomicelles have a high Tm value,
requiring a high temperature to destabilize them (Table 2). This
is especially useful when considering the on-demand release of
DOX only after NIR irradiation of the Au nanoshells, which
raises the local temperature, loosens the micelles, and effects
drug release, hence reducing undesirable drug leakage
throughout circulation.?®®

Thermal ablation is becoming one of the most often reported
forms of solid tumor treatment, and super paramagnetic iron
oxide NPs (SPIONs) have been intensively studied in this area.
HT treatment with iron oxide NPs (IONPs) entails administering
an IONPs fluid to the tumor, followed by AMF application,
which causes NPs heating and ablation. A temperature change
of 41-46 °C can cause significant consequences on cells and
tissues, including increased heat-shock protein production,
protein denaturation/folding, and apoptosis. Specifically in
tissues, the temperature surge stimulates pH alteration, perfu-
sion, and oxygenation of the tumor microenvironment, with
persistently elevated temperatures leading to necrosis.?®**>®®
Matsumine et al. used HT in patients with metastatic bone
tumors. Following the first surgical surgery, a biocompatible
bone replacement composed of ‘Bare’ magnetite NPs and
calcium phosphate cement was implanted. Patients received
a 15 minutes treatment every alternate day commencing on the
eighth day after surgery. The results showed a 32% reduction in
lesions with apparent bone growth, 64% without any pro-
gressing lesions for more than 3 months, and only 4% with
a negative treatment response.”®

Longer wavelength radiofrequency (10 kHz to 900 MHz) can
also be used for cancer cell ablation via the HT effect. RF offers
more tissue penetration than NIR light, allowing for the therapy
of deep-seated cancers.”® Elsherbini et al. used Au-coated
magnetics for dual-mode HT against subcutaneous Ehrlich
cancer in mice using laser and radiofrequency irradiation.
Results analysis indicated that more than half of the tumors
totally vanished after light/RF irradiation.>*

6. Photodynamic combination
therapy in cancer treatment

PDT includes activating a photosensitizer with a certain wave-
length of light, resulting in transitory amounts of ROS.
However, the use of PDT targeting deep tumors has been

© 2024 The Author(s). Published by the Royal Society of Chemistry


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d4ra07114j

Open Access Article. Published on 10 December 2024. Downloaded on 2/21/2026 6:52:29 PM.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

Review

severely limited due to inadequate luminous flux and possibility
of peripheral damage to tissues. As a result, researchers have
begun to investigate if combining PDT with other therapies
might increase its efficacy.”*

6.1. PDT in conjunction with chemotherapy

Chemotherapy, which is among the most common cancer
treatment procedures, is used to manage a wide range of
cancers. Chemotherapeutic medicines are thought to attach to
tumor cell's DNA, inhibiting cell proliferation and replication,
ultimately leading to cancer cell death.”” Chemotherapy has the
capacity to kill cancer cells, but its non-specific nature and
susceptibility to resistance restrict its therapeutic usage. Several
efforts have been undertaken to integrate PDT with chemo-
therapy in order to overcome the side effects and resistance and
boost the therapeutic benefit. PDT coupled with chemotherapy
may have a synergistic anti-tumor impact, reducing the thera-
peutic dosage of the chemotherapeutic medicines.*** Numerous
studies have shown that integrating PDT with chemotherapy
may enhance treatment efficacy, while the reasons behind this
augmentation are uncertain.*** Xiaojun Wang discovered that
employing the 10®~ reactive nano-carrier NOP-DOX@BSA-FA as
a delivery strategy in PDT combined chemotherapy allows DOX
to swiftly reach tumor regions, successfully destroying cancer
cells and decreasing chemotherapy's harmful effects on the
body.***

Employing PDT along with chemotherapy may overcome
multi-drug resistance (MDR) caused by tumor treatment. MDR
is often caused by overexpression of P-glycoprotein on tumor
cells, which can be triggered by short-term chemotherapy
treatment.>*> Khdair discovered that combining methylene blue
mediated PDT with adriamycin resulted in substantial toxicity
against MDR tumor cells. This was due to a high concentration
of doxorubicin in the MDR following PDT. Drug-resistant tumor
cells undergo necrosis or apoptosis as P-glycoprotein expression
decreases and ROS levels increase in the tissue.>*® Bano found
that coupling doxorubicin (DOX) along with nickel oxide
nanoparticles (NOPs) with the form of NOP-DOX@BSA-FA,
a potential PDT agent, resulted in a higher rate of cell death
than utilizing NOPs alone Fig. 23.>*

BSA FA

655 nm

Fig. 23 Mechanism of NOP-DOX@BSA-FA in PDT (Bano et al,
2016).2%7

© 2024 The Author(s). Published by the Royal Society of Chemistry

View Article Online

RSC Advances

6.2. PDT in conjunction with radiotherapy

Local tumor irradiation using X-rays constitutes one of the most
effective anti-tumor treatments. Approximately 60-70% of
individuals with malignant malignancies require radiation
therapy. Radiotherapy for advanced cancer patients can
improve symptoms, reduce discomfort, and boost survival
rates.””> Non-specific radiotherapy can cause harm to normal
tissue in the radiation field. Furthermore, hypoxia cells in
tumor tissues may be resistant to radiation. For individuals with
advanced cancers, PDT coupled radiation can considerably
enhance quality of life, reduce symptoms, decrease pain, and
increase survival.**® Yi-shan Wang studied the effectiveness of
PDT in combination with radiation therapy in 90 incidents of
gastric cancer, 12 incidents of esophageal cancer, 24 incidents
of rectal cancer, 8 incidents of bladder cancer, 6 incidents of
cervical cancer, and 8 incidents of superficial tumors. The study
found that combining PDT with intensity-modulated radiation
(IMRT) improved the quality of life for patients with advanced
malignant tumors, particularly those with cavity viscera.
Combination treatment promotes palliative care for individuals
with malignant tumors who have failed radiation and chemo-
therapy due to obstructive symptoms. Studies have indicated
that combining PDT with radiotherapy might increase tumor
susceptibility to irradiation and improve therapeutic efficacy. At
the identical time, it can cut the exposure period or lower the
radiation dosage.*”

6.3. PDT in conjunction with immunotherapy

PDT-induced immune response is critical for avoiding tumor
spread and recurrence. Designing PDT drugs specific to the
immunological target can improve its anti-tumor impact while
minimizing immune response suppression.””* Yuanhong Zheng
discovered that tumor cells adjust to immunological pressure
and demonstrate improved tumorigenic and stemlike charac-
teristics following PDT immunization.*” Hisataka Kobayashi
employed a photosensitizer coupled to MAbs binding
epidermal growth factor receptors (EGFRs) for deeper tissue

infiltration and selective targeting, resulting in tumor
o * :Ab-IR700
S -
LV.
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Live tumor Live tumor Inflammation
- ;
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: NIR light Necrosis
Post-repeated PIT Inflammation Inflammation

Fig. 24 Fractionated dosing of mAb-IR700 conjugate and NIR light
(Mitsunaga et al., 2012).3%°
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elimination Fig. 24.** When paired with checkpoint inhibitors
(PD-L1/PD1), PDT induces a robust tumor-specific immune
response, this results in a reduction of both light-irradiated
original tumors and non-irradiated distant malignancies.***
Laser immunotherapy (LIT) is a new approach that combines
PDT with an immunological adjuvant. Recent research has
shown that indocyanine green and glycated chitosan, when
combined with PDT, have superior therapeutic results than PDT
alone. Furthermore, GC has a better immune stimulating power
than some other commonly used immune adjuvants.**>*%
Utilizing PDT along with an immunological adjuvant can boost
its efficiency. Korbelik discovered that combining PDT with
mycobacterium extract (MCWE) significantly improves immune
cell activation.®**

7. Photothermal combination therapy
in cancer treatment

PTT offers several advantages, including good temporospatial
control, cheap cost, and little invasiveness. This can also be
employed alone to eliminate the underlying tumor or lymph
metastases in superficial tissues. But illumination has a limit
on penetrating depth. Even while NIR light are able to penetrate
deep than UV as well as visible light, but can reach only a depth
of around 3 c¢m in tissue.*”® Due to the limited penetration into
tissue at NIR light in deep layers of tissues, it is difficult for PTT
alone to eliminate metastatic cancer cells and metastatic
nodules in organs that are far away. As a result, in order to
achieve the desired effectiveness against cancer metastasis, PTT
must be combined with already known medicines.”

7.1. PTT in conjunction with chemotherapy

Multiple studies have revealed that CHT causes medication
resistance, intrinsic cytotoxicity to normal cells, and distinct
patient behavioral problems.** Synergistic treatment with PTT
may address these issues. When combined with nanocarriers,
these agents may deliver CHT drugs to tumors without exposing
normal cells, reducing drug dosage and perhaps reducing side

915 nm
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915 nm
Laser on

@

Switch off

RT
Switch off

View Article Online

Review

effects and chemotherapy-resistant cancer cell growth. It takes
less medicine to have the intended effect since drug release is
slow without NIR irradiation and fast when photothermal
agents are activated.**® If the dispensing mechanism is suffi-
cient, turning off NIR laser may halt smart drug-releasing
nanoparticles. Meng et al. created a smart G-CuS-DOX MEO,-
MA@MEO, MA-co-OEGMA composite. PTT agents were CuS
nanoparticles, CHT medications were DOX, and thermosensi-
tive nanogel was MEO,MA@MEO,MA-co-OEGMA (G). Nano-
capsule hyperthermia shrank nanogels and released DOX under
NIR irradiation. Turning off NIR irradiation eliminated PTT and
CHT effects. Combined PTT and CHT showed controllable and
efficient advantages in vivo Fig. 25.>” Liu and Wang created
hydrogel-based nanoplatforms for PTT and CHT tumor therapy.
The chemical was injected into malignant tissue at room
temperature, and the hydrogel formed instantly at 37 °C.
Hydrogel matrix controlled chemotherapeutic drug release and
had photothermal effects. They found that the composite

hydrogel was an efficient tumor therapeutic platform.3**3%

7.2. PTT in conjunction with radiotherapy

Anticancer medications are unable to reach tumors because of
the abnormal microenvironment that surrounds them. Nano-
particles face many obstacles on their way to the tumor site,
such as growth-induced solid stress, complex tumor vascular
networks, increased interstitial fluid pressure, and tangled
interstitial structures.* Arterial perfusion, vascular perme-
ability, and interstitial fluid pressure are all positively impacted
by malignancies that have had radiation treatment.*"* Increased
tumor perfusion, vascular permeability, and nanoparticle
absorption are equivalent outcomes of mild hyperthermia
produced by PTT.*** The penetrating depth of NIR light is
limited, but X-ray and y-ray irradiation do not have such limi-
tations. However, PTT successfully kills hypoxic cancer cells due
to hyperthermia and may improve oxygenation situation in the
tumor, but RT has poor therapeutic efficacy for these cells.**
Accordingly, the therapeutic efficacy of both PTT and RT may be
enhanced when administered together.*® In order to provide

915 nm
Laseron

-7

T>42°C (on)

R

915 nm
Laser off

T>42°C
Switch on
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Fig. 25 An ex vivo NIR laser switches the intelligent DOX release "on” or "off" (Meng et al., 2016).3%”
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Fig. 26 Photographs of complete lungs stained with India ink and micrographs of H&E-stained lung slices from various mouse groups. Dashed

circles highlight tumor metastatic locations (Yi et al.,, 2015).**

both PTT and RT treatments at the same time, Cheng et al.
modified FeSe,/Bi,Se; nanosheets with PEG. Important for RT
and PTT, respectively, are the intrinsic properties of FeSe,/
Bi,Se;-PEG, such as high NIR absorption and substantial X-ray
attenuation. In addition, the composite nanostructure might be
used as a contrast agent for in vivo computer tomography,
photoacoustic (PA), positron emission tomography (PET) tetra-
modal imaging, magnetic resonance (MR), and radioisotope
4Cu tagging. According to a study.’* FeSe,/Bi,Se;-PEG effec-
tively killed tumors and inhibited their development. Yi et al.
created PEG-improvised, iodine-131-doped CS (CuS/[**'1]I-PEG)
nanomaterials for PTT and RT. This nanomaterial employed
high NIR absorption for PTT, but doped "*'I-radioactivity in
internal CT, which differed from the exterior CT used by
previous two nanomaterials. Yi's research found that CuS/[**'1]
I-PEG had excellent synergistic therapeutic effectiveness in both
in vitro as well as in in vivo trials. Importantly, when combined
PTT and RT are administered to lymph nodes to aid in the
surgical excision of primary tumors, they can limit cancer
spread and prolong animal survival Fig. 26."

7.3. PTT in conjunction with immunotherapy

In comparison with gold-standard cancer therapies such as
surgery, chemotherapy and radiotherapy, immunotherapy is
a newer treatment that trains or stimulates the host's immune
systems to eliminate tumor cells.**® IT has demonstrated
amazing potential, but it still has significant limitations,
including expensive, immunotoxicity, and wide individual
variance.” PTT-induced hyperthermia can kill cancer cells
directly while also inducing the liberation of tumor-associated
antigens, that are required for antigen processing and presen-
tation. If immunotherapy and PTT are conjugated into a single
therapy, IT may have a higher therapeutic efficacy against
tumors due to the released antigens and immune adjuvants.*"”
Tao et al. used PEG and polyethyleneimine (PEI) dual polymer-

© 2024 The Author(s). Published by the Royal Society of Chemistry

operationalized graphene oxide (GO) as a carrier to transport
CpG. GOPEG-PEI-CpG nanocomplexes have been shown to
significantly increase proinflammatory cytokine production and
immunostimulatory activity when exposed to NIR light.
Furthermore, immunological responses are significantly boos-
ted because GO's photothermal action promotes intracellular
transport of CpG ODNs Fig. 27.3'8

7.4. PTT in conjunction with PDT

PTT and PDT are both light responsive nanomaterial-based
therapies, however PTT Kkills cancer cells by hyperthermia,
whilst PDT kills tumor cells through reactive oxygen species
(ROS). Despite their distinct treatment processes, PTT and PDT
share comparable light triggering circumstances. Thus, photo-
thermal and photodynamic therapy can function separately and
in tandem under identical NIR laser irradiation.**® Tham et al.
described a new nanomaterial zinc phthalocyanine (ZnPc)
embedded silica-coated gold nanorods (AuNRs) for combina-
tions of PDT and PTT. Imbedded ZnPc acts as a PDT precursor
that produces singlet oxygen. AuNR is a PTT agent with LSPR,
which means that hyperthermia caused by AuNRs can increase
oxygenation within the tumor and blood flow, hence increasing
PDT. In Tham's work, NIR light stimulated both ZnPc and
AuNR, causing hyperthermia and ROS near the tumor location,
resulting in synergistic PTT and PDT Fig. 28.%*°

¢
Cytokines

GO \ww=PEG 3 =PEl ,=CpGODNs

Fig. 27 Schematic depicting the production of GGIC and its immu-
nostimulatory function (Tao et al., 2014).3®
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Kalluru et al. created a GO-PEG-folate nanocomposite with
PTT and PDT therapeutic effects on tumors. The nanomaterial's
core, GO, has inherent photothermal characteristics and can
produce a singlet oxygen for PDT. In vitro experiments showed
that PDT and PTT both caused cellular death, and in vivo
experiments supported that the combinatorial therapy was
more efficient and powerful than PDT or PTT alone.*** Wang
et al. created a multifunctional nanoplatform by covalently
introduced upconversion nanoparticles (UCNPs) using nano-
graphene oxide (NGO) and loading ZnPc on its surface. In
UCNPs-NGO/ZnPc, ZnPc were employed as a PS for PDT, while
UCNPs served as PTT agents for PTT. NGO then served as
a carrier of ZnPc and UCNPs owing to its strong NIR absorption
and huge surface area. Based on the results of this research, the
combination treatment performed much better in cancer
therapy.®*” A combinatorial therapy by synergistic work of PTT
along with PDT will be advantageous for killing cancer cell with
minimal side effects to healthy cells and tissues.

8. Barriers and challenges in clinical
translation of nanomaterials for PDT
and PTT

Current investigations on nanotechnology-driven photody-
namic therapy (PDT) and photothermal therapy (PTT) for cancer
treatment have significant limitations that prevent its clinical
use. One significant constraint is that most research is limited
to preclinical phases, with just a few nanomaterials progressing
to human clinical trials. This disparity is mostly owing to
obstacles such as possible toxicity, uncertain immunological
responses, and rigorous regulatory procedures. Furthermore,
the variability of tumor microenvironments is a difficulty, since
these medicines frequently show uneven effectiveness across
cancer kinds and stages. Another major concern is the lack of
real-time monitoring tools that allow for exact management of
therapeutic effects while minimizing injury to adjacent healthy
tissues. Furthermore, scalability and reproducibility in nano-
material fabrication remain a challenge, resulting in heteroge-
neity in performance.?*****

To address these concerns, additional extensive in vivo
long-term safety, pharmacokinetics,

studies on and

38982 | RSC Adv, 2024, 14, 38952-38995

biodistribution are required. Standardizing techniques for
nanomaterial fabrication and functionalization would increase
repeatability and ease regulatory approval. Integrating real-time
imaging tools might improve therapeutic precision, but
creating patient-specific approaches could assist overcome
tumor heterogeneity. Furthermore, combining PDT and PTT
with other treatment methods, including as immunotherapy
and chemotherapy, has the potential to improve therapeutic
results and widen these techniques’ clinical application.
Despite substantial advances in nanotechnology-driven
photodynamic treatment (PDT) and photothermal therapy
(PTT), only a few nanomaterials, including liposomal photo-
sensitizers and gold-based nanoparticles, have made it to clin-
ical trials. However, most nanomaterials are still in the
preclinical stage due to a variety of obstacles. One major
concern is their possible toxicity and long-term biocompati-
bility, since many nanomaterials can persist in healthy tissues,
causing undesirable side effects or immunological reactions.
Regulatory barriers also play an important role, with high safety
and effectiveness standards that are difficult to achieve due to
unpredictability in nanomaterial manufacturing and perfor-
mance. Furthermore, the variability of tumor microenviron-
ments hinders their efficacy, because different malignancies
respond differently to various medicines. Another impediment
is the absence of standardized testing methodologies, which
makes it difficult to compare preclinical data and construct
a strong case for clinical trials. Finally, exorbitant development
costs and limited financing keep many promising nano-
materials from moving forward. To address these problems,
more predictive preclinical models, standardized evaluation
methodologies, better nanomaterial designs for increased
safety, and greater coordination among researchers, industry,
and regulatory authorities will be required to shorten the

approval process.***%*

9. Conclusion

To summarize, the use of nanomaterials into photodynamic
therapy (PDT) and photothermal therapy (PTT) is a potential
area in cancer treatment. Nanomaterials such as gold, silver,
silica, quantum dots, carbon-based nanomaterials, and

© 2024 The Author(s). Published by the Royal Society of Chemistry
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manganese dioxide nanosheets have demonstrated remarkable
therapeutic efficacy in PDT and PTT by improving photosensi-
tizer and photothermal agent targeting, stability, and bioavail-
ability, respectively. These advancements make cancer therapy
more accurate and effective, with fewer side effects.

However, there are still obstacles in improving the design of
nanomaterial-based delivery vehicles for cancer treatment. One
major concern is the possible toxicity of several nanoparticles,
especially at high concentrations or after extended exposure,
which may restrict their therapeutic utility. Furthermore, the
complicated biological milieu of tumors, including hypoxia and
diverse vascularization, frequently impairs the efficiency of
these treatments. Furthermore, the possibility of nanomaterial
degradation and the immune system's reaction to these mate-
rials are major challenges that must be addressed for their
effective clinical translation.

Future methods should concentrate on creating more
biocompatible and biodegradable nanomaterials, increasing
the specificity and selectivity of nanoparticle distribution to
tumor locations, and improving the controlled release of ther-
apeutic chemicals. Combining PDT and PTT with other
modalities, such as chemotherapy, radiation, and immuno-
therapy, has considerable potential for synergistic benefits,
allowing for more complete cancer treatment. Furthermore,
advances in nanomaterial functionalization, real-time imaging,
and personalised treatment regimens will be critical to improve
the overall clinical results of nanomaterial-based cancer treat-
ments. Finally, more study into molecular interactions, nano-
particle formulation optimization, and integration with multi-
modal therapy will pave the way for more effective and safer
cancer treatments.
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