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Abstract: Photodynamic therapy (PDT) and photothermal therapy (PTT) are promising light-induced approaches
for cancer treatment. This article outlines the historical development of PDT and summarizes the underlying
photophysical and photochemical mechanisms responsible for reactive oxygen species (ROS) generation and
tumour destruction. Major classes of clinically approved and emerging photosensitizers (PSs) are discussed
together with important design criteria and current limitations. In addition, the principles of PTT, including its
oxygen-independent mechanism and major classes of photothermal agents (PTAs), are presented. Finally, cur-
rent challenges and future perspectives regarding selectivity, tissue penetration, biocompatibility, and clinical
translation of light-induced therapies are highlighted.
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1. Historical Overview

The use of light in combination with reactive chemical com-
pounds to treat diseases has been practiced since ancient civi-
lizations. Plant extracts containing furocoumarins were used in
antiquity together with sunlight exposure.l!l However, its major
medicinal significance did not emerge until the last few centuries.
In the early 19" century, ultraviolet (UV) light was proposed to
induce tanning, erythema, and sunburn in human skin. Its bac-
tericidal properties were demonstrated by Arthur Downes and
Thomas Blunt in 1877, and Erik Widmark provided early exper-
imental evidence for its effects on skin in 1889.1231 Niels Finsen
further developed therapeutic applications of light, initially for
smallpox-associated skin lesions and later for lupus vulgaris (cu-
taneous tuberculosis).*! In 1900, Oscar Raab, who worked un-
der the supervision of Herman von Tappeiner, reported cell death
induced by chemical compounds after interaction with light.[3]
While investigating the toxicity of acridine on protozoa, he dis-
covered a lethal effect caused by the interaction of acridine with
daylight. In subsequent experiments, he found that maximum ef-
fectiveness occurred when acridine was added to the paramecium
prior to light exposure. Raab and von Tappeiner concluded that
the observed toxicity was not due to the light itself, but rather to
a light-mediated sensitizing effect resulting from energy transfer
between the light and the acridine. Later, Albert Jesionek worked
with von Tappeiner in 1903 to treat skin tumours by applying
white light in combination with topically applied eosin.l! In the
same year, Finsen received the Nobel Prize for his work on pho-
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totherapy, which is widely regarded as foundational for the begin-
ning of modern light therapy.l*] Together with Albert Jodlbauer,
von Tappeiner showed in 1907 that the presence of oxygen (O,) is
a requirement for photosensitization reactions. This phenomenon
was termed photodynamic action.”)

In 1908, Walther Hausmann studied the photodynamic effects
of chlorophyll extracts on red blood cells.[8! Based on structural
similarities, he also investigated hematoporphyrin (Hp), isolated
from blood, and observed phototoxic effects on paramecia and red
blood cells upon light exposure. Additionally, in 1911, he reported
skin reactions in mice exposed to light after the administration of
Hp.®I Further experiments with Hp under light exposure followed,
and Friedrich Meyer-Betz reported human photosensitization by
porphyrins in 1913, after he injected himself 200 mg of Hp and
observed prolonged pain and swelling in light-exposed areas.[!01 In
1955, Samuel Schwartz observed that acetylation and reduction of
Hp led to a mixture enriched in hydrophobic oligomeric porphy-
rins, termed hematoporphyrin derivative (HpD), which was found
to be distinctly more phototoxic than Hp and was subsequently
adopted in most studies.l'!] Richard Lipson and Edward Baldes
used HpD initially in animals and later in human trials for the pho-
todetection of various cancers, as they observed an accumulation
of the fluorescent HpD in tumours.[!21 In 1972, Ivan Diamond and
colleagues suggested that the phototoxic and tumour-localizing
properties of porphyrins could be combined to enable the selective
destruction of cancer cells.[!3] A breakthrough followed in 1975,
when Thomas Dougherty and colleagues reported complete tu-
mour regression in murine mammary tumour models following
HpD administration and irradiation with red light.l'4l The follow-
ing year, John Kelly initiated the first human trials of HpD for
cancer treatment in patients with bladder cancer.[!3] In a second
study, Dougherty and colleagues reported high response rates in
113 skin tumours treated with HpD and irradiation, with mini-
mal observed resistance.!'® These successful outcomes in bladder
and skin tumours highlighted the potential of this novel approach,
termed photodynamic therapy (PDT).

Subsequently, PDT was applied in numerous trials, showing
promising responses across arange of cancers. In 1984, Dougherty
proposed that the active component of HpD consisted of linked
porphyrin units.['7] Purified HpD-derived formulations, later mar-
keted as Photofrin (porfimer sodium), were approved in different
countries over subsequent years for the treatment of various can-
cers (Fig. 1).118.19]
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Fig. 1. The representative structure of Photofrin (porfimer sodium), a mixture of oligomeric porphyrins.

In parallel, new photosensitizers (PSs) for PDT, including por-
phyrin-based and related compounds such as chlorins, have been
developed and approved. Since then, additional PSs have entered
clinical trials, while novel candidates continue to be investigated
in research.!'8] Beyond oncology, PDT has also been successfully
applied to several non-malignant conditions across multiple med-
ical fields. Alongside the development of new PSs for PDT, other
light-based therapeutic approaches — including those based on
photothermal agents (PTAs) for use in modalities such as photo-
thermal therapy (PTT) — are currently being explored.[20]

2. Photodynamic Therapy

PDT relies on three individually non-toxic components: the
PS, light matching its absorption, and molecular O, in the target
tissue. Upon irradiation, the PS transfers energy to O,, generating

reactive species that locally induce oxidative damage. The mech-
anism of action (MOA) underlying PDT proceeds as follows (Fig.
2): once administered, the tissue-localized PS is irradiated using
an appropriate light source. The light excites an electron in the PS
from its singlet ground state (S) to the first short-lived excited sin-
glet state (S,), lasting nanoseconds, or to a higher excited singlet
state (e.g. S,), which can relax to S, via internal conversion (IC).
IC corresponds to a non-radiative transition between electronic
states of identical spin multiplicity. The wavelength of the light
applied for this step typically lies in the range of approximately
630-850 nm and is commonly referred to as the phototherapeutic
window. The lower boundary arises from the poor tissue pene-
tration of shorter wavelengths, as many molecules in the tissue
absorb light below 630 nm.[19:21-23]
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Fig. 2. A simplified Jablonski diagram illustrating PDT mechanisms.
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After the PS reaches the S, state following excitation, it can
either relax to the S state through IC or by emitting light as flu-
orescence. The PS in its S, state can undergo intersystem cross-
ing (ISC), a non-radiative relaxation process like IC. Unlike IC,
this process involves inversion of the electron spin, resulting in
population of the energetically lower-lying, long-lived first triplet
state (T ). ISC is formally spin-forbidden according to the spin
selection rule but becomes possible through spin-orbit coupling
(SOC), and its rate can be enhanced by the heavy-atom effect.
Incorporation of heavier atoms therefore increases ISC efficien-
cy, promoting population of the T, state while reducing radiative
relaxation from S . From the T, state, the PS can relax to S0 via
phosphorescence. Alternatively, the MOA of PDT involves a di-
rect interaction of the PS in its T, state with its environment in
two mechanisms referred to as the Type I and Type II reactions.
During these processes, the PS transfers energy while also relax-
ing to the S state.[19:23.24]

The Type I reaction involves a reaction of the excited PS with
components of the tissue environment. Via electron transfer, rad-
icals are formed, which react with O, in its triplet ground state
(°0,), leading to the generation of reactive oxygen species (ROS).
ROS are highly reactive oxygen-containing molecules. Besides
O, in its first excited singlet state called singlet oxygen ('O,), ROS
also include hydrogen peroxide (H,O,) and oxygen-centred rad-
icals like the hydroxyl radical ("OH) and the superoxide anion
(0,7). Typically, ROS are endogenously formed in the mitochon-
drial respiratory chain, and low levels of ROS are essential for bio-
logical functions in mammalian cells. At elevated concentrations,
ROS can induce several forms of cell death, such as autophagy,
necrosis, or apoptosis, caused by oxidative damage to intracellular
substrates. Because ‘OH has a lifespan of only a few nanoseconds
and reacts within a few angstroms of its origin, while O, is also
short-lived and exhibits limited diffusion due to rapid dismutation
and charge-related membrane impermeability, the generated ROS
only damage tissue in the excited area.[19-25]

In the Type II reaction, the energy of the excited PS is trans-
ferred from the T state directly to *O, in the tissue. In this process,
’0, is excited to 'O, while the PS relaxes to its S state. Because
both half-reactions involve an inversion of electron spin, the over-
all reaction is not spin-forbidden. From the S, state, the PS can be
re-excited if it has not been inactivated during its MOA, for exam-
ple by photobleaching. As in the case of radicals like O, and “OH,
locally generated 'O, reacts with cellular components to cause ox-
idative stress and cellular damage. The short lifetime of 'O, limits
its diffusion radius to about 45 nm in cells, also confining damage
to the immediate vicinity of the PS’s intracellular location. The
efficiency of 'O, generation is quantified by the singlet oxygen
quantum yield (@,).[192223]

Both the Type I and Type II reactions occur simultaneously.
The relative contribution of each pathway depends on the nature
of the PS, substrate availability, and local O, concentration. Most
studies indicate that the dominant reaction in tissue is the Type II
reaction. The type of cell death induced by PDT depends mainly
on the localization of the PS in the cell. In addition to direct ROS-
mediated cell death, PDT can damage the tumour microvascula-
ture, interrupting the O, and nutrient supplies, eventually leading
to the death of the cancer cell. At wavelengths above approxi-
mately 850 nm, photon energies become increasingly insufficient
for efficient excitation of many conventional PSs and subsequent
ROS generation, defining the upper boundary of the photothera-
peutic window.[18.19.23]

An advantage of PDT is its non- or minimally invasive nature
and the lack of cumulative toxicity, in contrast to many other can-
cer treatments. It can be combined with other therapies while of-
fering precise spatial and temporal control. Accordingly, PDT can
be applied before, during, or after other therapeutic interventions.
The requirement for three components to be activated allows a

precise selection of the treated tissue through controlled light de-
livery and wavelength-dependent tissue penetration, as ROS are
only generated in the irradiated areas. Consequently, only min-
imal damage is induced to the surrounding healthy tissue.[1923]

Despite its advantages, PDT also exhibits limitations. One of
these limitations is the tissue penetration depth of the light used.
Even light in the range of the phototherapeutic window can only
penetrate approximately 10 mm into the tissue, which limits its
ability to reach tumours in all locations. Because PDT acts locally,
it is generally unsuitable for treating metastatic cancers unless
systemic immune responses are induced. The hypoxic environ-
ment that is present in the core of many solid tumours also poses
a more significant barrier to the application of PDT. Because PDT
depends on the presence of O, in the tissue to be treated, low O,
concentrations render PDT ineffective in hypoxic regions. O, con-
sumption during irradiation and microvasculature damage arising
during treatment can further exacerbate O, depletion and result in
a severe decline in the PDT efficacy. Common side effects of PDT
include pain, itchiness, fever, and erythema. However, these side
effects are generally mild and transient compared with those of
many other cancer treatments.[19.21.26]

3. Photosensitizers

A wide range of PSs has been explored for PDT, yet only a
limited number have achieved clinical approval. Several criteria
are essential for the design of an effective PS. Ideally, a PS used
in PDT should exhibit high chemical purity and consist of a sin-
gle, well-defined chemical entity. Compared with complex mix-
tures such as porfimer sodium, this improves the predictability,
reproducibility, and consistency of treatment outcomes. Another
important criterion is the chemical and physical stability. This in-
volves not only resistance to degradation into toxic by-products
before, during, or after treatment, but also suitable retention time
in the target tissue. A short interval between PS administration
and maximal accumulation in the target tissue, together with high
target specificity, is desirable. In addition, rapid post-treatment
clearance from the body is advantageous. Collectively, these
properties reduce off-target phototoxicity caused by unintended
activation of residual PS molecules upon exposure to ambient
light. Amphiphilicity also affects biodistribution and retention.
Hydrophilic moieties support systemic transport, whereas hydro-
phobic regions facilitate membrane interaction and cellular up-
take. The PS should be non-toxic in the absence of light activation.
Upon irradiation, it should absorb strongly within the photother-
apeutic window and efficiently generate ROS. Therefore, a long
T, lifetime and sufficiently high triplet energy are desirable for
effective 'O, formation.[1921.27.28]

Classic tetrapyrrolic PSs are typically categorized into four
main classes: porphyrins, phthalocyanines, chlorins, and porphy-
cenes (Fig. 3). The classes differ in structure and exhibit distinct
absorption profiles. Nevertheless, all of these classes are structur-
ally related to porphyrins and can function as dianionic ligands for
various metal ions. Porphyrins and their derivatives, which repre-
sent first- and second-generation PSs, typically absorb light in the
610-630 nm range. A key advantage of porphyrin derivatives is
their preferential accumulation in cancer cells, which is attribut-
ed to their structural similarity to endogenous blood components,
enhanced tumour vascular permeability, and the acidic tumour mi-
croenvironment. Porphyrins contain 26 n-electrons, 18 of which
form a planar, continuous n-system that exhibits aromatic charac-
ter.[2] They exhibit Q bands in the 500-700 nm range, enabling
excitation around 630 nm; however, their most intense absorption
feature, the Soret band, is typically located near 400 nm and there-
fore falls outside the phototherapeutic window.30-311 Experimental
studies have shown that porphyrins are more efficiently excited by
blue light because the extinction coefficient of the Soret band is
approximately twenty times higher than that of absorption bands
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in the red spectral region. This prompted the development of PSs
with stronger absorption within the phototherapeutic window.
Currently clinically approved porphyrin-based PSs include the
first-generation agents Photofrin (porfimer sodium) and HiPorfin
(HpD), as well as the second-generation benzoporphyrin deriv-
ative Visudyne (verteporfin). Porphyrin precursor-based agents
include Levulan and Ameluz (5-aminolevulinic acid), Metvix (me-
thyl aminolevulinate), and Hexvix (hexaminolevulinate).!19-21.27.28]

The second class of PSs, chlorins, exhibits more intense ab-
sorption bands around 650 nm and often more efficient ROS
generation than porphyrins, making them promising candidates
for PDT. Structurally, chlorins are closely related to porphyrins;
however, one of the pyrrolic double bonds is reduced, resulting in
a destabilized n-system. This modification increases the energy of
the highest occupied molecular orbital (HOMO). As the energy
gap between the lowest unoccupied molecular orbital (LUMO)
and the HOMO decreases, a bathochromic shift of the Q band re-
sults, leading to a stronger absorption band emerging in the range
of 650-690 nm. Despite these favourable photophysical proper-
ties, poor biodistribution and rapid clearance remain challenges in
PDT applications. The currently clinically approved chlorin-based
PSs include the second-generation agents Foscan (temoporfin),
Laserphyrin (talaporfin sodium), Radachlorin (chlorin e6 trisodi-
um salt), and Photodithazine (chlorin e6 derivative). Certain chlo-
rin-based PSs are also being investigated in clinical trials, such as
Photochlor (HPPH), Rostaporfin (SnET2), Amphinex (TPCS2a),
and Photolon (chlorin e6-PVP).[19.21.27.28]

Bacteriochlorins are a subclass of chlorins that contain an ad-
ditional reduced pyrrolic double bond relative to chlorins. This
further perturbs the m-system, resulting in a raised HOMO and
lowered LUMO, and thus a reduced HOMO-LUMO gap relative
to chlorins. As a result, bacteriochlorins exhibit strong Q band
absorption in the range of 730-800 nm. These properties render
bacteriochlorins promising PS candidates for PDT.[32] However,
limited chemical stability remains a key disadvantage of bacteri-
ochlorin-based PSs. Currently, clinically approved bacteriochlo-
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Fig. 3. Representative structures of major PS classes.

rin-based PSs include Tookad (padeliporfin) and Tookad Soluble
(padeliporfin potassium), while Redaporfin (LUZ11) remains un-
der clinical investigation.[2!.27.28.33]

The third class of PSs, phthalocyanines, comprises planar aro-
matic macrocyclic compounds structurally related to porphyrins.
They consist of four isoindole units linked via a central ring of
nitrogen atoms. Extensive delocalization of m-electrons endows
the macrocycle with unique photophysical and electronic proper-
ties. Compared with porphyrins, phthalocyanines exhibit intense
absorption bands in the range of 650-700 nm, making them at-
tractive candidates for PDT due to their high photostability and
efficient generation of ROS. However, their low aqueous solu-
bility and strong tendency to aggregate can lead to the formation
of dimeric and oligomeric species in solution, which may limit
their biomedical application.3*! Currently clinically approved
phthalocyanine-based PSs include the second-generation agent
Photosens (AlPcS)), while Pc 4 (SiPc,) and Shutalanzin (pho-
tocyanine) are among phthalocyanine-based PSs currently under
clinical investigation.[21.27.28]

The fourth class of PSs consists of porphycenes. They are por-
phyrin isomers featuring a rearranged arrangement of pyrrole and
methine units within the macrocycle. Compared with porphyrins,
a key feature of porphycenes is their lower structural symmetry,
which results in enhanced extinction coefficients in the red spec-
tral region around 600 nm.35! Porphycenes are also considered
second-generation PS candidates. However, no porphycene-based
PS is currently clinically approved. A clinically investigated PS
outside the four classical classes is the second-generation texa-
phyrin derivative Motexafin lutetium (lutetium texaphyrin), also
known as Antrin, Lutrin, and Optrin.[27:28]

Third-generation PSs are based on the functional modification
of second-generation PSs with biomolecules such as amino acids,
peptides, sugars, antibodies, and other targeting ligands to im-
prove aqueous solubility, tumour selectivity, and cellular uptake.
Furthermore, stimuli-responsive systems activated by pH, en-
zymes, hypoxia, or redox conditions are being explored to achieve
improved spatiotemporal control over therapeutic activity while
minimizing off-target phototoxicity. Despite substantial progress,
further optimization of PS design remains necessary to overcome
current limitations of PDT, including limited tissue penetration,
prolonged skin photosensitivity caused by slow clearance, and ag-
gregation driven by hydrophobic n—m interactions. Consequently,
ongoing research continues to focus on improving aqueous sol-
ubility, photostability, tumour targeting, and ROS generation ef-
ficiency. In addition to classical tetrapyrrolic systems, alternative
PS platforms — including organic dyes such as methylene blue
(MB), used in antimicrobial PDT, and transition-metal complexes
such as Ruvidar (a Ru(Il) polypyridyl complex) — are increasingly
being investigated for PDT applications.[!8.19.21.26]

Beyond the development of novel PSs, emerging therapeutic
concepts are further expanding the scope of light-induced can-
cer treatment. In particular, photoimmunotherapy (PIT), which
combines antibody-mediated targeting with light-triggered cyto-
toxicity, has attracted considerable attention as a highly selective
therapeutic strategy.[30] Antibody-PS conjugates such as Akalux,
based on the near-infrared (NIR) dye IR700, are under clinical
investigation. More broadly, these developments reflect a grow-
ing shift towards integrating molecular targeting with externally
controlled activation mechanisms to improve treatment precision
and therapeutic efficacy. In this context, light-induced cancer
therapies are increasingly extending beyond purely photodynam-
ic mechanisms, enabling alternative treatment modalities such as
PTT.[2036]

4. Photothermal Therapy
PTT is a promising light-induced cancer treatment modality
that has attracted growing interest in recent years. Although PTT
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shares several conceptual similarities with PDT, important mech-
anistic differences allow it to overcome some of the major limita-
tions associated with PDT. Both approaches rely on the activation
of a light-responsive agent by light irradiation; however, unlike
PDT, PTT does not depend on the presence of O,. Consequently,
the therapeutic system is reduced to two essential components:
light of a suitable wavelength and a PTA. Similar to PDT, PTAs
may be administered locally or systemically. Following sys-
temic administration, preferential accumulation within tumour
tissue can occur through passive targeting mechanisms such as
the enhanced permeability and retention (EPR) effect, as well as
through active targeting strategies involving ligands, antibodies,
or peptides. Importantly, PTAs should exhibit minimal dark tox-
icity and high photothermal stability to avoid undesired damage
to healthy tissues.[20.37.38]

After accumulation of the PTA in the target tissue, irradiation
with an external light source induces photothermal conversion.
In contrast to PDT, where excited-state energy transfer leads to
ROS generation, PTT relies on the efficient conversion of ab-
sorbed optical energy into heat through non-radiative relaxation
processes. Inorganic and organic PTAs differ in their underlying
photothermal conversion mechanisms. For many inorganic PTAs,
particularly noble metal nanostructures, heat generation arises
from localized surface plasmon resonance (LSPR). Upon irradia-
tion with light at or near the plasmon resonance wavelength, col-
lective oscillation of conduction-band electrons is induced within
the nanostructure, and the absorbed energy subsequently dissi-
pates through electron—phonon and phonon—phonon relaxation
processes, leading to efficient local heat generation. The optical
properties of these materials strongly depend on their size, shape,
composition, and surface functionalization, allowing tuneable ab-
sorption in the visible and NIR spectral regions.39-42]

Unlike PDT, PTT can effectively utilize longer wavelengths
extending into the NIR region, thereby enabling deeper tissue pen-
etration. While PDT is generally restricted to the phototherapeutic
window between approximately 630—-850 nm, PTT can addition-
ally utilize both the NIR-I window (700900 nm) and, in selected
cases, the NIR-II window (1000-1700 nm). In particular, NIR-
II irradiation offers reduced photon scattering, diminished tissue
autofluorescence, and improved penetration depth compared with
visible, or NIR-I light. Consequently, the therapeutic window for
PTT is often considered to extend from approximately 630—1350
nm, where tissue penetration remains favourable before water ab-
sorption increases substantially.[43-45]

In organic PTAs, photothermal conversion proceeds through
photophysical processes analogous to those involved in PDT
(Fig. 4). Upon irradiation, an electron is excited from the S
state to the S| or a higher excited singlet state (e.g. S,). Excited
molecules subsequently relax to lower excited states through IC
processes. In contrast to PDT, however, ISC is generally undesir-
able in PTT because it competes with non-radiative vibrational
relaxation pathways responsible for heat generation. Therefore,
efficient organic PTAs are typically designed to suppress radiative
decay and minimize ROS formation while maximizing non-radi-
ative energy dissipation. Molecular engineering strategies such as
donor—acceptor (D—A) systems, conformational distortion, aggre-
gation-enhanced non-radiative decay, and enhanced intramolec-
ular motion are increasingly employed to improve photothermal
conversion efficiency.[46-491

The generated heat induces localized hyperthermia in tumour
tissue. Typically, temperatures between approximately 40—60 °C
lead to irreversible cellular damage through protein denaturation,
membrane disruption, mitochondrial dysfunction, DNA damage,
and enzyme inactivation, ultimately resulting in necrosis or apop-
tosis. At moderate hyperthermic temperatures, PTT may addition-
ally improve tumour perfusion and vascular permeability, thereby
sensitizing tumour tissue to chemotherapy, radiotherapy, or PDT
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Fig. 4. A simplified Jablonski diagram illustrating PTT mechanisms in
small molecule-based PTAs.

and enabling synergistic combination therapies. Furthermore,
recent studies indicate that PTT can promote immunogenic cell
death and stimulate antitumour immune responses through the
release of tumour-associated antigens and damage-associated mo-
lecular patterns. Accordingly, increasing interest has emerged in
combining PTT with immunotherapy and PIT approaches.[36:50-51]

Despite its considerable therapeutic potential, PTT still faces
several limitations. One important challenge is the upregulation
of heat shock proteins (HSPs) in tumour cells, which can con-
fer thermoresistance and reduce treatment efficacy. In addition,
nonspecific distribution of PTAs together with unintended irra-
diation of surrounding tissues may result in off-target thermal
damage. For nanomaterial-based PTAs, unresolved concerns re-
garding long-term biodistribution, biodegradability, pharmacoki-
netics, and chronic toxicity continue to limit clinical translation.
Furthermore, many small molecule-based PTAs require nanofor-
mulation or nanoprecipitation prior to application because of poor
aqueous solubility or aggregation behaviour, complicating repro-
ducibility, manufacturing, and regulatory approval. Accordingly,
current research focuses not only on improving photothermal
conversion efficiency and tumour selectivity, but also on develop-
ing biocompatible, biodegradable, and clinically translatable PTA
systems.2038:49.52]

5. Photothermal Agents

Recent interest in PTT has driven the development of a wide
range of PTAs based on both nanomaterial- and small mole-
cule-based approaches. Most currently investigated PTAs are
nanomaterial-based systems, whereas interest in small-molecule
organic PTAs has expanded considerably in recent years.[20-39.47]
A major motivation for the development of nanomaterial PTAs is
the EPR effect, which can promote preferential accumulation of
particles typically ranging from approximately 20-300 nm within
tumour tissue.[39-33]

Among the various nanomaterial PTAs investigated for PTT,
gold-based nanostructures remain some of the most extensively
studied systems. These include gold nanorods, nanospheres, na-
nostars, nanocages, and nanoshells.[?%! Gold nanomaterials exhibit
several favourable properties for PTT, including strong NIR ab-
sorption, high photostability, efficient photothermal conversion,
and tuneable optical properties that depend markedly on particle
size, morphology, and surface functionalization.!3%41l Their per-
formance is governed by LSPR and subsequent electron—phonon
and phonon—phonon relaxation, which convert absorbed light into
local heat.[*1:421 In gold nanorods, two distinct surface plasmon
resonance (SPR) bands are typically observed: a transverse mode
located in the visible region and a longitudinal mode located in
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the NIR region. By adjusting particle geometry and composition,
the absorption properties of gold nanomaterials can thus be tuned
across the visible and NIR spectral ranges.[*2] Functionalization
with antibodies, peptides, or other targeting ligands is increasing-
ly being explored to improve tumour selectivity and therapeutic
precision.[20.31 Although gold itself is generally considered bio-
logically inert, concerns remain regarding the potential toxicity
of surfactants and stabilizing agents used during nanoparticle syn-
thesis, as well as the long-term biodistribution and clearance of
inorganic nanomaterials.[3]

In addition to noble metal nanostructures, conjugated poly-
mers have emerged as an important class of PTAs. Representative
systems include polyaniline (PANI), polypyrrole (PPy), polythi-
ophene (PTh), polydopamine (PDA), poly(3,4-ethylenedioxythi-
ophene):polystyrene sulfonate (PEDOT:PSS), and different pol-
ymers based on D—A architectures. The extended n-conjugated
frameworks of these materials promote strong electronic coupling
and efficient non-radiative relaxation while reducing radiative de-
cay pathways and limiting excited-state processes that can lead to
ROS generation. Consequently, absorbed optical energy is dissi-
pated predominantly as heat, resulting in efficient photothermal
conversion. In addition, conjugated polymers often exhibit high
photostability and resistance to photobleaching under prolonged
irradiation.[46:47.54]

Particular attention has been directed towards conjugated pol-
ymers incorporating D—A architectures because their electronic
structures can be precisely tuned through molecular engineering.
Strong intramolecular charge-transfer interactions between elec-
tron-donating and electron-accepting units reduce the HOMO-
LUMO gap, thereby enhancing NIR absorption and photothermal
conversion efficiency. Strategies involving conformational dis-
tortion, aggregation-enhanced non-radiative decay, and enhanced
intramolecular motion are increasingly being employed to maxi-
mize heat generation while minimizing ROS formation and radi-
ative decay. Nevertheless, several challenges continue to limit the
clinical translation of conjugated polymer PTAs, including diffi-
cult large-scale synthesis, batch-to-batch reproducibility, incom-
plete biodegradation, and potential long-term toxicity.[46:47:49.55]

Beyond gold nanostructures and conjugated polymers, nu-
merous additional PTAs are currently under investigation. These
include graphene- and graphene oxide-based materials, platinum
nanostructures, semiconductor nanomaterials such as copper
chalcogenide nanoparticles, and small organic-molecule PTAs
including cyanine-, diketopyrrolopyrrole-, croconaine-, and por-
phyrin-based systems. Among organic PTAs, indocyanine green
(ICG) represents one of the most clinically relevant examples be-
cause of its established clinical approval and favourable safety
profile. Due to its strong NIR absorption and translational poten-
tial, ICG has become one of the most widely investigated agents
for clinically applicable PTT approaches.[39:48.50.54]

Despite substantial progress in PTA development, only a limit-
ed number have reached clinical application. Nanomaterial-based
PTAs still face challenges in scalable synthesis, regulatory approv-
al, biodistribution, biodegradability, pharmacokinetics, and chron-
ic toxicity.2l Incomplete clearance and prolonged accumulation of
inorganic nanomaterials in organs such as the liver and spleen re-
main major concerns for future clinical translation. Consequently,
current research focuses not only on improving photothermal con-
version efficiency and tumour targeting, but also on enhancing
biocompatibility, biodegradability, and clinical translatability. In
parallel, increasing efforts aim to develop multifunctional systems
that combine PTT with PDT, chemotherapy, immunotherapy, or
PIT to achieve synergistic antitumour effects.[20.38.50.52.56]

6. Concluding Remarks
Light-induced cancer therapies have evolved into versatile and
clinically relevant treatment modalities with distinct yet comple-

mentary MOAs. PDT relies on the light-induced generation of
ROS and is therefore dependent on the presence of O,, whereas
PTT induces tumour ablation through localized heat generation
and remains effective even in hypoxic tumour environments.
Both approaches enable precise spatial and temporal control of
treatment, thereby minimizing damage to surrounding healthy
tissue.[20.38,50]

Despite these advantages, several limitations continue to re-
strict broader clinical implementation, including limited light
penetration, O, dependence in PDT, and concerns regarding the
biocompatibility, biodegradability, and long-term safety of many
PTAs. Additional challenges such as suboptimal tumour selec-
tivity, complex pharmacokinetics, and regulatory hurdles — par-
ticularly for nanomaterial-based systems — further hinder clinical
translation.[38-52]

Current research increasingly focuses on the development of
multifunctional platforms that combine PDT and PTT to exploit
synergistic effects. In such systems, photothermal heating can
improve tumour oxygenation and vascular permeability, thereby
enhancing PDT efficacy, while the simultaneous induction of ox-
idative stress and hyperthermia may result in enhanced cytotox-
icity.[3051.56] Furthermore, both modalities have demonstrated the
capacity to induce immunogenic cell death, contributing to grow-
ing interest in combination strategies that integrate light-induced
therapies with immunotherapy and molecular targeting approach-
es, including PIT.[20-5051.56]

Overall, advances in PS and PTA design, targeted delivery,
and combinatorial strategies are expected to improve selectivity,
safety, and efficacy. These developments are key to overcoming
current limitations and enabling broader clinical translation of
light-induced cancer therapies.[20-38:50.52]
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