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Abstract: Photodynamic therapy (PDT) is a clinically proven, non-invasive cancer treatment that enables precise
spatial and temporal control of cytotoxicity. Yet, many current photosensitisers (PSs) suffer from poor tumour
specificity, limiting their effectiveness. Targeted photodynamic therapy (tPDT) addresses this by directing PSs
to selectively accumulate in tumour tissue. Among the emerging strategies, enzyme targeting stands out as a
powerful approach. This review explores enzyme-targeted PDT using metal-based PSs conjugated to small-mol-
ecule enzyme inhibitors — a dual-action design that enables tumour destruction while blocking key pro-tumour
signalling pathways. Five distinct proteins with enzymatic activity such as carbonic anhydrase (CA), cathepsin
B, cyclooxygenase (COX), epidermal growth factor receptor (EGFR), and heat shock protein 90 (Hsp90) are pre-
sented through selected conjugates. These cases underscore the versatility of tPDT in achieving precise tumour
targeting. By enhancing therapeutic efficacy, minimising off-target toxicity and collateral damage, and ultimately
improving patient safety, enzyme-directed tPDT bridges targeted therapy, photomedicine, and precision oncol-
ogy — setting the stage for next-generation cancer treatments.
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1. Introduction

Cancer is a leading cause of mortality worldwide, and conven-
tional treatment approaches such as radiotherapy, chemotherapy,
and surgical resection are widely employed. However, for can-
cers with poor prognosis or high recurrence rates, the develop-
ment of innovative therapeutic strategies remains imperative.!!l
Photodynamic therapy (PDT) is a non-invasive therapeutic mo-
dality for tumour treatment that gained prominence in oncolo-
gy following the landmark publication by Dougherty and col-
leagues in 1978.1231 PDT employs a photosensitiser (PS), which
is non-toxic in the absence of light but becomes cytotoxic upon
light irradiation. The PS is excited to a higher electronic state
through photon absorption, which gives rise to two distinct photo-
chemical reaction pathways (Fig. 1).141 In a Type I photochemical
process, the PS undergoes electron abstraction from a proximal
electron-donating substrate and transfers its extra electron to mo-
lecular oxygen (O,), generating reactive oxygen species (ROS).
In a Type II photochemical reaction, the triplet excited state of
the PS undergoes non-radiative energy transfer to molecular oxy-
gen (°0,), thereby generating excited singlet oxygen ('O,).>'Both
ROS and 'O, are highly cytotoxic and induce cell death.

PDT has garnered significant attention as an alternative treat-
ment due to its spatiotemporal precision, enabling selective tu-
mour eradication while minimising side effects.l® Both metal-free
and metal-based PSs are currently undergoing clinical evaluation
or have already received local therapeutic approval.[’l However,
current PDT agents present several inherent limitations.[8-10 Their
strict dependence on molecular oxygen to exert cytotoxic effects
markedly reduces efficacy in hypoxic tumour microenvironments,
a characteristic feature of most solid tumours. In addition, their
excitation wavelengths frequently lie in the UV or visible range,
which restricts tissue penetration. Furthermore, most PDT agents
lack tumour selectivity, which can result in unwanted photodam-

age to healthy tissue, either adjacent to the tumour or exposed to
sunlight.[1 To overcome these limitations, various strategies are
being explored and, ideally, combined, including the use of PSs
with absorption in the near-infrared region or with oxygen-inde-
pendent photoreactivity.['2] Nevertheless, tumour selectivity re-
mains a major limitation, which has spurred the development of
diverse targeting strategies.

To address the issue of selectivity, PSs can be designed in
such a way that they preferentially accumulate within tumour tis-
sue. Tumour targeting can be achieved through passive, active,
and stimuli-responsive strategies. Passive targeting relies on the
enhanced permeability and retention (EPR) effect, where nano-
carriers such as liposomes or exosomes accumulate in tumour
tissue as a result of leaky vasculature combined with impaired
lymphatic clearance.!!3] Stimuli-responsive systems exploit the
unique features of the tumour microenvironment, such as acid-
ic pH, redox gradients, or elevated enzyme activity, to achieve
site-specific activation of photosensitisers.[14-181In addition, active
targeting employs specific ligands, including antibodies, peptides,
aptamers, or small-molecule inhibitors, to direct PSs towards tu-
mour-associated proteins or enzymes.[19-31]

While all three strategies have been extensively explored in
recent years, this review specifically focuses on enzyme-inhibi-
tor-based tPDT employing metal-based PSs since such types of
PSs were shown to hold great promises.[32331 Such PSs are char-
acterised by their conjugation to enzyme inhibitors to actively
target the cells expressing the particular enzymes (Fig. 2). This
approach provides dual benefits: selective delivery to tumours
via tumour-associated enzymes and concomitant modulation of
tumour-promoting pathways. It is important to mention at this
point that conjugating a PS to the inhibitor introduces the risk
of altering its inhibitory function due to the steric and electronic
influence of the bulky metal complex. Consequently, the choice of
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Fig. 1. Energy diagram of Photodynamic Therapy pathway.

the ligand used for conjugation is a critical factor in determining
the overall performance of the resulting compound. Herein, the
targeting of Carbonic Anhydrase (CA), Epidermal growth factor
receptor (EGFR), Cathepsin B, Cyclooxygenase (COX) and Heat
shock protein 90 (Hsp90) will be discussed. For each target, rep-
resentative metal-based photosensitiser—inhibitor conjugates are
examined regarding their design, photophysical properties, and
therapeutic efficacy, highlighting both the therapeutic potential
and challenges of enzyme-targeted PDT.

2. Carbonic Anhydrase (CA)

Carbonic anhydrases (CAs) are a family of Zn(II)-containing
metalloenzymes that catalyse the reversible hydration of carbon
dioxide (CO, + H,O0 = HCO," + H").3+31 Carbonic anhydrase IX
(CAIX) is a transmembrane protein that regulates the pH within
the tumour microenvironment (TME). In hypoxic tumours, ele-
vated glycolytic activity results in excessive lactate production,
thereby acidifying the extracellular milieu. CAIX contributes
to pH buffering, maintaining intracellular homeostasis and thus
supporting tumour cell survival.34 Consequently, CAIX is pre-
dominantly overexpressed in tumours owing to their hypoxia and
minimally expressed in most healthy tissues, making it an ideal

target for tumour-specific delivery strategies providing dual bene-
fits: selective delivery to hypoxic tumour regions and concomitant
inhibition of CAIX activity, thereby impairing tumour cell surviv-
al.[301 Several CA inhibitors have been identified and extensively
characterised by De Simone and coworkers, who elucidated their
distinct binding modes.37] Among the many different CA inhibi-
tors, sulfonamide groups (presented as purple dots in Fig. 3) are
the most commonly used in clinical applications. The inhibitory
function of the sulfonamide group is based on the coordination
of its deprotonated nitrogen atom to the catalytic Zn** ion. This
interaction involves both electrostatic attraction between the
negatively charged inhibitor and the zinc cation, and the forma-
tion of hydrogen bonds between the remaining hydrogen on the
nitrogen and neighbouring amino acid residues within the active
site.381 Building on this biological rationale, several benzenesul-
fonamide based CAIX-targeted PSs have been reported and will
be discussed in the following section (Fig. 3).

Since certain tumours, such as triple-negative breast cancer
and colorectal carcinoma, are immunologically inert (‘cold’),
immune checkpoint blockade (ICB) therapies often show limited
efficacy in these cancer types. To overcome this limitation, Mao
and coworkers developed a CAIX-anchored benzene sulfonamide
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Fig. 2. Schematic overview of key intracellular and extracellular targets for directed photodynamic therapy through enzyme inhibition. Targeted delivery
of photosensitisers to overexpressed enzymes such as COX, CA, Cathepsin B, EGFR, or Hsp90.
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Fig. 3. Schematic representation of CAIX targeted PDT. Photosensitisers 1-3 each incorporate a benzylsulfonamide moiety (highlighted as purple
dots) to enable selective CAIX binding. PDT activation occurs upon irradiation at their respective absorption wavelengths (1: 425 nm, 2: 740 nm, 3:
425 nm), corresponding to the metal-to-ligand charge transfer (MLCT) bands of the metal centre.

rhenium(I) PS designed to enhance tumour immunogenicity (Fig.
3, 1).39 Whereas conventional PDT mainly induces apoptosis,
which eliminates tumour cells without triggering immune activa-
tion, this approach aimed to provoke pyroptosis, a pro-inflamma-
tory form of cell death that amplifies anti-tumour immunity.[40]
The CAIX-conjugated PS accumulates in the tumour cell mem-
brane, where PDT-generated ROS (after irradiation at 425 nm)
activate pyroptotic signalling, leading to pore formation, osmotic
collapse, and release of antigens and damage-associated molec-
ular patterns (DAMPs). These danger signals convert the tumour
from ‘cold’ to ‘hot’, thereby promoting T-cell infiltration. In paral-
lel, ICB lifts tumour-imposed inhibitory signals, enabling T cells
to effectively recognise and attack malignant cells. This effect is
also referred to as immunogenic photodynamic therapy (IPDT),
which has recently gained attention due to its ability to induce
a so-called ‘anti-cancer vaccination effect’ and thereby trigger a
systemic immune response following a localised cancer treatment.
By engaging the immune system, IPDT may serve as a mechanis-
tic basis for the abscopal effect, enabling the immune-mediated
destruction of distant tumours in response to localised immuno-
genic cell death (ICD).[#1l

As highlighted in the introduction, most metal-based PSs,
commonly those incorporating ruthenium, predominantly absorb
in the range 400-650 nm.[#243 To address this limitation, Gasser
and coworkers developed four Ru(Il)/Os(I)-based photosensi-
tisers incorporating a benzene sulfonamide CA inhibitor (Fig. 3,
2).1441 The incorporation of osmium, compared to ruthenium, in-
duced a pronounced red-shift of the absorption spectrum, enabling
deep-red-PDT application (at 740 nm). The metal complexes ex-

hibited good stability in cellular medium and effectively inhibited
tumour-associated CAIX, while retaining residual activity against
CAIL They also demonstrated significant phototoxicity under
both hypoxic and normoxic conditions. Notably, the Os(II) PSs
preserved higher phototoxicity under hypoxia than their Ru(Il)
counterparts, owing to their ability to switch from Type II to Type
I ROS generation, thereby mitigating one of the key limitations of
oxygen-dependent PDT.

The reduced efficacy of many PSs in hypoxic tissues can
be mitigated by Ir(Ill)-based complexes, which exhibit strong
ROS generation and are therefore of particular relevance for ox-
ygen-independent PDT.[*] Yang and coworkers developed two
phosphorescent Ir(IlI)-based PSs functionalised with benzene
sulfonamide-derived CAIX inhibitors (Fig. 3, 3).[461 These metal
complexes display potent CAIX inhibition and preferential ac-
cumulation in cancer cells, while the conjugated CAIX-inhibitor
moiety decreases their intrinsic dark toxicity towards normal
cells, thereby enhancing tumour-selective cytotoxicity. Upon
lysosomal accumulation, PDT activation upon 425 nm irradia-
tion induces mitochondrial dysfunction, ultimately resulting in
apoptosis.

In summary, these studies highlight the versatility of CAIX-
targeted metal-based PSs and collectively position this approach
as a highly promising strategy for achieving selective tumour
eradication.

3. Cathepsin B
Cathepsin B (CTSB), one of 15 known cathepsin proteases,
is classified as a cysteine protease and implicated in the degrada-
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Fig. 4. Schematic representation cathepsin B-targeted PSs. Irreversible binding of 7 and 9 to cathepsin B epoxysuccinyl moiety. PDT activation oc-
curs upon irradiation at their respective absorption wavelengths (4: 482 nm, 5: 525 nm).

tion of intracellular and extracellular proteins. CTSB is normally
localised within the lysosomes of healthy cells, where the acidic
pH ensures maximal enzymatic activity. In cancer cells, energy
metabolism is reprogrammed compared to normal cells (Warburg
effect), resulting in acidification of the extracellular environment.
CTSB is frequently overexpressed and can be released from lys-
osomes into this acidic medium. As a result, CTSB serves as a
biomarker for aggressive tumours and represents a promising tar-
get for selective therapeutic approaches.[*’1 One such approach is
the enzymatic inhibition of cathepsin B, which may offer clinical
benefit, owing to the functional role of cathepsins in degrading
extracellular matrix and thereby promoting cancer invasion and
metastasis.[“8] Several inhibitors of CTSB have been identified,
with CA-074 and E64d standing out as particularly potent epoxy-
succinyl based examples (Scheme 1).[4%

Their inhibitory binding mode relies on a cysteine residue
present in the active site, which triggers epoxide ring opening. The
resulting thioether represents the covalent inhibition product (rep-
resented as coloured dots in Fig. 4).150 Based on these two cova-
lent inhibitors, the following section presents several PSs that
have been conjugated to them, thereby enabling tumour-specific
PDT activity.
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Scheme 1. Cathepsin B inhibitors CA-074Me and E64d.
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Kodanko and coworkers designed and synthesised a series
of Ru(Il)-based PSs conjugated to a CA-074-derived inhibitor,
which are photostable, water-soluble, and cell-permeable. Upon
light irradiation, these conjugates induce cell death while simul-
taneously inhibiting the enzymatic activity of CTSB (Fig. 4).551
The most potent PS of the series was 4 (see Fig. 4), which was
able to irreversibly inhibit CTSB and underwent photoactivated
ligand dissociation. After absorbing light at 482 nm, singlet oxy-
gen was generated and exhibited sufficient cytotoxicity to induce
cell death.

Considering the limitation of the PS’s absorption outside the
phototherapeutic window, the strategy was refined, and a new
generation of PSs conjugated to CTSB inhibitors was developed
by the same group.52I They prepared a ruthenium complex (com-
plex 9, Fig. 4) bearing two different polypyridyl ligands, in which
the m-extended tridentate ligand induces a red-shift in the absorp-
tion profile. Exhibiting both PDT and photoactivated chemotherapy
(PACT, mediated via photoinduced release of the photolabile inhib-
itor) activity, S could be photoactivated by green light (525 nm), and
demonstrated a high toxicity under light in the micromolar range
while having low dark toxicity, resulting in a phototherapeutic index
(PL, the ratio of IC, (dark)/IC, (light)) of up to 20, depending on the
cell line. Crucially, these conjugates show reduced dark toxicity and
potent effects against both breast cancer cells and tumour-associated
macrophages, highlighting their potential not only as anti-invasive
PDT agents but also as modulators of the immunosuppressive tu-
mour microenvironment. These studies illustrate the progression
from proof-of-concept CTSB-targeted PSs towards more translat-
able, dual-action conjugates that exploit both enzymatic inhibition
and photoactivation for targeted cancer therapy. Potential immuno-
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genic responses in vivo hold promises for harnessing the benefits of
IPDT but are yet to be demonstrated in vivo.

4. Cyclooxygenase (COX)

Cyclooxygenases are a class of enzymes that play a central
role in the body’s inflammatory response. They are part of the
eicosanoid biosynthetic pathway and are responsible for the con-
version of arachidonic acid (a fatty acid) into prostaglandins,
thromboxanes, and other signalling molecules. Two isoforms of
COX have been well-characterised in humans. COX-1 is recog-
nised as the ‘constitutive isoform’, maintaining cellular homeo-
stasis, whereas COX-2 is canonically inducible and facilitates
signalling pathways that regulate cell growth and differentia-
tion.53 COX enzymes are the targets of several analgesic drugs,
which inhibit COX-1 and/or COX-2 either selectively or non-se-
lectively. Beyond the non-selective COX inhibitors like acetylsal-
icylic acid (aspirin) and indomethacin, selective COX-2 inhibitors
like celecoxib and rofecoxib have attracted considerable interest
not only in the treatment of pain and inflammation, but also in
cancer research.>4 COX-2 is overexpressed in a variety of human
cancers including colorectal adenomas and carcinomas, and dis-
tinctly not observed in healthy epithelium. Furthermore, inhibi-
tion of COX-2 selectively in tumours can be clinically beneficial
by reducing the progression of cancer.531 The conjugation of a PS
to a COX-2 inhibitor therefore holds great potential for tPDT.
Ideally, the bimodal mechanism of action for COX-2 inhibi-
tor-conjugated PSs should improve anticancer properties whilst
minimising side effects associated with systemic COX-2 inhibi-

tion.!54 The following section presents three examples based on
the conjugation of a PS to a small-molecule COX inhibitor. Two
of these molecules were designed using the COX-2 selective in-
hibitor, celecoxib, whilst a third one employed the nonselective
COX inhibitor indomethacin (Scheme 2).
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Scheme 2. Cyclooxygenase inhibitors Celecoxib and Indomethacin.

Celecoxib binds selectively to the active site of COX-2, en-
gaging in a combination of hydrophobic and electrostatic inter-
actions. Its para-sulfonamide group penetrates deeply into the
enzyme’s secondary pocket, forming strong interactions with the
surrounding amino acid residues. In contrast, indomethacin an-
chors to the Argl20 side chain via ionic interactions through its
carboxyl group, while its hydrophobic moiety associates with the
non-polar regions of the active site.[54]

Kim and coworkers characterised a lutetium texaphyrin—ce-
lecoxib conjugate (LuCXB, Fig. 5), which exhibits deep-red
absorption at 730 nm.%% The LuCXB absorption characteristics
differ depending on the solvent environment, which consequen-

Fig. 5. Schematic representation of cyclooxygenase 2 (COX-2)-targeted PSs. RuCXB, LuCXB and IMC-Pc bind COX-2 via either a celecoxib or
indomethacin moiety. PDT activation occurs upon irradiation at their respective absorption wavelengths (LuCXB: 730 nm, RuCXB: 460 nm, IMC-Pc:

674 nm).
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tially affects the photodynamic pathways it can undertake. In
aqueous environments, donor—acceptor interactions resulting
from m—m stacking between the texaphyrin PS and the celecoxib
inhibitor promote superoxide generation via a type I photodynam-
ic mechanism. The type I photodynamic mechanism is tailored
towards the hypoxic environment of tumours, owing to efficient
production of ROS. In non-aqueous media, the donor—acceptor
interaction becomes negligible, leading to a shift towards a type
II mechanism. LuCXB demonstrated two primary modes of ac-
tion: an anti-tumour immune response following immunogenic
cell death (ICD), whilst also inhibiting pro-angiogenic pathways
via enzymatic COX-2 inhibition. The ability of LuCXB to in-
duce immunogenic cell death positions it as a promising candidate
for IPDT. By counteracting tumour immune escape mechanisms,
such approaches may significantly enhance the therapeutic effi-
cacy of PDT.

Guo and coworkers simultaneously synthesised another cel-
ecoxib-conjugated PS (RuCXB, Fig. 5). It exhibits reduced ox-
ygen dependence and, by operating through a type I photody-
namic mechanism, is well suited to the hypoxic environment of
tumours.l371 The PS localises specifically to the Golgi apparatus
and absorbs light at 460 nm. Upon illumination, it leads to down-
regulation of COX-2 expression and displays high phototoxicity.
Moderate dark toxicity was observed, with PI ranging from 4.8 to
42.2 depending on the cell line. While both RuCXB and LuCXB
are characterised by dual mechanisms of action, RuCXB func-
tionally differs from LuCXB by inducing ferroptosis as well as
apoptosis. Ferroptosis is an immunogenic type of cell death char-
acterised by free iron and lipid peroxidation accumulation.[*0l The
simultaneous induction of ferroptosis and apoptosis thus offers a
promising strategy to overcome tumour hypoxia and resistance to
apoptosis, further highlighting the therapeutic potential of a COX-
2-targeted type I PS like RuCXB.

Distinct from LuCXB and RuCXB is another COX-targeting
PS, but instead of employing celecoxib, an indomethacin moiety
(IMC) was conjugated by Chen and collaborators to a zinc phtha-
locyanine PS (IMC-Pc, Fig. 5).1581 IMC-Pc was excited at 674
nm, showing phototoxicity in the nanomolar range and nearly no
cytotoxic effect in the absence of light. The IMC-Pc conjugate
exhibits three primary components to its mechanism of action:
specificity for COX-2 overexpressing cancer cells, specificity for
the Golgi apparatus, and a tendency to disaggregate once bound to
the COX-2 enzyme. This unique design circumvents the suscepti-
bility for phthalocyanines to aggregate and consequentially limits
non-radiative relaxation pathways that can limit phototherapeutic
efficiency.!*! Preferential accumulation in the Golgi reflects the
results obtained by the group regarding LuCXB, but whether or
not IMC-Pec results in reduced cellular COX-2 expression is un-
known. Together, these COX-targeted PSs exemplify the diversity
of rational design strategies that enable selective accumulation,
dual-functionality, and effective photodynamic responses even
under hypoxic tumour conditions. Their capacity to combine en-
zyme inhibition with ROS-mediated cytotoxicity and, in some
cases, immune activation, positions COX-2 as a valuable molecu-
lar gateway for advancing targeted photodynamic cancer therapy.

5. Epidermal Growth Factor Receptor (EGFR)

Tyrosine kinases are enzymes that catalyse the transfer of
phosphate groups from adenosine triphosphate (ATP) to tyrosine
residues.[® This phosphorylation alters the activity of the target
protein and typically activates signal transduction pathways that
regulate cell growth, survival, and differentiation. Tyrosine kinas-
es are frequently overexpressed or mutated in tumours and are
often implicated in tumorigenesis, leading to constitutive tyrosine
kinaseactivity anduncontrolled cell proliferation.[6IConsequently,
tyrosine kinases represent important targets in cancer therapy, and
numerous tyrosine kinase inhibitors (TKIs) are already in clinical

use as selective anticancer chemotherapeutics.l®2 Epidermal
growth factor receptor (EGFR) is a receptor tyrosine kinase that
functions as a transmembrane signalling conduit and is frequently
overexpressed or mutated in various human cancers, such as non-
small cell lung cancer (NSCLC), glioblastoma, squamous cell
carcinoma of the head and neck, breast cancer, colorectal cancer
and pancreatic cancer.[93] Among the clinically approved tyrosine
kinase inhibitors are erlotinib and vandetanib, both of which re-
versibly bind to the ATP-binding pocket, thereby inhibiting EGFR
autophosphorylation (Scheme 3).
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Scheme 3. Tyrosine kinase inhibitors erlotinib and vandetanib.

While erlotinib is a selective EGFR inhibitor, vandetanib acts
as a multi-target tyrosine kinase inhibitor.[®l In the following sec-
tion, several photosensitisers are discussed that target cancer cells
through conjugation with an EGFR inhibitor, thereby enabling
tumour cell eradication.[63]

Zhdanova and coworkers developed two cationic zinc-aryl-
porphyrin PSs (6 and 7, Fig. 6) conjugated to the EGFR tyrosine
kinase inhibitor erlotinib.[®0] The compounds accumulated in mi-
tochondria, where one derivative is particularly effective in inhib-
iting EGFR phosphorylation and induced apoptosis. A PI of up to
55 was observed, indicating markedly enhanced cytotoxicity upon
irradiation at 420 nm compared to dark conditions. However, the
compounds also exhibited considerable intrinsic dark toxicity, a
limitation likely exacerbated by the use of Cremophor EL as a
solubilising agent, raising concerns about potential side effects
on healthy tissues. These findings highlight the potential of EGFR
inhibitor-conjugated porphyrins as dual-function agents, yet their
substantial dark toxicity underscores the need for structural op-
timisation and safer delivery systems before clinical translation
can be envisioned.

In contrast to these porphyrin—erlotinib conjugates with high
dark toxicity, Fedorov and coworkers addressed the issue of poor
water solubility through the introduction of a carbohydrate moiety
onto a chlorin-e6 PS (molecule 8, Fig. 6). For tumour targeting,
the EGFR inhibitor vandetanib was employed.[¢”] By incorporat-
ing quaternary ammonium cations, the authors achieved improved
hydrophilicity and cellular uptake. The conjugates absorbed in
the therapeutic window (620 nm), displayed significant phototox-
icity, and retained remarkably low dark toxicity (PI~368), while
molecular docking and biological assays confirmed EGFR tar-
geting. Building on this concept, they subsequently expanded the
approach by systematically varying structural features, including
the conjugation pattern, the nature of the central metal ion, and the
number of positive charges.[%8] Among the developed complexes,
an indium-based chlorin-e6 conjugate (9, Fig. 6) incorporating
a vandetanib-derived EGFR inhibitor demonstrated nanomolar
phototoxic activity with a PI exceeding 1000. Owing to its ability
to generate both reactive oxygen species and singlet oxygen upon
irradiation at 655 nm, it remained active in both oxygen-rich and
oxygen-poor regions. Its therapeutic potential was further con-
firmed by in vivo studies.

While the above-described PSs demonstrate notable progress
in enhancing solubility, selectivity, and therapeutic indices, their
clinical applicability remains limited. A major challenge lies in
overcoming tumour resistance and sustaining efficacy in aggres-
sive malignancies such as NSCLC, which has a five-year survival
rate of only 15%.11 Despite the clinical use and ongoing devel-



844 NEw FRONTIERS IN ORGANOMETALLIC CHEMISTRY

CHIMIA 2025, 79, No. 12

OCH NG ) N "T
9
0"
]
Br
¢ ON-(,C10 O
O(CHZ)(N{; )

B

O«:Hz)rg@_ ) S N
O Br \PJ N
t
f

© 9
Br S
N NZON
¢ n-Heyo O HMN g
= N7 O ~o~ | P N
. o
— . I

0O~
O(CHANE )

[ r

7 10

Endocytosis

Mitochondria Ae

Fig. 6. Accumulation of EGFR-targeted photosensitisers in distinct subcellular compartments depending on structure and linker chemistry.
Formation of cytotoxic ROS or singlet oxygen by light activation (6, 7: 420 nm, 8: 620 nm, 9: 655 nm, 10: 465 nm, 11: 662 nm), leading to targeted
tumour cell death.

Lysosome

opment of EGFR-targeted TKIs, resistance mutations frequently shown to self-assemble into nanostructures in aqueous solution,

arise, drastically limiting treatment options.[®701 To address this,
Huang and coworkers developed a platinum(II) pincer complex
conjugated with erlotinib as a TKI moiety to achieve selective tu-
mour cell targeting via EGFR (10, Fig. 6).I711 The complex was

which enhanced both ROS and singlet oxygen generation. Its cyto-
toxic activity was restricted to EGFR-overexpressing cancer cells
(PI from >16 to >63), where EGFR was selectively degraded via
lysosomal degradation pathways. The metal complexes exhibited
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negligible dark toxicity but pronounced light-induced cytotoxicity
in the low micromolar range and retained strong activity against
cisplatin- and taxol-resistant cell lines. Importantly, their therapeu-
tic efficacy and high biocompatibility were further confirmed in a
healthy mouse model.

In summary, EGFR-targeted PSs hold considerable promise
for achieving selective tumour ablation by uniting receptor inhibi-
tion with photodynamic activation. Although substantial progress
has been made in mitigating issues such as dark toxicity, poor sol-
ubility, limited selectivity, drug resistance, and inadequate tissue
penetration, successful clinical translation will ultimately depend
on further optimisation of pharmacokinetic profiles and compre-
hensive evaluation of long-term safety.

6. Heat Shock Protein 90 (Hsp90)

Heat shock protein 90 (Hsp90) is a molecular chaperone, a
protein that assists other proteins in correct folding, activation,
and stabilisation. Many oncoproteins are dependent on Hsp90, as
they would otherwise undergo rapid degradation.!72! Hsp90 is of-
ten overexpressed in tumours, where it promotes survival under
stress conditions such as hypoxia or chemotherapy and thereby
contributes to tumour progression, metastasis, and therapeutic re-
sistance. Inhibition of Hsp90 results in destabilisation of multiple
proteins and the concomitant disruption of several signalling path-
ways, making it a highly attractive target in cancer research.l’3]
Several natural and synthetic inhibitors of Hsp90 have been iden-
tified, among which Ganetespib (STA-9090), a resorcinol-con-
taining triazolone derivative that targets the N-terminal ATP-
binding domain of Hsp90, is well known (Scheme 4).[7475]

Scheme 4. Heat shock protein inhibitor ganetespib.

Building on this, efforts have been made to combine Hsp90
inhibition with photodynamic activation.

Zhao and coworkers reported the first PS covalently conju-
gated to an Hsp90 inhibitor (11, Fig. 7).1761 This Zn—ganetespib
conjugate exhibits an absorption maximum at 678 nm, generates
reactive oxygen species efficiently, and displays high photosta-
bility, all of which are essential features for PDT applications.
The conjugate selectively accumulates in cells overexpressing
Hsp90 and demonstrated pronounced light-induced cytotoxicity
in breast cancer cells. A modest degree of dark toxicity attributa-
ble to Hsp90 inhibition was observed, though it remained lower
than that of free ganetespib. In mouse models, the PS showed
markedly enhanced tumour accumulation and, upon irradiation,
achieved near-complete tumour suppression. No significant side
effects or body weight loss were detected, underscoring its poten-
tial as a highly potent PS for PDT.

7. Conclusion

PDT has been a rapidly evolving cancer treatment for nearly
five decades and is already in clinical use or under investigation
in clinical trials. However, many PSs still lack sufficient speci-
ficity for tumours, which may result in damage to healthy tissue.
Consequently, the development of tumour-specific PSs is of con-
siderable interest. Enzymes that are overexpressed in tumours or
exclusively present in tumour tissue represent promising targets
that can be exploited through selective inhibition. In this review,
five distinct proteins with enzymatic activity (CA, Cathepsin B,
COX, EGFR, Hsp90) were discussed as targets for tPDT. Metal-
based PSs were conjugated to small-molecule enzyme inhibitors
via a chemical linker, resulting in bifunctional agents that not only
enable targeted accumulation within tumour tissue but also mod-
ulate pro-tumorigenic signalling pathways. In addition to enzyme
inhibition, several strategies were presented to address common
limitations of PDT, including tumour hypoxia, absorption outside
the phototherapeutic window, poor solubility in biological media,
and dark toxicity. In some cases, PDT was successfully combined
with ICD or chemotherapeutic mechanisms, further underscoring
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Fig. 7. Hsp90-targeted photosensitisers binding to membrane-associated Hsp90 resulting in intracellular PDT (upon irradiation at 678 nm) and

chemotherapy after cellular uptake.
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the versatility of this approach. From a translational perspective,
such adaptable therapeutic strategies are highly promising with-
in the broader context of precision medicine, as they allow for
the rational design of patient-tailored agents based on individual
tumour phenotypes. However, tPDT has not yet entered clinical
trials. This may be attributed to factors such as the synthetic and
formulation complexity of the compounds, suboptimal pharma-
cokinetic profiles (e.g. hydrophobicity, distribution, and clear-
ance), biological limitations (including tumour hypoxia, resist-
ance development, and off-target effects), as well as considerable
regulatory requirements and limited industrial interest. tPDT oc-
cupies a unique position at the intersection of targeted oncology,
photomedicine, and precision therapy. With continued optimisa-
tion, it holds strong potential to advance into clinical trials and
to serve as a powerful, modular platform for the development of
next-generation cancer treatments.
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