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Rhodamines have been recognized for their exceptional optical properties, making them suitable for
detection, imaging, and disease diagnosis. However, their use as photosensitizers in Photodynamic
Therapy (PDT) has been limited by their low singlet oxygen production and limited tissue penetration. The
development of rhodamine-metal complexes has overcome these limitations, offering a promising new
approach for cancer treatment. These complexes in combination with structural and optical tuning of
rhodamines, have been engineered to enhance tumour cell selectivity, improve reactive oxygen species
(ROS) generation, and mitochondrial-targeted delivery. Notably, a variety of metal ions, including iridium
(m), ruthenium(n) and platinum(i/iv) can form complexes with bright rhodamines with excellent optical
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responses and remarkable ROS generation. These breakthroughs have the potential to improve cancer
diagnosis and therapeutic applications. Photophysical properties, photostability, and targeting agents, par-
ticularly in the near-infrared (NIR) range, will be discussed, with a focus on their applications in cancer
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Introduction

Combating cancer has become a worldwide challenge.
According to the World Health Organization (WHO)’s cancer
agency, in 2022 approximately 20 million new cases of cancer
were diagnosed and nearly 9.7 million lives were lost due to
this disease." These numbers are extremely worrying and are
projected to worsen considerably. The WHO predicts that by
2050, new cancer cases may increase to over 35 million, repre-
senting a 77% increase from the estimated 20 million cases in
2022.>° The increasing cancer burden is largely attributed to
several factors, which include (i) population aging (longer life-
spans increase cancer risk); (ii) population growth and (iii)
higher exposure to risk factors such as air pollution, tobacco,
alcohol, and obesity just to name a few.*

Over the past few decades, the scientific community has
made tremendous efforts in developing new and improved
diagnostic and treatment solutions to combat cancer.’ This
concerted effort has led to significant advances across multiple
disciplines, with special emphasis on: (i) integration of Al in
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detection, localization, and cytotoxicity.

supporting cancer detection and diagnosis,®” (ii) development
of new pharmaceuticals for targeted and effective cancer
treatments,® '° (iii) state-of-the-art instrumentation, including
advanced imaging and diagnostic tools,""'* and (iv) innovative
therapeutic modalities that allow the expansion of available
options of treatment."?

Among recent advances, photodynamic therapy (PDT) has
gained attention as a powerful alternative to traditional cancer
treatments. This approach uses light-sensitive compounds
called photosensitizers (PS) that, when irradiated by light and
in the presence of dioxygen (*0,), produce highly energetic
species called reactive oxygen species (ROS). These species are
capable of destroying cancer cells while minimizing damage to
surrounding healthy tissue. Unlike chemotherapy and radio-
therapy, which often have serious side effects, PDT offers a tar-
geted method, reducing side effects.’*"°

In the PDT process, after light absorption the PS is excited
from the ground state (Sy) to an electronically excited state
(usually the first singlet excited state S;) (Fig. 1). At this stage,
the PS can return to its ground state through fluorescence
emission (S; — So) or can transition to a longer-lived triplet
excited state (T;) through a nonradiative intersystem crossing
(ISC). PS excited in the triplet state can then undergo two types
of reaction pathways: photoinduced electron transfer to form
radical intermediates (Type I) or energy transfer to dioxygen to
form singlet oxygen (Type II).""2° As a result, oxidative
damage to the cell membrane and organelles can occur, poten-
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Fig. 1 Simplified Jablonski diagram, depicting the electronic transition
states and energy transfer between the photosensitizer and dioxygen in
PDT, that leads to oxidative cell damage.

tially leading to cell death through necrosis, apoptosis, auto-
phagy, or ferroptosis.*"**

It is generally considered that the effectiveness of a PS is
determined by three main factors: (i) the PS should preferen-
tially accumulate in the target tissue or cells, thereby minimiz-
ing damage to healthy surrounding areas (ii) ideally, the PS
should absorb light in the “therapeutic window” (600-800 nm)
for optimal tissue penetration and (iii) the PS should have
high intersystem crossing (ISC) efficiency, i.e., should exhibit a
good ability to transition from its first singlet excited state to
its triplet state, a crucial step in the generation of reactive
oxygen species, particularly singlet oxygen ('0,), which is the
primary cytotoxic agent in PDT process.>®

The field of PDT has long been dominated by porphyrin-
based compound due to their unique therapeutic and diagnos-
tic capabilities. These compounds demonstrate significant
phototherapeutic effects, including photodynamic and photo-
thermal therapies, along with impressive imaging functional-
ities such as near-infrared fluorescent (NIRF) imaging and
magnetic resonance imaging (MRI), just to name a few.>
However, it is crucial to explore and develop alternative PSs to
enhance the versatility and effectiveness of this therapy.>**°

Despite the vast number of fluorophores, there is one
family of synthetic compounds that rises above all other.
Xanthene dyes, among the oldest synthetic pigments ever
created, are constituted by a series of substructures, all derived
from the xanthene scaffold, which is a heterocyclic aromatic
compound traditionally containing an oxygen bridge. This par-
ticular backbone can lead to a series of pigments with
different chemical and optical properties that includes: fluor-
esceins, rhodamines and hybrid structures, such as
rhodols.””*®

Recently, rhodamines have emerged as promising alterna-
tives to the previously described PSs. In addition to their excel-
lent, highly modular light-absorbing properties and photo-
stability, their cationic nature provides better solubility in
aqueous media, as well as faster clearance from the body,
potentially reducing side effects and minimizing prolonged
skin photosensitivity, which are common drawbacks of generic
PSs.”® Furthermore, rhodamines have a unique ability to selec-
tively target not only tumour cells but also subcellular localiz-
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ation in mitochondria,*® endoplasmic reticulum®' and lyso-
somes.*” This ability is crucial for enhancing the efficacy of
PDT, because of the key role they play in cell function. It has
been demonstrated that mitochondria-targeted PS, including
those based on rhodamine, can induce higher levels of cellular
stress, leading to more efficient cell death compared to non-
organelle-targeting PSs.**** This specific accumulation in
organelles maximizes the therapeutic effect while minimizing
damage to surrounding tissues, making PDT more precise and
effective in combating malignant cells.

Despite these developments, several challenges in rhoda-
mine-based PSs needed to be addressed, such as the low
singlet oxygen production, the predominance of less effective
Type I photochemical reactions, and the limited tissue pene-
tration due to light absorption in the visible range, which is
typical of generic rhodamine derivatives.?* To overcome these
drawbacks and thanks to the highly modular nature of rhoda-
mines, there has been a growing interest in recent years in the
development of rhodamine modifications and
conjugations.

In this Frontier article, we critically assess recent advance-
ments in the development of rhodamine-metal complexes for
cancer treatment, particularly in the context of PDT. The
article is organized into different sections: firstly, we provide
an overview of the rhodamine structural modifications that
have significantly impacted their photophysical properties.
This is followed by an analysis how the combination of rhoda-
mines with various metal ions, such as iridium(u), ruthenium
(1), and platinum(u/wv), has successfully addressed the recur-
ring challenges faced by rhodamines. A final section is dedi-
cated to a critical discussion of important aspects for PDT
applications. This includes how the structural and optical
tuning of complexes, affects the photophysical and photoche-
mical properties namely ROS generation, tumour cell selecti-
vity, cellular-targeted delivery among others. We conclude by
exploring future perspectives expected for this research line.

new

Exploring rhodamine modifications

With more than a century of advances, extensive structural
modifications to rhodamines have significantly impacted their
photophysical and photochemical properties (Fig. 2).”” These
modifications have fine-tuned their absorption and emission
properties from the green region of the visible spectrum
(515 nm) to the NIR region (750 nm), improving vital optical
properties such as fluorescence quantum yield (®g) and molar
absorptivity (¢). This shift to the NIR range of the electromag-
netic spectrum, improves tissue penetration bringing rhoda-
mines a step closer to PDT applications.

From the high number of modifications performed on the
basic rhodamine skeleton, several structural trends have been
identified that provide insight into the photophysical pro-
perties of rhodamines. These trends include: (a) the alkylation
of the amine groups at the 3™ and 6™ positions of the
xanthene ring, increasing rigidity through the fusion of the

Dalton Trans., 2025, 54, 9472-9482 | 9473


http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d4dt03575e

Open Access Article. Published on 23 April 2025. Downloaded on 4/3/2026 9:47:25 PM.

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

(cc)

Frontier

-/ ~OMe

Fig. 2 Structure of rhodamine and main modification strategies aiming
to improve the photophysical and photochemical properties.

amine and xanthene ring,* and (b) the introduction of heavy
atoms via bromination or iodination, or by replacing the
oxygen atom in the rhodamine backbone with other hetero-
atoms (e.g. Si, B, C, S, Ge, Sn, N, P and Te), thereby leading to
improvements in the triplet excited state population.>*™% All
these modifications allow a significant shift in light absorp-
tion towards the NIR range of the spectrum, with the latter
modifications yielding the best results without a significant
loss of solubility, fluorescence intensity, or fluorescence
quantum yield (@g). This shift enhances their suitability for
bioimaging and PDT applications due to reduced light scatter-
ing, deeper tissue penetration, and lower autofluorescence in
the NIR region.””**

While the introduction of bromine and iodine substituents
effectively enhances ISC efficiency and promotes triplet state
formation,*>*® it may also affect the lipophilic/hydrophilic
character of cationic rhodamines, conditioning their selective
phototoxicity toward tumour cells.**

Looking for heavy atom-free triplet photosensitizers with
strong absorption of visible light and efficient ISC, alternative
strategies have been introduced. One of the most interesting
examples involves acid-responsive triplet PSs using rhoda-
mine-Cg, dyads.”” These dyads take advantage of the spirocyc-
lic balance of rhodamines (Scheme 1), which can be activated

C

\/N ! 0. ! N\/ \/NO

N-R Acid
-
0 Base

open form

spirolactam (closed) form

Scheme 1 Acid controllable spirocyclic balance of rhodamines.
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in the presence of an acid (open form of rhodamine) and de-
activated in the presence of a base (closed form). Thus, the
rhodamine moiety acts as an acid-activated visible light-har-
vesting antenna, while the Cq, moiety is the singlet energy
acceptor and the spin converter, allowing the production of
the triplet state that is enhanced in the presence of acid.*?
Other strategies involve: (a) combining rhodamine B or rosa-
mine with porphyrins, and also with Zn(u) phthalocyanines, to
create conjugates with effective singlet oxygen production;**™*>
and (b) combine rhodamine with stable radicals, such as nitr-
oxide radical TEMPO, to improve the ISC wvia radical
enhancement.*®

Nevertheless, a novel strategy is being introduced to
enhance photodynamic activity, based on the combination of
rhodamines with transition-metal complexes including
iridium(ur), ruthenium(u) and platinum(u/iv). So far, rhoda-
mines have proven to be excellent chelates, forming stable
complexes with various metal ions.'” This property facilitates
their easy complexation with metals, resulting in versatile rho-
damine-metal complexes with relevant optical properties for
sensing various analytes. Some of these complexes exhibit
high selectivity for cations, and other biologically important
species. Key examples include (1) a rhodamine-appended Fe
(m) catecholate complex serving as a dual-modal MRI and
optical imaging agent for detecting nitric oxide and acidic
pH,*® (2) a rhodamine-Tb(1) complex for selective detection of
hypochlorous acid in lysosomes of live cells,*® (3) a ytterbium
porphyrinate complex combined with a rhodamine B deriva-
tive for detection of Hg(u) with responsive emission in the
visible and near-IR region,’® and (4) a rhodamine-BODIPY/
dansyl conjugate for intracellular monitoring of Hg(u) and
Au(m) via differential fluorescence responses.’’>>

Rhodamine-Ir(u)-complexes

Metal-based compounds can offer a wide range of biological
and chemical diversity that is distinct from metal-free organic
molecules, making them highly attractive as bioactive com-
pounds for various therapeutic applications. Due to their
unique properties, Ir(m) complexes stand out as a promising
generation of theranostic agents, providing new avenues in
medical diagnostics, precision imaging with single-cell resolu-
tion, and targeted anticancer therapy.>?

Table 1 summarizes contributions from several groups on
rhodamine-Ir(imr) complexes, highlighting key photophysical
and photochemical parameters namely absorption (4,,s) and
emission (A.y,) wavelengths, molar absorption coefficient (e),
fluorescence quantum yield (®g), lifetime (z) and singlet
oxygen quantum yield (&,).

To combine the advantages of rhodamines with those of
luminescent transition-metal complexes, Liu et al. developed a
series of transition metal complexes using Re(1), Ir(m), Rh(u),
and Pt(u), appended to bipyridine substituted rosamine
bpyRos (Table 1).>* The results were particularly noteworthy
for the IrRos-1 complex. Although a reduction of the emission

This journal is © The Royal Society of Chemistry 2025
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Table 1 Summary of modified rhodamines and rhodamine-Ir(i) complexes, photophysical and photochemical properties and organelle-targeted

delivery, aiming PDT applications

Photosensitizer Aaps (NM) Aem (NM) eM'em™) Py (a.u) 7 (us) Dy (%) Targeting (Ref.)
bpyRos ( 564 598 98 600 2.9x107" n.d. 0.3 Mitochondria (54)
575 629 87 500 1.4 x 1072 0.82 43.0 Mitochondria (54)
IrRos-2 (J 578 635 68100 7.0x107* 9.73 72.6 Endoplasmic reticulum (55)
N
“Clo 580 635 67 500 7.0x107%  — 70.0 — (56)
{AJ \\{z
O@ HN OMe
-~ 9
=)= Sr
Tad/
2cr Q \,,/EQ
NN NN
OO OO0
IRos-4 { 576 635 91050 3.0x107* 36.3 71.8 —(57)
N
700 728 90 000 1.3x107" — — Mitochondria (58)
713 744 40 000 2.0 x 1072 — 69.0 Mitochondria (58)

This journal is © The Royal Society of Chemistry 2025

Dalton Trans., 2025, 54, 9472-9482 | 9475


http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d4dt03575e

Open Access Article. Published on 23 April 2025. Downloaded on 4/3/2026 9:47:25 PM.

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

(cc)

Frontier

intensities was observed, which is dependent on the metal co-
ordinated and related with the IL-excited state of rhodamine,
the IrRos-1 complex demonstrated high efficiency in producing
'0, (evaluated through 'O, emission at about 1270 nm upon
excitation at 532 nm), indicating that IrRos-1 was the most
effective producer of this cytotoxic species. The in vitro and
in vivo biological evaluations in the human breast carcinoma
cells (MCF-7) confirmed that all rhodamine metal complexes
retained the mitochondria-targeting ability of rhodamine, with
IrRos-1 standing out as the most photocytotoxicity derivative.
These findings highlight that the balance between the positive
charge and lipophilicity of these derivatives is likely respon-
sible for their improved ability to target mitochondria, thereby
confirming their potential for PDT, particularly for IrRos-1.

To further enhance performance in PDT, Zhou et al. intro-
duced a strategic modification by utilizing an extended
n-conjugated 2,3-diphenylquinoxaline cyclometalation ligand,
which features a lower intraligand (IL) state, leading to the
development of the IrRos-2 derivative (Table 1).>> IrRos-2 exhi-
bits an outstanding ability to generate 'O, in both solution
and intracellular media. This superior performance is attribu-
ted to the efficient sensitization of the triplet state in the rho-
damine component, achieved either through triplet-triplet
energy transfer (TTET) from the triplet state of the Ir(ur) com-
ponent or via ISC from the rhodamine singlet state (S,).

This process is energetically favourable due to the lower
energy of the rhodamine triplet excited state (T,) compared to
the iridium-based T, state (1.70 eV versus 1.89 eV). The T
state lifetime in IrRos-2 is 10 times longer than that of IrRos-1
(9.73 ps versus 0.82 ps), which is aligned with its superior per-
formance in generating 'O,. Additionally, IrRos-2 preferentially
localizes in the endoplasmic reticulum (ER), a key organelle in
eukaryotic cells involved in biosynthesis, sensing, and signal-
ling. Studies confirmed that IrRos-2 accumulates at the
tumour site and significantly reduces tumour growth.

Considering that cyclooxygenase-2 (COX-2) is typically
expressed at low levels in normal cells but is significantly upre-
gulated in several types of tumours, such as stomach, colorec-
tal, and pancreatic cancers, a promising synthetic strategy was
proposed to target this enzyme. This strategy involves incor-
porating an indomethacin moiety, known for its inhibitory
activity towards COX-2.°° Following this idea, Liu et al. pre-
pared IrRos-3 by conjugating IrRos-2 with indomethacin
(Table 1).°® However, the studies revealed that the excitation
wavelength of IrRos-3 is in the visible region, leading to poor
tissue penetration. This limitation significantly hinders the
potential of IrRos-3 for treating deep-seated tumours, thus
restricting its therapeutic applications.

The possibility of modulating the type of ROS produced by
hybrid systems based on Ir(ur) complexes, which include bipyr-
idine-substituted rhodamines bpyRos, was achieved by varying
the type of ligand.”” In this study, ten ligands analogous to
2,3-diphenylquinoxaline were selected, and the results from
the corresponding Ir(ur) complexes showed that the efficiency
and type of ROS produced are strongly dependent on the
energy gap between the Ir(m)-based triplet metal-to-ligand
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charge transfer (*MLCT) state and the rhodamine singlet state
(S1). A narrower energy gap between the *MLCT and S; states
results in higher 'O, generation efficiency. Additionally, the
introduction of electron-donating moieties into the cyclometa-
lating ligands can increase the generation of toxic radicals. In
particular, IrRos-4 (Table 1), which features thiophene units in
its cyclometalating ligand, demonstrated, within the studied
series, the highest ROS generation efficiency.>” It effectively
produced toxic radicals through a Type I PDT mechanism. The
biological results for IrRos-4 were highly promising. This
complex exhibited excellent biocompatibility and safety in vivo.
Besides directly destroying cancer cells, IrRos-4 also activated
M1 macrophages, even in hypoxic conditions, and enhanced
T-cell infiltration into tumours. This immune activation con-
tributed to a potent antitumour effect.

More recently, the complex IrRos-5, which feature iridium
tethered to a silane-modified rhodamine (Table 1), was devel-
oped and found to be particularly responsive to laser stimu-
lation at approximately 808 nm.>® IrRos-5 demonstrates a high
'0, quantum yield, with a value of 0.69. In vitro PDT results
indicate that IrRos-5 exhibits low dark toxicity and excellent
photocytotoxicity against 4T1 cells. Importantly, in vivo PDT
studies for deep tumour therapy confirm the superiority of
using a near-infrared (NIR) light source with IrRos-5 compared
to IrRos-2. This approach shows great potential for developing
PS capable of effectively utilizing NIR light for deep PDT
applications.

A different approach was envisioned by Ma et al. to develop
a series of metal complexes using rhodamine B hydrazide or
rhodamine 6G hydrazide as the starting scaffolds.>® This
approach resulted in the synthesis of a significant number of
rhodamine-modified fluorescent half-sandwich iridium or
ruthenium complexes.**?® All the bichromophoric cyclome-
talated Ir(m) complexes demonstrated strong photostability
and lysosome-targeting ability. Some of these complexes
exhibited anticancer activity, outperforming cisplatin. These
complexes have promising applications in bioimaging and as
anticancer agents, expanding their potential beyond their use
as PSs in PDT.

Additionally, half-sandwich Ir(m) and Ru(u) complexes have
been widely explored for their dual functionality in imaging
and therapy. Ir(u1) complexes, particularly those featuring Cp*
or biphenyl ligands, have demonstrated selective uptake in
cancer cells, leading to enhanced lysosomal targeting and ROS
generation, which contributes to apoptosis.®>* Similarly, Ru(u)
complexes, owing to their photophysical properties and redox
activity, have shown great potential in PDT and bioimaging.
Ru(n) complexes demonstrated a slightly greater capacity to
induce apoptosis in A549 cells, aligning with their superior
anticancer activity.®*

Rhodamine-Ru(i) complexes

Ru(u) polypyridyl complexes dominate transition metal
research due to their superior photophysical properties,

This journal is © The Royal Society of Chemistry 2025
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namely extended excited state lifetime, 'O, generation, visible
light absorption, cellular uptake, and two-photon excitation
capability.®"°> However, since the MLCT band of most polypyr-
idyl ruthenium complexes is located in the blue region, their
phototherapeutic applications are limited due to the low tissue
penetration of blue light. To address this limitation, several
research groups have explored conjugates of polypyridyl ruthe-
nium complexes with rhodamine, aiming to enable photoacti-
vation with longer-wavelength photons while maintaining the
complexes’ stability in the dark.

In this context, Bahreman et al. reported the synthesis of
the complex [RuRho-1]** (Fig. 3), where a rhodamine B unit is
covalently linked to the 4’ position of the [Ru(terpy)(bpy)
(Hmte)** (where terpy is 2,2';6',2"-terpyridine, bpy is 2,2"
bipyridine, and Hmte is 2-(methylthio)ethanol).®® This deriva-
tive exhibits a slower exchange of the Hmte ligand with water
when activated by yellow light compared to blue light. The for-
mation of aqua photoproducts is particularly appealing for
phototherapeutic applications, as these species may interact
with biomolecules and exhibit higher cytotoxicity than the
parent complex. The data indicate that while yellow photons
lack sufficient energy to populate the "MLCT state of [RuRho-
1]**, their absorption still induces Hmte photosubstitution
with nearly the same quantum efficiency as blue photons. This
photosubstitution occurs even faster under yellow light
irradiation than under blue light for the parent complex [Ru
(terpy)(bpy)(Hmte)]**. The fluorescence quenching of the rho-
damine B moiety in [RuRho-1]*" and the high efficiency of
Hmte photosubstitution suggest that energy transfer from the
rhodamine B moiety to the ruthenium centre is highly
efficient. The subsequent nonradiative decay likely occurs pri-
marily from the *MLCT state of the ruthenium moiety rather
than from the S; excited state of the rhodamine B moiety.

As research progresses, the development of new and
improved triplet state PSs and their capability to generate ROS
through triplet state photochemical reactions have become the

2 PFg \

[RuRho-2]2* [RuRho-2]*
Ts OFF TsON
trs=0.1 s ts=5.7 s

Fig. 3 Rhodamine Ru(i) complexes for cancer therapy, with schematic
representation of the acid-controlled switching of the triplet state of
[RuRho-2]?*.
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main focus of this research area. Within this promising
research subject, the creation of a new generation of PSs with
controllable switching (ON-OFF) of the triplet state and
thereby their photochemical reactions have taken a front seat
on PDT research. This can be achieved by controlling the
population of the triplet state.

Several strategies have been proven successful, including
changes in PS microenvironment, like pH, as demonstrated by
McDonnell et al.®* The authors demonstrated that the 'O, photo-
sensitizing capability of bromo-azaBODIPY can be switched ON
or OFF. This approach has been applied to develop targeted PDT
reagents that can be selectively activated by the acidic microenvi-
ronment of tumour tissue. Despite this, many other photo-switch-
ing mechanisms are still left to explore.

As previously mentioned, rhodamine is well-known for its
ability to reversibly switch between two tautomeric forms: the
spirolactam structure and the open amide structure (Scheme 1).
These tautomers display significantly different photophysical pro-
perties allowing for switchable optical properties.®®

Recognizing the importance of controlling the triplet
excited state in the development of new functional molecules
—particularly for PDT, where the activation of the PS can be
mediated by external stimuli—prompted Cui et al. to develop
the Ru(u) tris(bipyridine)-trhodamine triad [RuRho-2]**
(Fig. 3).°® The rationale behind this design was the possibility
of controlling PET by ring-opening the rhodamine spirolactam
structure under acidic conditions. In the absence of acid, a
photoinduced electron transfer (PET) process (with the rhoda-
mine moiety acting as the electron donor) was responsible for
quenching the triplet metal-to-ligand charge-transfer (*MLCT)
excited state (much shorter lifetime than of reference Ru
complex, which is devoid of the rhodamine moiety: 7t = 103.6
ns vs. 77 = 1.58 ps). In the presence of acid, PET is inhibited by
the ring-opening of the rhodamine spirolactam structure,
leading to an increase in the triplet-state lifetime (5.70 ps) and
the relocalization of the T, state in the rhodamine unit. The
authors highlighted that this was the first time the triplet
localization and lifetime of an excited Ru(u) complex have
been controlled simultaneously.®® The results confirmed the
occurrence of intramolecular singlet-triplet energy transfer
(STEnT), with the rhodamine unit acting as the singlet energy
donor and the Ru *MLCT state as the energy acceptor.
Additionally, the results confirmed an exceptionally low
triplet-triplet energy transfer (TTET) from the Ru(u) coordi-
nation centre (*MLCT) to the rhodamine unit (’IL), with the
rhodamine unit acting as the energy acceptor. In the presence
of adequate triplet energy acceptors like 9,10-diphenylanthra-
cene and perylene, the conjugate was successfully used for
acid-controllable triplet-triplet annihilation (TTA) upconver-
sion processes.

Rhodamine-Pt(ii/iv) complexes

Combining rhodamines with Pt(u) and Pt(iv) scaffolds has
become a hot topic in cancer research, ranging from its use as
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intracellular spatial and temporal therapeutic monitoring
tools®”®® to the development of novel selective®® treatments
based on new prodrugs and PDT photosensitisers. Even after
60 years since its discovery, cisplatin remains one of the most
important chemotherapy drugs currently in clinical use, with
many new Pt-based treatments still being inspired by it today.
Since then, multiple generations of Pt(u)-based complexes
have been discovered, many of which are FDA-approved.
Despite being one of the most widely used chemotherapeutic
agents, its usability is highly limited by its non-specific mode
of action, high toxicity of Pt(u), severe side effects and frequent
occurrence of drug resistance.®”

Since then, some strategies have been explored to mitigate
its drawbacks, such as the development of stable Pt(v) com-
plexes, as anticancer prodrugs. These depend on intracellular
activation through the loss of their axial ligands and conse-
quent reduction of the kinetically inert Pt(wv) [due to their low-
spin d® electronic configuration and saturated coordination
sphere] into its highly cytotoxic Pt(un) counterpart.®”°%7%7!
Such activation can be obtained by a reduction process
mediated by internal (ascorbate and glutathione)”>””> or exter-
nal (riboflavin)”"* reductants, with the latter being the more
common approach. However, the use of an external catalyst
has inherent limitations, as most photocatalysts do not always
efficiently co-localize with Pt(iv) prodrugs in cancer cells,
which restricts their photocatalytic efficiency. Additionally, the
intracellular complexity poses a challenge to Pt(iv) prodrugs, as
some may be undesirably activated by internal reductants on
non-pathogenic sites.

To solve the aforementioned limitations, Deng et al. have
proposed a novel class of photoactivatable Pt(iv) prodrugs
(PtRho-1 and PtRho-2) called rhodaplatins (Fig. 4).”* These rely
on the oxidation potential of photoexcited Rhodamine B (Rho
B/Rho B*: ~1.3 V) as an adequate photocatalyst to reduce
most conventional Pt(wv) prodrugs. By covalently incorporating
an internal rhodamine-based photoswitch, the co-localisation
and efficient photoactivation of the drug occur, ensuring a sig-
nificant improvement on the performance against cancer cells.
The authors found the rhodaplatins under study to exhibit up
to 4.8 x 10*-fold improvement on the conversion of Pt(iv) to Pt
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Fig. 4 Rhodamine-Pt(i/iv) complexes for cancer therapy.
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(n) under white light irradiation (400-760 nm, 4 mW cm?)
when compared to the use of non-covalently linked reducing
agents, like free riboflavin and free Rho B.”*

Apart from the improved photoconversion of rhodaplatins,
the introduction of the covalently linked rhodamine moiety
leads to further advantages such as mitochondria targeting,
which is an unconventional target of Pt-based complexes
thereby solving some of the more common resistance pro-
blems, namely nucleotide excision repair (NER) and histone
protection, the two main factors responsible for the resistance
of cancer cells towards Pt drugs.”*

As before discussed, by relaying on the heavy-atom effect,
or more broadly spin-orbit coupling, these complexes can
populate the triplet excited state of a chromophore via the S,
— S; — T, process. Thanks to the lack of light-harvesting moi-
eties, most common Pt(u) complexes lack PDT applications.
However, the combination of a light-harvesting molecule, such
as rhodamines, with long lived T, excited states typical of Pt(u)
complexes can drastically improve the generation of ROS.”®

As shown by Huang et al.,”® the incorporation of a rosamine
into a Pt(u) acetylide complex (Fig. 4, PtRos-3), resulted in
intense UV/Vis absorption at 556 nm but also in an extensively
prolonged triplet excited state lifetime (zr = 83.0 ps). This
study presents, for the first time, the successfully employment
of a Ros-Pt complex as a sensitizer for triplet-triplet annihil-
ation (TTA) upconversion, with an upconversion quantum
yield of 11.2%. This means that PtRos-3 can leverage TTA
upconversion to efficiently convert low-energy photons into
higher-energy ones, enabling activation with NIR-to-Visible
light. This allows for effective light utilization even in deep
tissues where lower-energy light penetrates with higher
efficiency, thereby overcoming the limitation of traditional
PDT, which is typically restricted to treating surface tumours
or those located on organ linings.””””® Additionally, its long-
lived triplet excited state enhances energy transfer to mole-
cular oxygen, generating 'O,, a key cytotoxic ROS responsible
for inducing cell damage and apoptosis in PDT.

As stated before, the implementation of a switchable triplet
excited state has become of major importance for this area of
research, as a consequence, Majumdar et al. moved away from
the rosamines that lack the ability to undergo spirocyclic equi-
librium in favour of the rhodamine variant (Fig. 4).”° As a con-
sequence, they prepared two new Pt(u) complexes containing
both rhodamine and a BODIPY as ligands (PtRho-4 and
PtRho-5) with different coordination profiles.

The main findings revealed that the two complexes exhibi-
ted long-lived triplet excited states (35 ps and 423 ps in di-
chloromethane). Upon the addition of trifluoroacetic acid
(TFA), the triplet state lifetime of PtRho-4 increased signifi-
cantly from 35 ps to 80 ps, with the triplet state localized on
the BODIPY moiety. For PtRho-5, the addition of acid induced
a switch in the triplet state from being confined to the BODIPY
moiety to a delocalized triplet state spanning both the BODIPY
and rhodamine moieties. This demonstrated that both the
singlet and triplet excited states of these Pt(u) complexes could
be modulated by an external stimulus.”®

This journal is © The Royal Society of Chemistry 2025
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Fig. 5 Spectral coverage of the emission of some rhodamine derivates
and related metal complexes [Ir(in), Ru(i) and Pt(i)].

Their results highlight the potential of rhodamine-contain-
ing Pt(u) complexes for designing external stimuli-responsive
transition metal complexes. The use of Pt(n) compounds is
particularly significant in medicinal chemistry, as Pt(u)-based
drugs, have proven critical in cancer therapy. These findings
suggest that tailoring the excited state properties of Pt(u) com-
plexes through external stimuli could enhance their function-
ality in biological applications, such as PDT or bioimaging.

Conclusions and future prospects

Rhodamine-metal complexes represent a transformative step
forward in theranostics and photodynamic therapy (PDT),
offering significant improvements in diagnostic and thera-
peutic capabilities of cancer tissues. Through strategic modifi-
cations of the rhodamine scaffold, such as introducing heavy
atoms into the rhodamine core [like bromine (Br) or iodine(1),
or replacing the oxygen atom with sulfur (S), selenium (Se), or
tellurium (Te)], and its conjugation with transition metals
such as Ir(m), Ru(u), and Pt(u/wv), researchers have effectively
addressed key challenges traditionally associated with PDT.
These include enhancing 'O, generation, achieving deeper
tissue penetration through near-infrared (NIR) light absorp-
tion, higher hydrophilicity and improved tumour selectivity
through organelle-targeted delivery mechanisms.

Among the highlights of this review, rhodamine-Ir(u) com-
plexes have demonstrated exceptional photophysical properties
improving ROS generation and targeting capabilities.
Rhodamine-Ru(i1) complexes have introduced new possibilities
for switchable triplet-state photosensitizers, leveraging revers-
ible tautomeric transitions to enable external control over

This journal is © The Royal Society of Chemistry 2025
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photophysical properties. In fact, although widely explored for
the development of OFF-ON sensing platforms, the reversibly
interchangeable tautomeric forms of rhodamine, remain
largely underdeveloped particularly in terms of switching of
the triplet excited state, highlighting the need for further
research in this area. Rhodamine-Pt(u/iv) complexes have
addressed limitations in chemotherapy, such as co-localisation
and intracellular reduction of the kinetically inert Pt(wv) into
the cytotoxic Pt(u). However, the use of platinum-rhodamine
compounds has been predominantly tied to chemotherapy,
with very few examples linked to, less intrusive, novel treat-
ment strategies like PDT. The effective photoactivation of the
prodrugs under physiological conditions, could be crucial for
overcoming challenges related to drug resistance.

Despite these advancements, significant challenges persist,
with the future of rhodamine-metal complexes in PDT being
dependent on addressing several critical areas. To start, the
synthesis of these PDT complexes often involves intricate,
multi-step and labour-intensive processes with low yields.
Furthermore, limited light penetration in deep tissues of most
developed rhodamine-metal complexes, and fluorescence
quenching due to metal incorporation, remain a concern in
terms of imaging. This highlights the need to extend light
absorption into the NIR region (Fig. 5) and to balance, the
diagnostic and treatment aspect of these new theranostic com-
plexes by modulating the triplet excited state. The develop-
ment of stimuli-responsive systems that activate selectively in
the tumour microenvironment offers immense potential.
Recent work on switchable triplet-state photosensitizers high-
lights the potential of acid-activated or redox-responsive
designs. Further exploration into external stimuli could lead to
more precise activation mechanisms.

Acknowledging the original study by Rivas et al.,”® two Gd
() and Tb(m) complexes bearing DO3A-rhodamine ligands
have been developed as dual-modal imaging agents, effectively
combining MRI and optical imaging capabilities. The design
of these ligands takes advantage of the pH-sensitive nature of
the rhodamine fragment, which enhances fluorescence in the
acidic environments typical of tumour microenvironments.
Future directions for imaging agents may involve further
exploration of similar rhodamine-Gd(m) complexes,®® and
other lanthanide(m) complexes, that offer improved specificity
and sensitivity for clinical applications.

While several complexes demonstrate promising in vitro
and in vivo results, there still is a lack of comprehensive clini-
cal data validating their safety, efficacy and thereby a thorough
assessment is still needed. Additionally, challenges such as
hypoxic tumour environments pose severe limitations in
oxygen deficient sites. Future research should focus on design-
ing oxygen-independent phototherapies or integrating oxygen-
carrying nanocarriers to enhance the efficacy of PDT in
hypoxic conditions.

In conclusion, while the field of therapeutic applications
has and continues to make remarkable advancements, realiz-
ing the full potential of rhodamine-metal complexes requires
overcoming substantial challenges. Collaborative efforts across
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disciplines, including chemistry, biology, and materials
science, will be essential to drive innovation and ensure the
successful transition of these promising molecules from the
laboratory to clinical practice. However, we remain optimistic
on the promising role that rhodamine complexes may play in
the future in the development of new and improved theranos-
tic approaches for combating cancer.
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