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Rhodamine-functionalised rhodium(in) complexes:
dual role as bioimaging agents and controllable
reactive oxygen species photosensitisers for
photocytotoxicity applications
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Compared to well-developed iridium(n) complexes, cyclometallated rhodium(i) complexes are
underexplored as bioimaging reagents and photosensitisers, primarily due to the presence of non-
emissive low-lying d—d excited states that limit their photophysical properties. In this work, a series of
rhodamine-containing rhodium(il) complexes [Rh(NAC),(bpy-Rho)l(PFe), was designed and synthesised
to circumvent this problem. The incorporation of a rhodamine unit into cyclometallated rhodium(in)
complexes endowed them with effective bioimaging and considerable reactive oxygen species (ROS)
sensitisation capabilities upon low-energy photoexcitation. Time-resolved transient absorption
spectroscopy of the complexes revealed a long-lived dark triplet state of rhodamine that was responsible
for the enhanced ROS photosensitisation. An energy cascade pathway was proposed for the complexes,
involving energy transfer from a rhodamine singlet excited state (S;) to a Rh(NAC),-based triplet excited
state (Ty/), and ultimately to the lowest-lying rhodamine-based triplet excited state (T;). Through
a judicious choice of cyclometallating ligands, the energy cascade efficiency can be modulated to
achieve a delicate balance between fluorescence and ROS photosensitisation. Furthermore, the
complexes specifically accumulated in the mitochondria and showed excellent photocytotoxicity by

inducing pyroptosis, highlighting their potential as theranostic agents for bioimaging and photodynamic

rsc.li/chemical-science therapy.

Introduction

Photodynamic therapy (PDT) has gained prominence as
a minimally invasive approach to cancer treatment, where
a photosensitiser (PS) is activated by light irradiation, gener-
ating cytotoxic reactive oxygen species (ROS) to kill tumour
cells." In PDT, ROS are photogenerated in a spatiotemporally
controlled manner at the tumour site, thereby reducing collat-
eral damage to the surrounding healthy tissues. Typically, a PS
is excited and finally populates the lowest-lying triplet state. In
this state, it can (1) transfer electrons to nearby substrates,
generating radicals such as hydroxyl radicals (HO") and super-
oxide anion radicals (O, ") via the type I process; or (2) transfer
energy to molecular oxygen (*0,) to produce highly cytotoxic
singlet oxygen ('0,) through the type II process.*® The
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generation of ROS via the type II photochemical reaction is
mechanistically simpler than that via the type I process and is
particularly effective under normoxic conditions.® In contrast,
type I PDT is less dependent on oxygen, ensuring effective ROS
generation even in hypoxic tumour microenvironments.” To
maximise the therapeutic efficacy of PDT, the development of
PSs that integrate both type I and type II photochemical
processes represents a promising strategy.

Pyroptosis, a recently identified form of programmed cell
death, is capable of triggering a strong immune stimulation
response and has gained increasing attention.® However, it is
predominantly induced by chemotherapeutic drugs, which may
cause severe side effects.”™ With the development of PSs, it has
been reported that pyroptosis can be induced by the ROS
produced during PDT.*>** Given the short lifetimes (<40 ns) and
narrow diffusion radii (ca. 10 nm) of ROS,* developing
organelle-targeting PSs to achieve precise treatment is of para-
mount importance. Mitochondria are essential organelles
involved in energy production and are recognised as crucial
regulators of cell death.'® Pyroptosis has also been closely linked
to mitochondrial dysfunction.”* Consequently, the develop-
ment of mitochondria-targeting photosensitisers that can
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induce pyroptosis for cancer therapy presents a promising
approach with excellent therapeutic performance.
Photofunctional transition metal complexes have attracted
considerable attention as PSs due to their versatile photophysical
and photochemical properties.”** Among these complexes,
cyclometallated iridium(ur) complexes exhibit remarkable prop-
erties in PDT-based disease treatment, such as strong phospho-
rescence and efficient ROS photosensitisation.”** As congeners
of iridium(ur) complexes, cyclometallated rhodium(m) complexes
share similar synthetic methodologies and structural character-
istics,” and they also possess unique advantages in therapeutic
applications. Various rhodium(ur) complexes have been reported
to show significant anticancer activity through diverse mecha-
nisms, such as inhibiting protein activity’*** or binding to
DNA.*** Furthermore, several mitochondria-targeting rhodiu-
m(m) complexes have been demonstrated as anticancer candi-
dates, capable of disrupting the integrity of the mitochondrial
membrane, elevating intracellular ROS levels, and inducing cell
apoptosis.®***” These intriguing properties render rhodium/(ur)
complexes potent therapeutic agents for different disease treat-
ments. However, most cyclometallated rhodium(u) complexes
possess a non-emissive low-lying d—-d ligand-field excited state,
which limits their applications in bioimaging and photo-
therapeutics. Only a few luminescent cyclometallated rhodiu-
m(m) complexes have been developed for cellular imaging,>>*®
and two dinuclear rhodium(u) complexes and one half-sandwich
pentamethylcyclopentadienyl-rhodium(m) complex can photo-
sensitise ROS for PDT applications.**** Consequently, substantial
challenges remain in utilising cyclometallated rhodium(ur)
complexes as potential bioimaging and phototherapeutic agents.
We have previously proposed a versatile strategy to synthesise
a series of rhodamine-containing transition metal complexes,
which integrates the merits of transition metal complexes and
rhodamine dyes, such as efficient photoinduced generation of 'O,
and high molar absorptivity in the visible region, respectively.**
We have also demonstrated the improvement of 'O, generation
quantum yields in rhodamine-containing iridium(m) complexes
by strategically tuning the metal-based excited state (variation of
the cyclometallating ligand) for subsequent energy transfer
processes.*>* Inspired by the results of these studies, we antici-
pate that leveraging the energy cascade concept and the relatively
weak spin-orbit coupling (SOC) characteristics of the rhodium
atom, cyclometallated rhodium(m) complexes can be designed to
achieve a delicate balance between fluorescence for bioimaging
and ROS generation for PDT, highlighting their potential as
phototherapeutic agents (Fig. 1). Herein, we report the design and
synthesis of a series of rhodamine-containing cyclometallated
rhodium(m) complexes with varied cyclometallating ligands,
[Rh(N~C),(bpy-Rho)](PFs), (HN~C = 4-(2-pyridinyl)benzaldehyde
(Hpba) (1), 2,3-diphenylquinoxaline (Hdpgx) (2), 2,3-di-
thienylquinoxaline (Hdtqx) (3), 2,3-diphenylbenzo[g]quinoxaline
(Hdpbq) (4) and 2,3-dithienylbenzo[g]quinoxaline (Hdtbq) (5);
bpy-Rho = 4-(9-(3,6-bis(diethylamino))xanthylium)-4’-methyl-2,2’-
bipyridine), as bioimaging and phototherapeutic agents (Chart 1).
Their rhodamine-free counterparts, [Rh(N"C),(Me,-bpy)](PFe)
(HN~C = Hpba (1c), Hdpgx (2¢), Hdtgx (3c), Hdpbq (4¢) and
Hdtbq (5¢); Me,-bpy = 4,4'-dimethyl-2,2"-bipyridine), were also
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Fig. 1 Synergism of rhodamine-appended rhodium(in) complexes.

prepared for comparative studies. The incorporation of rhoda-
mine into these rhodium(m) complexes enabled their excitation at
relatively long wavelengths (>550 nm), yielding moderate emis-
sion quantum yields. Importantly, the Rh(N~C),-based triplet
excited state (Ty') also functioned as a cascade, featuring another
energy transfer pathway. Although intersystem crossing from the
rhodamine singlet excited state (S,) to its triplet excited state (T;)
is inefficient due to the weak SOC of the rhodium(m) centre, the
new pathway facilitates the population of the rhodamine T; state,
which is responsible for the photosensitisation of ROS. In
contrast to previous iridium(u)-rhodamine systems,*** the new
rhodium(m)-rhodamine hybrid system maintains a delicate
balance between fluorescence and ROS photosensitisation.
Remarkably, their excellent photocytotoxicity towards MCF-7 cells
via the introduction of pyroptosis unveils their great potential as
PDT agents.

Results and discussion

Synthesis and characterisation

The rhodamine-appended rhodium(ur) complexes 1-5 and their
rhodamine-free counterparts (1c-5¢) were synthesised accord-
ing to modified procedures.”” All the complexes were
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Chart 1 Structures of complexes 1-5 and 1c-5c.
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Fig. 2 Perspective views of complex cations of 2 (left) and 3 (right).
Hydrogen atoms, counterions and solvent molecules are omitted for
clarity. Thermal ellipsoids are shown at the 30% probability level. Rh:
orange; S: yellow; N: blue; O: red; C: black.

characterised by "H and *C NMR and high-resolution electro-
spray ionisation mass spectrometry (HR-ESI-MS) and gave
satisfactory elemental analyses (see the SI). The structures of
complexes 2, 3, 4c and 5¢ were determined by X-ray crystallog-
raphy. Their crystallographic data are listed in Table S1-S4 and
their perspective views are depicted in Fig. 2 and S1. The
complex cations exhibited distorted octahedral geometries,
with trans angles at the rhodium(m) centre ranging from 169.5
to 175.6° for complex 2 and from 170.5 to 173.5° for complex 3.
As expected, the Rh—-C bonds of the cyclometallating ligands
were arranged in a cis orientation. In complex 2, the dihedral
angles between the bonded phenyl ring and the quinoxaline of
the dpgx ligand were 24.5 and 24.3°, while those of the pendant
phenyl ring were 49.7 and 50.6°. In complex 3, the dihedral
angles between the bonded thienyl ring and the quinoxaline of
the dtqgx ligand were 24.7 and 26.9°, and those of the pendant
thienyl ring were 29.7 and 31.0°. The xanthene plane of the
rhodamine unit was orthogonal to the pyridine plane, with
dihedral angles of 63.6° in complex 2 and 74.2° in complex 3.

Photophysical properties

The electronic absorption spectra of complexes 1-5 in CH;CN at
298 K are presented in Table S5 and Fig. 3a. All the complexes
exhibited moderately intense absorption bands at ca. 350-
500 nm, which were ascribed to spin-allowed intraligand ('IL)
transitions (mr — 7*) or intraligand charge transfer (‘ILCT)
[r(C-donor aryl of NAC) — 7*(N-donor aryl of N~C)], mixed
with partial spin-allowed metal-to-ligand charge transfer
(*MLCT) [dr(Rh) — m*(N~C)] character.** An intense low-
energy absorption band at ca. 575 nm was observed, which is
assigned to the characteristic 'IL (m — m*) transition of
rhodamine.*** It was absent in their rhodamine-free counter-
parts 1c-5¢ (Fig. S2). Upon photoexcitation, all the rhodamine-
containing complexes exhibited weak to moderate emission in
fluid solutions at 298 K (@, = 0.039-0.25; Table 1, Fig. 3b, and
S3) with peak maxima at 605-631 nm. Compared to previously
reported iridium(m)-rhodamine complexes (@, = 0.003-
0.037),* the emission quantum yields of complexes 1-5 were
higher, making them promising bioimaging agents. Their

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Fig. 3 (a) Electronic absorption and (b) normalised emission spectra of
(bpy-Rho)(PFg) and complexes 1-5 in aerated CH3zCN at 298 K (Aey =
525 nm). Nanosecond time-resolved transient absorption difference
spectra of (c) complex 3 and (d) complex 5 in deaerated CH3zCN at 298
K (Xex =532 nm). Insets in (c and d) show the decay traces of the signals
at 575 nm.

emission intensities were insensitive to oxygen (Fig. S4 and S5),
and their lifetimes were very short (<10 ns), suggesting that the
emission was fluorescence in nature, attributed to the 'IL
excited state of rhodamine.*""** Notably, the emission maxima
of the rhodamine complexes 1-5 were hypsochromically shifted
in aqueous buffer solutions (Table 1), probably due to the
hydrophobic nature of the cyclometallating ligands that
promoted the aggregation of the complexes in aqueous media.
When excited at 532 nm, no obvious phosphorescence from the
Rh(N~C),-based moiety was observed, both in aerated and
deaerated solutions (Fig. S4). However, upon 350-nm photoex-
citation, complex 5 showed weak emission at ca. 750 nm in
deaerated CH;CN (Fig. S5), which is ascribed to the phospho-
rescence of the Rh(dtbq),-based moiety (vide infra). It is inter-
esting to note that the absorption and emission bands of

Table 1 Photophysical data of the ligand (bpy-Rho)(PFs) and

complexes 1-5 at 298 K

Compound Solvent Aem/NM Do’ Tralus

(bpy-Rho)(PF,)** CH;CN 598 0.29 —
Buffer? 598 0.23

1 CH,CN 627 0.22 20.0
Buffer? 621 0.19

2 CH,CN 630 0.25 28.2
Buffer? 625 0.19

3 CH,CN 630 0.072 8.7
Buffer? 627 0.061

4 CH,CN 630 0.097 7.6
Buffer? 605 0.081

5 CH,CN 631 0.064 4.1
Buffer? 615 0.039

“ The absolute emission quantum yields were measured using an
integrating sphere (., = 570 nm). ” The TA lifetimes (zy,) at 575 nm
(Zex = 532 nm) were examined in deaerated CH;CN at 298 K. ¢ Could
not be determined. ¢ Potassium phosphate buffer (50 mM, pH 7.4)/
CH;CN (7: 3, v/v). The use of CH;CN was due to solubility reasons.

Chem. Sci., 2025, 16, 22127-22135 | 22129
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rhodamine in complexes 1-5 are red-shifted relative to those in
the free ligand (bpy-Rho)(PF,) in CH;CN (Table 1 and Fig. 3b),
suggesting the effective coupling between the rhodium(m)
centre and rhodamine moiety. Additionally, the @, values of
complexes 3-5 (0.064-0.097) were much lower than that of (bpy-
Rho)(PFs) (0.29) (Table 1), indicating the presence of a quench-
ing process of the rhodamine S; state upon the incorporation of
a rhodium(m) centre. In contrast, the rhodamine-free
complexes 1c-5c¢ showed phosphorescence in the yellow to
near-infrared (NIR) region (Table S6, Fig. S6 and S7), depending
on the nature of the cyclometallating ligands.

Given the reduced emission quantum yields of complexes 1-
5 compared to (bpy-Rho)(PF¢), a dark triplet excited state is
anticipated to be populated as the lowest-lying excited state.
The dark excited state of complexes 1-5 was examined by
nanosecond time-resolved transient absorption (TA) spectros-
copy, and the time-resolved TA spectra are depicted in Fig. 3c,
d and S8. Upon 532-nm pulsed laser excitation, complexes 1-5
exhibited an intense and long-lived photobleaching signal at ca.
575 nm, originating from the ground-state rhodamine absorp-
tion depletion, which was assigned to the *IL excited state of
rhodamine.*** Based on the absence of such a TA signal in the
free ligand (bpy-Rho)(PFe),** the population of this rhodamine
triplet excited state is attributed to the coordination of the
ligand to the rhodium(m) centre. Complexes 1-5 displayed long
triplet excited-state lifetimes on the microsecond timescale
(4.1-28.2 ps) (Table 1). In the spectra of complex 5 (Fig. 3d),
a positive peak was observed at ca. 516 nm with a lifetime of 3.8
us. A similar signal was also observed in the TA spectra of
complex 5¢ (Fig. S9), and this positive TA peak was ascribed to
the biscyclometallated rhodium(m) moiety-based *IL/*MLCT
excited state. Both the triplet excited-states on the rhodamine
unit (*IL) and the Rh(dtbq),-based moiety (*IL/’MLCT) were
simultaneously populated in complex 5, which was probably
due to the existence of a thermal equilibrium between these
closely-lying triplet excited states.***

ROS photosensitisation

To investigate the possible ROS photosensitisation capabilities
of the rhodium(ur) complexes, a fluorogenic probe for ROS, 2,7-
dichlorofluorescein diacetate (DCFH-DA), was employed for
a semi-quantitative study. In the presence of ROS, DCFH-DA is
oxidised to the highly emissive 2,7-dichlorofluorescein
(DCF).**** Mixed solutions of (bpy-Rho)(PF¢) or rhodium(mr)
complexes and DCFH-DA were exposed to white-light irradia-
tion (400-700 nm, 2 mW cm %), while the emission from DCF in
the mixtures at 526 nm was monitored at 1-min intervals
(Fig. 4a). As expected, negligible ROS was photogenerated by
(bpy-Rho)(PF). Interestingly, the ROS photosensitising abilities
of complexes 2-5 increased significantly, while that of complex
1 was still weak. Their total ROS generation abilities followed
the order: (bpy-Rho)(PFs) <1 <2 <4 < 3 < 5. By comparison with
their rhodamine-free counterparts 1c-5¢ (Fig. S10), the ROS
generation abilities of complexes 1 and 2 were only slightly
enhanced, while a significant increase in ROS generation was
observed for complexes 3-5. These results clearly demonstrate
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Fig. 4 (a) Emission enhancement of an aerated PBS solution of DCF
(40 uM) and free ligand (bpy-Rho)(PFg) or complexes 1-5 (0.5 uM) at
526 nm upon irradiation with white light (400-700 nm, 2 mW cm™2).
(b) O, emission spectra of complexes 1-5 and Rose Bengal in aerated
CH=CN (Aex = 573 nm). (c) EPR signals of DMPO-0O,"~ obtained upon
white light irradiation (400-700 nm, 10 mW cm™2) for 10 min of
aerated MeOH solutions of complexes 3-5 (20 pM) and DMPO (100
mM). (d) EPR signals of DMPO-HO" obtained upon white light irradi-
ation (400-700 nm, 10 mW cm™2) for 10 min of aerated PBS solutions
of complexes 3-5 (20 uM) and DMPO (100 mM).

that the introduction of a rhodamine unit, as well as the choice
of cyclometallating ligands, plays a vital role in the ROS
generation efficiencies.

To identify the ROS produced by complexes 1-5, various
measurements were employed for the investigation of 10,, 0,
and HO'. First, the 'O, generation quantum yields of all
complexes were determined by directly measuring the 'O,
emission at ca. 1270 nm in aerated CH;CN using Rose Bengal as
areference photosensitiser (9, = 0.45 in CH3CN).?> As shown in
Table 2 and Fig. 4b, very weak or negligible 'O, emission was
detected for complexes 1 and 2. Notably, a characteristic 10,
emission band was observed in the spectra of complexes 3-5,
and their 'O, generation efficiencies (¢, = 0.50 (3), 0.55 (4) and
0.75 (5)) were even higher than that of Rose Bengal. Addition-
ally, similar results were obtained by monitoring the

Table 2 'O, generation quantum yields of the ligand (bpy-Rho)(PFg)
and complexes 1-5 in aerated CHzCN at 298 K

Compound N D,°
(bpy-Rho)(PF,)"* 0.002 —
1 0.008 —
2 0.11 —
3 0.50 0.49
4 0.55 0.58
5 0.75 0.73

“? The 0, generation quantum yields were determined by using DPBF as
a'0, scavenger and Rose Ben%al (P = 0.45 in aerated CH;CN) was used
as a reference (A, = 570 nm). ” The 'O, generation quantum yields were
determined based on the emission of 'O, at 1270 nm (4, = 570 nm).
¢ Could not be determined.

© 2025 The Author(s). Published by the Royal Society of Chemistry
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diminution of 1,3-diphenylisobenzofuran (DPBF) absorbance at
410 nm (Table 2).

Considering the superior ROS generation efficiencies of
complexes 3-5, electron paramagnetic resonance (EPR) spec-
troscopy was employed to verify the generation of O,"~ and HO"
by using 5,5-dimethyl-1-pyrroline-N-oxide (DMPO) as a spin-
trapping agent. As shown in Fig. 4c, distinct DMPO-O,
signals were observed in the presence of complexes 3-5,
suggestive of the O, production capacity of these complexes.
Furthermore, a characteristic quartet signal of DMPO-HO" with
an intensity of 1:2:2:1, was detected in aqueous solutions
containing complexes 3-5 upon light irradiation (Fig. 4d),
revealing the formation of HO" radicals. Thus, the efficient
formation of ROS in these rhodamine-containing rhodium(im)
complexes via both type I and type II mechanisms makes them
highly promising candidates for PDT applications.

In general, the fluorescence and ROS photosensitisation
properties of the rhodamine-containing rhodium(in) complexes
are attributed to the rhodamine-based S; and T, states,
respectively, offering two complementary decay pathways for
the excited rhodamine-containing rhodium(ur) complexes. The
free ligand (bpy-Rho)(PFs) showed intense fluorescence but
negligible population of the triplet excited state and ROS pho-
tosensitisation. Complexes 1 and 2 exhibited high emission
quantum yields (0.22 and 0.25, respectively; Table 1), which are
comparable to that of (bpy-Rho)(PFe) (0.29), suggesting that
fluorescence was the predominant relaxation pathway. In light
of the relatively low ROS generation efficiencies of complexes 1
and 2 (¥, = 0.008 and 0.11, respectively; Table 2), together with
their relatively high emission quantum yields, an inefficient
intersystem crossing (ISC) process for the population of the
rhodamine-based T, state is anticipated due to the weak heavy
atom effect of rhodium(m) with a relatively small SOC constant
(¢ = ca 1360 cm ').*** However, in complexes 3-5, the
rhodamine fluorescence intensities decreased substantially
(Pem = 0.064-0.097; Table 1), accompanied by high ROS
(including '0,, O,"~ and HO") generation efficiencies. Given
that the ISC rate in complexes 1-5 is mediated by the rhodiu-
m(u) centre and thus should be very similar among the five
complexes, the population of the T, state in complexes 3-5 is
enhanced by the variation of cyclometallating ligands, which
are closely associated with the energy levels of Rh(N~C),-based
T, states. Therefore, it is reasonable to assume that the
rhodamine-based T state can be independently populated from
the rhodamine-based S; state through an additional energy
transfer pathway. To elucidate the underlying energy transfer
pathways, the energy levels of the S; and T, states in the rho-
dium(m)-rhodamine hybrid systems were estimated. The
energy levels of S; and T; states of (bpy-Rho)(PF) were deter-
mined to be 2.14 and 1.70 eV,** respectively, while those of
Rh(N~C),-based T, states were estimated from the emission
spectra of the rhodamine-free analogues 1c-5¢, ranging from
ca. 1.75 to 2.58 eV. This comparison indicates that the rhoda-
mine T, state, as the lowest-lying excited state, is populated and
primarily responsible for ROS photosensitisation.

An energy level diagram illustrating the excited-state
dynamics of the rhodamine-decorated rhodium(ur) complexes

© 2025 The Author(s). Published by the Royal Society of Chemistry
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is shown in Fig. 5. Upon irradiation, complexes 1 and 2 are
excited to the rhodamine S, state, and their rhodamine-based
T, states are not readily accessible due to insufficient ISC effi-
ciency. Although the Rh(N~C),-based T, states of complexes 1
and 2 could also contribute to ROS generation, the excitation
energy at the absorption peak of rhodamine is lower than that
required to access the 'IL/'MLCT state, which would further
transfer energy to the T," state. For complexes 1 and 2, the
energy levels of the Ty’ state (2.58 and 2.30 eV, respectively) are
higher than that of the rhodamine S, state (2.14 eV), suggesting
that the T, state cannot be populated from the S; state via an
ISC process. For complexes 3-5, the energy levels of the Ty’ state
(2.07-1.75 eV) lie between those of the rhodamine-based S; and
T, states. The smaller energy gap between S; and T’ states (AEs 1)
facilitates the ISC process.* Therefore, an energy cascade
involving energy transfer from the rhodamine-based S; state to
Rh(N~C),-based Ty state via intramolecular singlet-triplet energy
transfer (STET, S; —Ty'), and further conveyed to the lowest-lying
rhodamine-based T; state via a triplet-triplet energy transfer
(TTET, T, —T,) process, is proposed.” As a result, the rhodamine-
based long-lived non-emissive T; state is populated as the lowest-
lying excited state, which is responsible for 'O, production via
energy transfer to >0, and for radical generation via electron
transfer to substrates, respectively. Additionally, Forster resonance
energy transfer (FRET) and photoinduced electron transfer (PET)
were considered as potential mechanisms for the reduced rhoda-
mine emission quantum yields of complexes 3-5. However, given
the minimal overlap between the fluorescence spectrum of
rhodamine and the absorption spectra of rhodamine-free
analogues, the theoretical quenching efficiencies (Eca) of
complexes 1-4 were determined to be 0.19-0.56 (Table S7), indi-
cating that FRET alone is unlikely to account for the reduction of
fluorescence intensities. In contrast, complex 5 displayed a long
Forster distance (R,) (22.58 A), and the E_,. was estimated to be
0.99 (Table S7 and Fig. S11), suggesting that FRET contributes to
its suppressed fluorescence. Based on the electrochemical data of
the ligand (bpy-Rho)(PFs) and rhodamine-free complexes 1c-5¢
(Table S8), the driving force for PET from the rhodamine unit to
the biscyclometallated rhodium(m) moiety was estimated using the
equation for the “Gibbs energy of PET” (AGgy). The AGgy values of
complexes 1-3 were calculated to be 0.12-0.51 eV, suggesting that
PET is thermodynamically unfavourable in these complexes. The

Rh(N~C),-based triplet state (T,’)
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Rhodamine-based singlet state (S,)
Rhodamine-based triplet state (T;)
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Triplet-triplet energy transfer (TTET)

Fig. 5 Energy level diagram of rhodamine-decorated rhodium(in)
complexes.
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AGgr values of complexes 4 and 5 were determined to be —0.04
and —0.07 eV, respectively. However, the values are quite small,
suggesting that the quenching of rhodamine fluorescence is not
attributable to PET. These results highlight that the ROS genera-
tion properties of rhodamine-decorated rhodium(m) complexes
can be controlled through a judicious selection of cyclometallating
ligands in this hybrid system.

Bioimaging and (photo)cytotoxicity

The biological properties of complexes 1-5 were studied using
human breast carcinoma MCEF-7 cells as a model cancer cell
line. The intracellular localisation of the complexes was inves-
tigated by laser-scanning confocal microscopy (LSCM). After
treatment of MCF-7 cells with complexes 1-5, intense emission
was observed in the cytoplasmic region of the cells (Fig. 6a and
S12), indicating the highly efficient cellular uptake of these
complexes. The reticulum-like network observed appeared to be
mitochondria. Colocalisation studies demonstrated that these
complexes accumulated in the mitochondria of live cells with
relatively high Pearson's correlation coefficients (PCCs; 0.80-
0.89) (Fig. 6a, S12 and S13). Their exclusive mitochondria-
targeting abilities are attributed to their cationic and lipo-
philic character (log D;, ranging from +1.06 to +0.19, Table
S9).°%%° As revealed by inductively coupled plasma-mass spec-
trometry (ICP-MS), the relatively lower cellular uptake of
complexes 4 and 5 ([Rh] = 0.049 and 0.039 fmol, respectively;
Table S10) compared to that of the other three complexes ([Rh]
= 0.061-0.097 fmol; Table S10) can be attributed to their larger
molecular sizes, resulting from the cyclometallating ligands.

To evaluate the PDT performance of these rhodamine-
decorated rhodium(m) complexes, their (photo)cytotoxicity
towards MCF-7 cells was studied using the 3-(4,5-
dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide (MTT)
assay. All the complexes exhibited minimal cytotoxicity in the
dark with IC5g gark values > 50 pM (Table 3 and Fig. S14). Upon
white-light irradiation (400-700 nm, 10 mW cm™ 2, 30 min), the
cell viability decreased dramatically, and the complexes showed
dose-dependent photocytotoxicity with ICsq jigne values at the
sub-micromolar levels. Notably, complex 3 displayed the high-
est photocytotoxicity index (ICso,gark/ICs0,1ight > 313), which may
be attributed to its relatively high cellular uptake efficiency
(Table S10). It has been reported that HO" is the most cytotoxic
and reactive ROS in biological environments.*® Since complex 3
showed the highest photocytotoxicity, it was further investi-
gated using the Calcein-AM/propidium iodide (PI) staining
assay. As presented in Fig. 6b, without light irradiation, complex
3-treated MCF-7 cells displayed strong green fluorescence from
Calcein-AM and no red emission from PI, indicating negligible
cytotoxicity of complex 3 in the dark. Upon 525 nm irradiation
(10 mW ecm™?), most cells were dead, as evidenced by the strong
red fluorescence of PI. Quantification of the Calcein-AM/PI-
stained cells by flow cytometry indicates that the live cell pop-
ulation in complex 3-treated cells dropped significantly from ca.
99.10 to 0.62% upon photoirradiation (Fig. S15), suggesting the
high photocytotoxicity of complex 3 and its great potential for
PDT.
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Fig. 6 (a) LSCM images of MCF-7 cells incubated with complex 3 (2
UM; Aex = 561 nm and Aem = 575-650 nm) for 30 min, followed by
staining with MitoTracker Green (200 nM; Ae, = 488 nm and A =
500-530 nm) for 15 min. PCC = 0.89. (b) Live/dead cell staining of
MCEF-7 cells incubated with complex 3 (2 uM) for 2 h, followed by
either keeping in the dark or irradiation at 525 nm (10 mW cm™2) for 10
min, and subsequently incubated for 1 h. Cells were stained with
Calcein-AM (1 uM; Aex = 488 nm and Ay = 500-520 nm) and PI (10
UM; Aex =532 nm and A = 600-650 nm) for 1 h. (c) Intracellular ROS
generation in MCF-7 cells incubated with complex 3 (2 uM) for 2 h,
followed by DCFH-DA (5 uM; Aex = 488 nm and Aeyy = 500-530 nm)
for 30 min and then kept in the dark or irradiated with white light (400—
700 nm, 10 mW cm™2) for 2 min. (d) Changes of MMP in MCF-7 cells
incubated with complex 3 (2 uM) for 2 h and then kept in the dark or
irradiated with white light (400-700 nm, 10 mW cm™2) for 10 min.
Cells were further incubated in the dark for 30 min before being
stained with R123 (5 uM; Aoy = 488 nm and Aey, = 500-530 nm) for
10 min. (e) A bright-field LSCM image of MCF-7 cells incubated with
complex 3 (2 uM) for 2 h and then irradiated with white light (400—
700 nm, 10 mW cm™2) for 10 min. (f) Western blot analysis of cleaved
caspase-1, GSDMD, GSDMD-N and B-actin in MCF-7 cells treated with
or without complex 3 (1 uM) for 2 h in the presence or absence of 525
nm irradiation (10 mW cm~2) for 5 min.

The intracellular ROS generation ability of complex 3 was
examined using the ROS probe DCFH-DA. As expected,
dramatically enhanced fluorescence of DCF was detected in the

Table 3 (Photo)cytotoxicity of complexes 1-5 towards MCF-7 cells in
the dark and upon white-light irradiation (400-700 nm, 10 mW cm™2)
for 30 min. Photocytotoxicity index = 1Csg gark/ICs0,iight

Complex ICs0,darl/ MM ICs0,light/ LM Photocytotoxicity index
1 >100 4.7 £ 0.2 >21

2 >50 0.55 £+ 0.02 >91

3 >50 0.16 £ 0.01 >313

4 >50 0.50 £+ 0.01 >100

5 >50 0.39 £ 0.02 >128

© 2025 The Author(s). Published by the Royal Society of Chemistry
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cells only after white-light irradiation (400-700 nm, 10 mW
em~?, 2 min) (Fig. 6c), indicating substantial ROS photo-
sensitisation. When the cells were pretreated with NaNj, Tiron
or p-mannitol (*O,, O, and HO" scavengers, respectively), the
fluorescence intensity of DCF in MCF-7 cells decreased mark-
edly (Fig. S16 and S17), implying the generation of ROS via type I
and type II pathways in live cells. Considering the subcellular
location of these rhodium(m) complexes, the mitochondrial
membrane potential (MMP) of cells treated with complex 3 was
measured utilising rhodamine 123 (R123) as an indicator. At
higher potentials in living cells, R123 accumulates in mito-
chondria and emits strong green fluorescence. However, it is
released from mitochondria at low MMP, resulting in weak
emission. As shown in Fig. 6d, for MCF-7 cells treated with
complex 3 in the dark, R123 accumulated in mitochondria, as
indicated by intense green fluorescence. Upon photo-
irradiation, the intensity of green emission was dramatically
reduced, illustrating the release of R123 and the loss of MMP.
These results demonstrate that the ROS photosensitised by
complex 3 can trigger mitochondrial damage and lead to cell
death. The excellent therapeutic effects of these rhodamine-
decorated rhodium(u) complexes were therefore attributed to
their highly efficient ROS generation and mitochondria-
targeting abilities.

Intriguingly, upon treatment with complex 3 and subsequent
white light irradiation (400-700 nm, 10 mW c¢m™ >, 10 min),
MCF-7 cells exhibited swelling and expulsion of large bubbles
from the plasma membrane (Fig. 6e). These morphological
changes indicated that complex 3 may trigger cell death via
pyroptosis. A canonical initiating pathway of pyroptosis has
been reported in which intracellular ROS activates NOD-like
receptor protein 3 (NLRP3) inflammasomes, leading to the
cleavage of pro-caspase-1, followed by the cleavage of gasdermin
D (GSDMD).*** The cleaved N-terminal domain of GSDMD
(GSDMD-N) then translocates to the cell membrane, where it
forms pores, resulting in cell swelling and membrane
rupture.®* Western blot assays were conducted to study the
expression of cleaved caspase-1, GSDMD and GSDMD-N in
MCF-7 cells under different conditions. Compared to untreated
cells (control), cells treated with either light irradiation or
complex 3 alone showed no significant variation in the expres-
sion levels of these proteins (Fig. 6f). However, cells treated with
both complex 3 and light irradiation displayed a marked
increase in cleaved caspase-1 expression, accompanied by
a notable reduction in the GSDMD level and a corresponding
elevation in the GSDMD-N level. It is likely that the activation of
caspase-1 led to the cleavage of GSDMD into the GSDMD-N
domain, ultimately triggering pyroptosis. Collectively, these
findings suggest that upon photoexcitation, complex 3 can
efficiently induce pyroptosis via a caspase-1-mediated GSDMD
cleavage pathway.

Conclusion

In conclusion, we have developed a series of novel rhodamine-
decorated rhodium(m) complexes that can function as both
bioimaging and PDT agents. The incorporation of the

© 2025 The Author(s). Published by the Royal Society of Chemistry
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rhodamine unit addresses some of the limitations associated
with the use of cyclometallated rhodium(ir) complexes in PDT.
A long-lived dark rhodamine-based triplet state, resulting from
the addition of the rhodium(m) centre, is the lowest-lying
excited state and is responsible for ROS photosensitisation.
Complexes 3-5 exhibited substantially enhanced O, generation
efficiencies with low excitation energy at 570 nm. Meanwhile,
they were capable of generating O," and HO" efficiently. Based
on photophysical and photochemical studies, we propose an
energy cascade pathway from a rhodamine-based S, state to
a Rh(N"C),-based T, state, and subsequently to the lowest
rhodamine T, state when the energy level of the T’ state lies in-
between that of the S; and T, states of rhodamine. This
discovery allows for modulating the ROS photosensitisation
capability of cyclometallated rhodium(m) complexes through
a judicious selection of cyclometallating ligands, maintaining
a delicate balance between fluorescence and ROS photo-
sensitisation within this system. Additionally, cellular studies
revealed that these complexes were localised in mitochondria,
and the photogenerated ROS triggered mitochondrial dysfunc-
tion. Furthermore, complex 3 was capable of inducing pyrop-
tosis upon light irradiation, achieving excellent therapeutic
effects by integrating type I and type II ROS photosensitisation
processes. This work introduces a promising strategy for the
development of cyclometallated rhodium(m) complexes as
effective PSs. This rhodium(m)-rhodamine hybrid system is
anticipated to function as an innovative theranostic agent for
both imaging and PDT applications.
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