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ABSTRACT: Cyclometalated iridium(III) complexes are of signifi-
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cant importance in the field of antitumor photodynamic therapy @ @ —p> oa o] e
(PDT), whether they exist as single molecules or are incorporated | . . oot e
into nanomaterials. Nevertheless, a comprehensive examination of the J ‘ ﬁ o gy w ‘0,13%
relationship between their molecular structure and PDT effectiveness t'\’“m targeting  OQ2© uer
remains awaited. The influencing factors of two-photon excited PDT 9 ¢ i 0z
can be anticipated to be further multiplied, particularly in relation to Apoptosis ch‘féJB g s Tomor
intricate nonlinear optical properties. At present, a comprehensive ‘ ‘ Lo i R

body of research on this topic is lacking, and few discernible patterns
have been identified. In this study, through systematic structure Ir(i)-ps .

regulation, the nitro-substituted styryl group and 1-phenylisoquino-

line ligand containing YQ2 was found to be the most potent infrared two-photon excitable photosensitizer in a 4 X 3 combination
library of cyclometalated Ir(III) complexes. YQ2 could enter cells via an energy-dependent and caveolae-mediated pathway, bind
specifically to mitochondria, produce 'O, in response to 808 nm LPL irradiation, activate caspases, and induce apoptosis. In vitro,
YQ2 displayed a remarkable phototherapy index for both malignant melanoma (>885) and non-small-cell lung cancer (>1234)
based on these functions and was minimally deleterious to human normal liver and kidney cells. In in vivo antitumor phototherapy,
YQ2 inhibited tumor growth by an impressive 85% and could be eliminated from the bodies of mice with a half-life as short as 43 h.
This study has the potential to contribute significantly to the development of phototherapeutic drugs that are extremely effective in
treating large, profoundly located solid tumors as well as the understanding of the structure—activity relationship of Ir(III)-based PSs

IR TP-PDT in vivo - Low Hepatorenal Toxicity

Downloaded viaMOSCOW STATE UNIV on May 12, 2026 at 11:34:21 (UTC)
See https://pubs.acs.org/sharingguidelines for options on how to legitimately share published articles.

in PDT.

1. INTRODUCTION

Photodynamic therapy (PDT) is a promising approach for
cancer treatment, wherein the activation of photosensitizers
(PSs) by light irradiation leads to the generation of reactive
oxygen species (ROS). This process ultimately induces the
noninvasive eradication of tumor cells.”” The functionality of
PDT is, to a specific extent, dependent on the presence of
oxygen.”* The efficacy of PDT is significantly diminished in
tumors, especially in large solid tumors, due to the presence of
a hypoxic environment.”® The integration of PDT with various
other innovative therapeutic approaches, including photo-
thermal therapy (PTT), photoacoustic therapy (PAT), photo-
chemotherapy (PCT), and immunogenic cell death (ICD), has
the potential to synergistically enhance treatment effectiveness
and minimize the required dosage of therapeutic agents.”” "’
Taking a step back to assert, for PDT alone, the mechanisms
underlying the construction of highly active molecules or
materials through structural regulation are considered to be
largely unidentified.'*"

Cyclometalated Ir(III) complexes, typically with one N*N
main ligand for functions and two C"N ligands for ancillary
modulation, are widely used as luminescent materials and

© 2023 American Chemical Society

7 ACS Publications

antitumor PSs due to their extended triplet excited state (*ES)
lifetime and high quantum yield of both emission and ROS
production, the vast majority of which is '0,."°™"% As cationic
complexes with optimized lipophilicity and cellular uptake,
they are believed to be advantageous in PDT.'”™** Despite
recent advancements in the field, the development of new
Ir(1I1)-PSs with customizable photophysical and photobio-
logical characteristics has encountered certain challenges.
These challenges include inadequate solubility in biological
environments, resulting in low bioavailability, limited absorp-
tion, and quantum yield of 'O, generation within the PDT
window of 700—1000 nm, and elevated toxicity toward normal
cells.”>** A two-photon laser can overcome some of these
limitations due to its better light penetration depth (allowing
treatment of deeper tumors or lesions) and superior spatial
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Figure 1. Structure and photophysical properties of infrared two-photon excitable Ir(III) photosensitizers (PSs) built in this study. (a) Structure of
Ir(IIT)-PSs. (b) Absorption and emission spectra of YF1—4 (10 M) in aqueous solution. (c) Absorption and emission spectra of YP1—4 (10 uM)
in aqueous solution. (d) Absorption and emission spectra of YQ1—4 (10 uM) in aqueous solution. (e) Two-photon absorption cross sections
(TPACS, 6) of Ir(IIT)-PSs (50 uM in THF). (f) Singlet oxygen ('O,) generation upon 808 nm low-power laser (LPL, 100 mW cm™?) irradiation in

an aqueous solution.

selection (minimizing damage to surrounding healthy tissues).
Nevertheless, it is worth noting that, in most documented cases
involving TP-PDT, the excitation of the photosensitizer relies
on the utilization of high-power laser irradiation. This
approach results in local light intensities that significantly
exceed the maximum permissible exposure (MPE) for skin
under infrared (IR) light irradiation, as specified by the
American national standard for safe use of lasers (ANSI
7136.1-2014) at a value of 0.33 W cm ™. Consequently, this
elevated light intensity has the potential to induce irreversible
damage. Moreover, the complete coverage of solid tumors by
the highly concentrated laser beam is severely limited, thereby
significantly constraining its practicality. We have achieved
successful dual TP-PDT and PTT through the utilization of a
combination of a low-power laser (LPL, 808 nm, 100 mW
cm™?) with an adjustable spot-size (beam diameter >1.0 cm) as
a light source and single-molecule Ru(II), Os(II), and Ir(III)
complexes with extremely high TP absorption cross sections
(TPACS) as both PSs and photothermal agents (PTAs).”>**
The determination of photodynamic and photothermal
properties is highly dependent on the allocation of excited
state (ES) energy among various relaxation pathways,
including radiative decay (luminescence), non-radiative (heat
release), and energy transfer to oxygen (resulting in the
production of '0,).

To better understand the correlation between the energy
distribution tendency of ES and the structure of PS, especially
under TP excitation by LPL, a systematic regulation of the
structure of cyclometalated Ir(IIl) complexes has been carried
out through a 4 X 3 combination library consisting of three
C"N ligands and four NN ligands (Figure la). Their
photophysical properties, ES characteristics, photoexcited 'O,
generation, cell uptake and mechanism, subcellular localization,
and photoinduced apoptosis of the Ir(III)-PSs have been
investigated. They exhibited a notable phototherapy index for
malignant melanoma and non-small-cell lung cancer in both in
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vitro and in vivo environments. Regarding the safety of PSs,
their potential residues within the body and hepatorenal
toxicity were also tested. The representative PS YQ2 could be
eliminated from the bodies of mice quickly and demonstrated
minimal toxicity toward normal liver and kidney cells. This
study may contribute to the development of phototherapeutic
drugs that are extremely effective in treating large, profoundly
located solid tumors, as well as the understanding of the
structure—activity relationship of Ir(III)-based PSs in PDT. In
addition, it may offer new insights into the design strategies for
TP-PSs concluded by various researchers to date.””*’

2. RESULTS AND DISCUSSION

2.1. Synthesis and Spectroscopy. The synthesis of
Ir(III)-PSs YF1—4, YP1—4, and YQ1—4 (at a yield of 62.6%
to 91.7%) and their characterization (‘"H NMR, 3C NMR,
ESI-MS, and microanalysis) are shown in the Supporting
Information. As shown in Figure 1b—d, the absorption spectra
of Ir(IIT)-PSs (10 uM in aqueous solution, solid lines) were
quite adjustable by both the coordinated N”N ligands and the
cyclometalated C"N ligands. From the simulated absorption
spectra (Figures S1—S3), molecular orbital population
(Figures S4—S6), and their comparisons with experimental
data (Tables S1—S3), the absorption wavelengths and molar
extinction coefficients (&) were mainly affected by the
intraligand (IL) transitions on the N”N ligands and metal-
to-ligand charge transfer (MLCT) transitions between Ir(III)
and NN ligeands.3l’32 The emission spectra of Ir(III)-PSs (10
UM in aqueous solution, Figure 1b—d, dashed lines) exhibited
maximum emission wavelengths that increased from fppy to pq
to piq for the effect of C"N ligands. Their emission properties
were further studied by natural transition orbital (NTO)
analysis (Figures S4—S6). For YP1—4 and YQ1—4, the main
emissive ESs were distributed on the C"N ligands and received
less regulation from the NN ligands. For YF1—4, however,
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Table 1. Photophysical and Photochemical Properties and in Vitro Photodynamic Therapeutic Activity of Ir(III)-PSs in This

Study
PS Og08 (GM)a <I:'A40017 q)Asosb 10g KO/WC

YF1 162 0.73 0.03 221
YF2 213 0.61 0.13 2.55
YF3 219 0.31 0.03 1.82
YF4 171 0.78 0.04 1.53
YP1 141 0.89 0.04 2.56
YP2 307 0.64 0.12 2.86
YP3 210 0.91 0.05 2.05
YP4 124 0.44 0.07 1.84
YQ1 275 0.82 0.05 2.83
YQ2 391 0.77 0.12 2.94
YQ3 242 0.83 0.04 2.36
YQ4 233 0.39 0.04 2.05
CP
S-ALA

ICsorp (M)? p1? ICsorp.c (MM)? PI-C?
1.52 + 0.13 >65.8 3.87 + 0.24 >25.8
0.732 + 0.051 >137 242 + 0.16 >41.3
0.843 + 0.062 >119 1.74 + 0.14 >57.5
1.15 + 0.09 >87.0 341 + 0.26 >29.3
193 + 0.14 >51.8 424 + 0.32 >23.6
0.271 + 0.030 >369 1.54 + 0.12 >64.9
0.534 + 0.041 >187 1.88 + 0.16 >53.2
1.35 + 0.11 >74.0 324 + 0.22 >30.9
1.07 + 0.08 >93.5 2.82 + 0.19 >35.5
0.113 + 0.012 >88S 0.285 + 0.023 >351
0.265 + 0.031 >377 1.53 + 0.13 >65.4
0.832 + 0.064 >120 2.67 + 0.24 >37.5
1.32 + 0.10 1.24 147 + 0.11 1.12
68.7 + 4.3 2.37 151 + 12 1.08

“Two-photon absorption cross-section (TPASC) at 808 nm. bSinglet oxygen quantum yield in aqueous solution upon 400 nm LED (50 mW cm ™2,
@ 400) and 808 nm LPL (100 mW cm ™2, @ q05) excitation. “n-Octanol and water distribution coefficient. “In vitro cytotoxicity upon 808 nm LPL
(100 mW cm™2 light dose = 30 J cm™2) irradiation (ICsop) and phototherapy index (PL PI = IC,/ICsq7p) toward A37S human melanoma cell
lines directly or covered by 1.0 mm thick chicken breast (ICsyrp.c and PI-C, PI-C = ICsp/ICso1p.c). Cytotoxicities of Ir(III)-PSs under dark
conditions (IC,) were tested to be >100 M (solubility upper limit). The dark cytotoxicities of cisplatin (CP) and S-ALA were tested to be 1.64

+ 0.11 and 163 + 12, respectively.

most ESs with low energy level were contributed by the N*N
ligands, resulting in a more obvious difference in emission
wavelengths from each other.”® All Ir(III)-PSs in this study
exhibited a lifetime (7) range from 814 to 970 ns in aqueous
solution (Table S7), comparable to Ir(II[)-PSs recently
reported by different research groups.”””**~** Such a relatively
long ES lifetime can facilitate photosensitization and photo-
induced electron transfer processes on light activation.

2.2. Electrochemistry. The oxidative and reductive
potentials (E,, and E,4) of Ir(II[)-PSs, as well as their
differences (AE), were recorded in anhydrous MeCN by cyclic
voltammetry and are summarized in Table S7. Typical
irreversible Ir(IV)/Ir(IlI) oxidation couples were observed at
0.84—1.08 V, in accordance with cyclometalated Ir(III)
complexes reported recently.”*”” Introduction of the elec-
tron-withdrawing —NO, group on the N”N ligands did not
lead to a perceptible enhancement in the electron-accepting
ability and higher E,, values of the PSs as expected,”® whereas
the E, .4 values shifted to the anode, rendering small AE values.
From the population and energy level of the molecular orbitals
(MOs, Figures S7 and S9), the lowest unoccupied MOs
(LUMOs) of —NO, containing PSs were apparently lower
than the others of the series. The DFT calculated energy gaps
(Egap Table S7) between the highest occupied MO (HOMO)
and LUMO also exhibited the same regularity. Such small E,,,
and low excitation energy level ESs with IL characterizations
may suggest a favorable efficacy of electron excitation and
transfer for not only PSs in the PDT"*’ but also Ir(III)
photocatalysts in hydrogen evolution”' and CO, reduction.”

2.3. Two-Photon Absorption. Beneficial from their
excellent TPA properties, Ir(III)-PSs can nearly double their
excitation wavelength from around 400 nm to near 800 nm,
which greatly improved the light penetration into tissue and
safety in phototherapeutic applications.*”** The TPASC (o) is
therefore an essential parameter for Ir(IlI)-PSs in TP-PDT.
The Ir(III)-PSs in this study produce remarkable TP-induced
fluorescence signals in the range of 720—880 nm with no
apparent ¢ maxima (Figure 1le). The logarithm plots of the TP-
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induced fluorescence intensities (F) of Ir(III)-PSs exhibited a
linear relationship to the excitation intensities at 800 nm (I)
with slopes close to 2.0 (Figure S10), indicating the TPA
characteristic.”® Since many TPA-PSs with 6gog lower than 100
GM have been successfully applied in antitumor PDT, the
Ru—Os complexes in this study can be expected to be more
active in TP-excited antitumor PDT under 808 nm irradiation.
The 6 values at 808 nm (0gg Table 1) were 124—391 GM (1
GM = 107 cm* s photon™"), which are not only higher than
similar mononuclear Ir(II)*”***® and Ru(11)*" ™! complexes
at around 800 nm but quite comparable to certain dinuclear
Ir(II1),>* Ru(11),>** and Os(I1)** complexes. Therefore, these
Ir(II)-PSs can be expected to be potent TP-PSs that can be
excited by an 808 nm LPL.

2.4, Photoexcited Singlet Oxygen Generation. The
'0, quantum yields (®,) of a PS play an essential role in its
photocytotoxicity. As depicted in Figures 1f and S11—-S17, the
absorbance of 9,10-anthracenediyl-bis(methylene)dimalonic
acid (ABDA), a 'O, trapping probe, decreased rapidly under
irradiation with a 400 nm LED (50 mW cm™?) and 808 nm
LPL (100 mW cm™?) in the presence of Ir(II)-PSs, indicating
the highly efficient generation of 'O,. With the aid of a photon
counting technique (detailed in the Supporting Information),
the 'O, quantum yields under 400 nm (OP) and 808 nm (TP)
excitation (@,400 and @ ,gps, Table 1) could be calculated by
taking into account the difference in photon numbers of
excitation lights with various wavelengths. Ir(III)-PSs in this
study showed remarkable @4y, values (0.31—0.91) in
comparison to @5, values (0.02—0.11) for styryl-containing
Ru(II) complexes in aqueous solution under one-photon
excitation,” ™" indicating a high efficiency with which the
energy of the excited state is transferred to 'O, through *IL
during OP excitation. In the cases of TP excitation, ®xgg
values are apparently decreased. First, this is due to the TPA
efficiency barrier, which means that not all 808 nm photons
can be simultaneously absorbed in pairs and execute the
excitation function. Second, the use of an IR LPL further
reduces excitation efficiency, albeit increasing the feasibility
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Figure 2. Subcellular distribution, cell uptake, and photoinduced apoptosis of selected Ir(III)-PSs toward the A37S human malignant melanoma
cell line. (a) Mitochondria co-localization tested under one-photon (OP) and two-photon (TP) excitation by CLSM. (b) Cell uptake and
distribution quantified by ICP-MS. (c) Relative endocytic amount of YQ2 by A375 cells in the presence of chlorpromazine (CPZ, 10.0 ug mL™"),
amiloride (100.0 ug mL™"), or nystatin (50.0 ug mL™") at 37 and 4 °C. (d and e) Flow cytometry detection of apoptosis in A375 cells (stained with
Annexin V-FITC and PI) for the PDT treatments of YQ2 (1 uM) in the dark or upon 808 nm LPL (100 mW cm™2 light dose = 30 J cm™2)
irradiation. (f) Caspase activation of selected Ir(III)-PSs (1 #M) in A375 cells under the dark or upon 808 nm LPL (100 mW cm™? light dose = 30

J ecm™?) irradiation.

and safety of TP phototherapy. Finally, the upper limit of
@ 505 should be 0.5, according to the definition of quantum
yield, since TP excitation requires the absorption of two
photons by the PS to produce one 'O,.

The @545 values of Ir(III)-PSs are quite remarkable (0.03—
0.13), in comparison to [Ru(bpy);]** (0.006), a series of
dinuclear”> and mononuclear homoligand*® Ru(II)-PSs
(0.020—0.156), heterocyclic containing Ir(III)-PSs (0.026—
0.110),*” and Ru(II)—Os(II) heteronuclear PSs (0.06—0.32)>®
under identical experimental conditions. Interestingly, the
D505 values of Ir(II1)-PSs exhibited an ignorable correlation
with @44, but more consistent with the regularity of 64,5 The
—NO, group containing YF2, YP2, and YQ2 showed much
higher ®,gy¢ than the other PSs, which was speculated to be
due to their higher 6. It indicates that the 'O, yield of a
TPA-PS under TP excitation may be more determined by its
TPA capacity than by its ES property and transition nature
under OP excitation.

2.5. Photothermal Conversion. Some Ir(III) complexes
can exert excellent photothermal conversion efficiency (PCE)
under 808 nm LPL irradiation when encapsulated as
nanomaterials or aggregates”> >® and more recently in a
single-molecule state”” via the ES vibration relaxation.”” The
Ir(II1)-PSs in this study did not exhibit notable photothermal
conversion (PTC) ability even when exposed to an 808 nm
LPL at a relative high power (1.0 W cm™2). The temperature
increases of the aqueous solutions (PBS) of Ir(III)-PSs were
identical to those of the PBS control (Figure S17). Classic
metal complex prototypes, such as [Ru(bpy);]** (bpy = 2,2'-
bipyridine), [Ru(bpy),(dppz)]** (dppz = dipyrido[3,2-a:2,3'-
c]phenazine), [Ru(bpy),(pip)]** (pip = 2-phenyl-imidazo[4,5-
f1[1,10]phenanthroline), [Ir(ppy),(bpy)]** (ppy = 2-phenyl-
pyridine), [Ir(ppy),(pip)]*’, etc, also exhibited ignorable
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PCEs. This highlights the necessity of the structurally movable
(vibration or rotatory) groups in PSs for non-radiative decay
(heat release).” Therefore, the Ir(III)-PSs in this study can
produce remarkable 'O, upon 808 nm LPL (100 mW cm™?)
irradiation with no PTC effect, supporting their application as
highly efficient and safe PDT reagents.

2.6. In Vitro Cytotoxicity. Since irradiation around 400
nm (one-photon excitation wavelengths for Ir(III)-PSs) can
directly induce cell damage, only 808 nm LPL (100 mW cm ™)
irradiation was used to assess photocytotoxicity upon two-
photon excitation. In both human melanoma cells A375 (Table
1) and human lung cancer cells AS49 (Table S8), all Ir(III)-
PSs displayed ignorable cytotoxicity at their respective limits of
solubility (100 M) under dark conditions while exhibiting
notable photocytotoxicities as determined by the CCK-8 assay.
The —NO, group and piq ligand-containing PSs (YF2, YP2,
and YQ1—4) showed much higher phototoxicities than the
other PSs, which was speculated to be due to their higher
D 505 and 0gp5. YQ2 achieved quite remarkable phototherapy
indexes (PIs) of 885 for A375 cells and 1234 for A549 cells,
making it one of the most efficient phototherapeutic metal
complexes and materials ever discovered. Under the same
conditions, the FDA-approved PDT drug 5-ALA exhibited
reduced phototoxicity and PI. As a chemotherapeutic agent,
cisplatin (CP) did not show an apparent change in cytotoxicity
(PI = 1.15-1.62) under either irradiated or non-irradiated
conditions. The photostability of Ir(II[)-PSs has been
examined in cell medium (RMPI-1640) under 808 nm laser
irradiation for S min (identical light dose used in in vitro and
in vivo PDT study). From Figure S19, the Ir(III)-PSs have
good stability and photostability under these physiological

conditions.

https://doi.org/10.1021/acs.inorgchem.3c02364
Inorg. Chem. 2023, 62, 16122—16130


https://pubs.acs.org/doi/suppl/10.1021/acs.inorgchem.3c02364/suppl_file/ic3c02364_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acs.inorgchem.3c02364/suppl_file/ic3c02364_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acs.inorgchem.3c02364/suppl_file/ic3c02364_si_001.pdf
https://pubs.acs.org/doi/10.1021/acs.inorgchem.3c02364?fig=fig2&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.inorgchem.3c02364?fig=fig2&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.inorgchem.3c02364?fig=fig2&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.inorgchem.3c02364?fig=fig2&ref=pdf
pubs.acs.org/IC?ref=pdf
https://doi.org/10.1021/acs.inorgchem.3c02364?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

Inorganic Chemistry

pubs.acs.org/IC

(a) (b) 2500
Blank Blank

Blank + 808 nm Blank + 808 nm

Tumor Size (mm?)

Rosup Rosup

Counts

. A

1500 -

1000 -

—m— PBS + Dark
- PBS + 808 nm

A—YQ2 + Dark
YQ2 + 808 nm

Group | Group Il Group Il Group IV

Nﬂl\\ Ly
10 1 2]

o

12

Days after Tumor Inoculation

16 20 24

Ya2 Ya2 (d) 28 (e)
5 PBS + Dark Brain | ND
—@— PBS + 808 nm
264 —A—YQ2+Dark Heart | ND
= ¥=Yaz:£508 nm Intestine | ND
YQ2 + 808 nm YQ2 +808 nm 2
E 244 Lung | ND
°
§ Spleen [ ND
>
R y g = Kidney o 0.07%
YQ2 + 808 nm + ABDA YQ2 + 808 nm + DMPO Liver B 0.13%
@ Tumor B 0.25%
Injected H
T - 'v - 18
100 100 102 100 10t 100 10° 10" 102 10° 10t 10° 8 © 16 2 24 0.001 001 01 1 10
FITC FITC Days after Tumor Inoculation Ir content per gram body weight (pmol/g)

Figure 3. Intracellular 'O, generation and in vivo TP-PDT of YQ2 toward BALB/c nude mice (subcutaneous A375 human melanoma xenograft
model). (a) Intracellular ROS detection by flow cytometry. Blank represents A375 cells alone. Rosup is the positive control of ROS. ABDA and
DMPO are 'O, and O,"” scavengers, respectively. (b) Histogram of the mean tumor volume for the four groups. p < 0.05 was the accepted level of
significance. ns: not significant. *** p < 0.001. (c) Photograph of representative post-treatment A375 tumors for each group. (d) Histogram of
mean body weight for the four groups. (e) Iridium residues in the collected organs in YQ2-injected groups (Group III and IV, 14 days after

injection). ND: not detected.

By covering the cell plates with a 1.0 mm thick chicken
breast during photoirradiation, it was possible to evaluate the
viability of the tissue penetration for deep-seated tumor
phototherapy by the Ir(II)-PSs. Under these conditions, the
photocytotoxicity of PSs experienced a reduction of approx-
imately two-thirds, primarily attributed to the impact of tissue
on the processes of light absorption, reflection, and scattering.
Relying on their own extremely high o0y values, their
photocytotoxicity remained at a higher level compared to
similar photosensitizers. The ability of YQ2 to exert a high
PDT activity (PI-CC = 351 for A375 and 541 for AS49 cell
lines) under 808 nm LPL irradiation even when covered by 1.0
mm of physiological tissue is crucial for realistic drug
applications in vivo.

2.7. Subcellular Localization and Cell Uptake. The
effectiveness of PDT is significantly influenced by the cell
uptake and intracellular distribution of PSs.”' ~°° Therefore, the
subcellular localization of the Ir(III)-PSs was further studied.
As shown in Figures 2a and S20, all Ir(III)-PSs showed bright
luminescence within cells. The signals exhibited a significant
degree of overlap well with the mitochondrial dye MTG,
suggesting a propensity for targeting mitochondria in cells.
When excited by a TP (780 nm) laser, the Ir(III)-PSs showed
identical localization to those under OP excitation (400 nm),
suggesting an effective excitation of PSs within living cells. A
possible reason for the near absence of Ir(III)-PSs in the nuclei
may be attributed to their ignorable DNA affinity, as suggested
by the absorption spectroscopic titration (Figure S21) and
DNA thermal denaturation (Figure $22).

The cell uptake and endocytic pathway were further
investigated in PSs with higher PIs (YF2, YP2, and YQl—
4). ICP-MS results suggest that all PSs were taken up by cells
efficiently (Figure 2b). This may be due to their felicitous
lipophilicity (oil—water partition coeficient, log Koy = 1.0—
3.0, Table 1 and Figure S23), which is proven to be beneficial
to both a balanced volume of distribution and the potential for
good absorption and bioavailability.° Their distribution in
mitochondria accounted for up to 94% of the total cellular
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uptake. YQ2 showed decreased uptake at 4 °C or in the
presence of the caveolae formation inhibitor nystatin (Figure
2c), while it was not affected by the clathrin vesicle formation
inhibitor chlorpromazine (CPZ) or the macropinocytic
pathway inhibitor amiloride, indicating that YQ2 entered the
cell via caveolae-mediated and energy-dependent pathways.
The efficient transmembrane transport undoubtedly ensured
the PSs’ ability to function effectively within cells.

2.8. Apoptosis and Caspase Activation. Melanoma cells
may go through the mitochondrial mechanism of apoptosis
when exposed to photogenerated 10,. Annexin V-FITC/
propidium iodide (PI) staining was utilized to examine YQ2-
induced apoptosis in A375 cell lines during TP-PDT (Figure
2d). Figure 2e illustrates the data for each quadrant. Under
dark settings, YQ2-treated melanoma cells displayed patterns
that were quite similar to those of untreated cells (blank). The
late apoptotic percentages of YQ2-treated cells increased after
irradiation, indicating that they may activate apoptosis in
melanoma cells. Caspase-9 (Cas-9) initiates a cascade of
subsequent caspase processing events throughout the apoptotic
process by directly cleaving and activating Cas-3 and Cas-7 to
trigger cell death.®®® Cas-3 and Cas-9 activation was
determined in PS-treated melanoma cells (Figure 2f). Under
dark conditions, neither caspase was activated in all PS-treated
cells. With 808 nm irradiation, the activities of both Cas-3 and
Cas-9 significantly increased. These findings point to a
photodependent apoptosis mechanism, most likely via intra-
cellular photogenerated 'O,, in the PS-containing melanoma
cells. This photoinduced apoptosis mechanism may contribute
substantially to the highly efficient PDT activity of Ir(III)-PSs.

Recently, it has been discovered that certain Ir(III)-PSs can
induce cell ferroptosis by increasing oxidative stress by ROS
generation in tumor cells, lowering glutathione (GSH) levels,
and subsequently promoting membrane lipid peroxidation.””"
The GSH and lipid peroxide (LPO) levels in PBS- or YQ2-
treated A375 cells exposed to 808 nm LPL irradiation or kept
in the dark were tested by commercial kits. As depicted in
Figure S24, neither a significant amount of LPO nor an evident
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suppression of GSH was detected in YQ2-treated A37S5 cells
under irradiation or in the dark, indicating that YQ2 is not a
ferroptosis photoinducing reagent. Moreover, autophagy (3-
methyladenine, 3-MA), necrosis (necrostatin-1, Nec-1), and
paraptosis (cycloheximide, CHX) inhibitors had no discernible
effect on the viability of YQ2-treated A375 cells (Figure S25),
suggesting that YQ2 may not induce cell death via these
mechanisms.”

2.9. Intracellular '0, Generation. Given that the Ir(III)-
PSs can generate '0, efficiently in the aqueous solution upon
808 nm LPL irradiation and be taken up by A375 cells
efficiently, 'O, generation of YQ2 in A37S cells was studied
using DCFH-DA (2',7’-dichlorodihydrofluorescein diacetate)
as a ROS detector and Rosup as a positive control. As
evidenced by the flow cytometry histograms (Figure 3a), ROS
was observed exclusively when both YQ2 and 808 nm LPL
irradiation were present. The absence of light under the
experimental conditions of YQ2 prevented the generation of
ROS, possibly contributing to the diminutive dark toxicity
observed in the in vitro cell viability assay. In the presence of
'0, trapping probe ABDA, all ROS-induced signals were
completely suppressed, whereas the signal intensity was hardly
affected in the presence of an O,*” scavenger, S,5-dimethyl-1-
pyrroline-1-oxide (DMPO), in 100-fold excess. It suggests that,
in comparison to electron transfer processes (Type I) which
are initiated by O, + e — 0O,°7, and subsequently generate
ROS and RNS like H,0,, OH®, and ONOOT, etc., the energy
transfer process (Type 1) dominates YQ2'’s intracellular ROS
production and PDT activity.

2.10. In Vivo PDT. Mice bearing A37S tumors (BALB/c
mouse model with tumor xenografts) were divided into
different groups based on the drug administered. Mice were
intratumorally injected with PBS (Groups I and II) or YQ2
(Groups III and IV), irradiated with 808 nm LPL (Groups II
and IV, 100 mW cm? light dose = 30.0 J cm™) or kept
unirradiated (Groups I and III). There were no instances of
skin injury observed during the phototherapy sessions in this
study. This can be attributed to the fact that the irradiation of
808 nm LPL used in this study was kept below 30% of the
MPE standard for 808 nm laser exposure to skin. Following a
14-day period, the average volume (V) of tumors in Groups I—
III reached 2000 mm?® as depicted in Figure 3b and c.
Additionally, there was no observed decline in the body weight
of the mice, as illustrated in Figure 3d. These findings suggest
that the systemic toxicity of YQ2 in mice in the absence of
irradiation is remarkably minimal. The YQ2-treated group
subjected to irradiation (Group IV) exhibited a significant
antitumor effect, as evidenced by a tumor volume measure-
ment of 300 mm® and an inhibition rate of 85% (Figure 3b and
c). The observed variations in hematoxylin and eosin (H&E)
staining patterns between Group IV tumor sections and the
remaining samples indicate that YQ2-mediated TP-PDT has
the potential to induce destruction of tumor tissues.
Conversely, the H&E staining of sections obtained from the
principal organs (Figure S26) did not reveal any significant
lesions, thus confirming the absence of toxicity associated with
YQ2 in vivo.

2.11. Biodistribution and Hepato-/Nephrotoxicity
Evaluation. A significant safety concern associated with
pharmaceuticals containing metals is the potential risk that
heavy metals pose to the human body, specifically the liver and
kidneys. The existing research has predominantly concentrated
on evaluating the efficacy of drug delivery to tumors within a

few hours following administration in animal models. Never-
theless, there has been a notable lack of attention given to the
examination of residual substances and the potential presence
of toxic elements following the treatment process. The present
study utilized ICP-MS to quantitatively determine the
remaining amount of iridium in the organs and tumors
obtained from mice that were injected with YQ2, 14 d after
administration (Figure 3e). Notably, trace quantities of iridium
were identified in tumors, kidneys, and livers, whereas no
detectable levels were observed in any other organs. The
clearance of YQ2 from the body is more efficient compared to
cisplatin, Photofrin II, and porfimer sodium from the
respective half-lives t,,, of 58—73, >100, and 250 h. This is
demonstrated by the mean total residue of 0.45% observed in
ten mice injected with YQ2 (t,/, = 43 h). The short half-life of
YQ2 following PDT offers clear benefits in terms of rapid
elimination, thereby reducing the occurrence of adverse effects,
such as photodermatosis.

To ascertain the potential hepatotoxic and nephrotoxic
effects of the residue, an investigation was conducted to
evaluate the toxicities of YQ2 and cisplatin on human normal
liver (HL-7702) and kidney (HK-2) cells. Based on the results
of in vitro cytotoxicity tests, YQ2 has negligible cytotoxic
effects on A375, HL-7702, and HK-2 cells when not exposed
to irradiation (Figure S27a). At concentrations ranging from 1
to 10 uM, which is approximately 5—6 orders of magnitude
higher than the overall residue of YQ2 found in mice, the
viability of normal cells remained above 99 to 94% (Figure
S27b and c). In contrast, cisplatin demonstrates a substantial
ability to suppress the proliferation of A375 cells and a certain
degree of toxicity in HL-7702 and HK-2 cells (Figure S27b and
c). This allows YQ2 to achieve a state of relative safety prior to
its complete eradication from the organism.

3. CONCLUSIONS

In conclusion, by systematic regulation of the structure, the
nitro-substituted styryl group and piq ligand containing YQ2
have been found to be the most potent infrared two-photon
excitable PS among a series of Ir(III) complexes. YQ2 could
enter cells by an energy-dependent and caveolae-mediated
pathway, specifically bind to mitochondria, generate 'O, upon
808 nm LPL irradiation, activate caspases, and induce
apoptosis. Based on these functions, YQ2 exhibited quite a
remarkable phototherapy index for both malignant melanoma
(>88S) and non-small-cell lung cancer (>1234) and minimal
toxicity to human normal liver and kidney cells in vitro. In in
vivo antitumor phototherapy, YQ2 exhibited a high inhibition
rate of 85% in tumor size and could be eliminated from the
bodies of mice quite efficiently with a half-life of 43 h. The
results of this study have the potential to make a significant
contribution toward the advancement of phototherapeutic
drugs that are highly effective in treating large, deeply located
solid tumors, as well as the structure—activity relationship of
cyclometalated Ir(III) complexes in PDT.

4. EXPERIMENTAL SECTION

The experimental details including materials, instruments, synthesis,
characterization, DFT calculations, singlet oxygen quantum yield,
lipophilicity (logK,,,), photothermal conversion efficiency, subcel-
lular co-localization, cell uptake, in vitro cytotoxicity, flow cytometry
analysis, caspase activation, and in vivo PDT are given in the
Supporting Information.
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