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Photodynamic therapy (PDT), as a non-invasive cancer treatment, offers significant advantages including

high temporal–spatial selectivity, minimal surgical intervention, and low toxicity, thereby garnering con-

siderable research interest from across the world. In this study, we have developed a series of dinuclear

cyclometalated Ir(III) complexes as potential two-photon photodynamic anticancer agents. These Ir(III)

complexes demonstrate significant two-photon absorption (2PA) cross-sections (σ2 = 66–166 GM) and

specifically target mitochondria. Amongst them, N-Ir4 manifests an IC50 value of 2.0 μM and a phototoxi-

city index (PI) of 24. Under two-photon excitation, N-Ir4 efficiently generates reactive oxygen species

(ROS), leading to mitochondrial damage and cell death. Our study reveals drastically enhanced optical

properties forged by forming a dinuclear complex bridged by two conjugated rigid planar moieties and

sheds light on a potential paradigm to boost 2PA cross-sections.

Introduction

Cancer has evolved as a major threat to human health and has
escalated to a leading cause of mortality worldwide. In 2020,
there were 19.3 million newly diagnosed cases and 10 million
cancer-related deaths reported. It is predicted that by 2040 the
incidence of cancer will rise to 29 million.1,2 Unfortunately,
traditional cancer treatment modalities, including chemo-
therapy, radiotherapy, and surgical resection, continue to
exhibit numerous limitations.

PDT has emerged as a promising alternative in recent
decades.3–9 In a PDT regimen, a photosensitizer (PS) absorbs
light energy and transits to the excited state by which this
energy (type II PDT) or the excited electron (type I PDT) is
further shifted to the neighboring oxygen molecules, generat-
ing reactive oxygen species (ROS). These ROS oxidize pivotal

macro-biomolecules, such as lipids, proteins, and DNA, trig-
gering deeper biological responses and ultimately inducing
cell death.10–12 Nevertheless, current commercially available
PSs, such as porphyrin and chlorin derivatives, suffer from
various limitations, including tedious preparation, poor photo-
stability, and inadequate selectivity.13–15 Therefore, a novel
class of PSs with bold structural novelty is highly demanded to
push the envelope of this field.

Many Ir(III) complexes have been considered candidate
drugs for anticancer therapy due to their favorable photo-
physical attributes and unique physiological properties,
including strong photostability, ease of synthesis, and
modifications.16–18 Besides, phosphorescent cyclometalated Ir
(III) complexes often specifically accumulate in various cellular
compartments such as mitochondria, endoplasmic reticulum,
lysosomes, Golgi apparatus, and nuclei, providing a convenient
way to induce cytotoxicity through the generation of ROS.19,20

Whilst mononuclear Ir(III) complexes have been extensively
used as PSs for anticancer therapy, their dinuclear counter-
parts remain largely underexplored. A recent study suggested
that a dinuclear cyclometalated Ir(III) complex in which the
monomeric units were simply bridged by a flexible alkyl chain
outperformed its mononuclear form in both photo-
luminescence quantum yield and singlet oxygen quantum
yield.21 Indeed, homonuclear bimetallic complexes are often
paired with interesting properties that are beyond the reach of
their monomers.22–25 These advances prompt us to scrutinize
the optical properties of a novel series of dinuclear Ir(III) com-
plexes with rigid bridging ligands in which the optimized
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planar configuration may stand a chance to largely reshape its
2PA transition probabilities. The 2PA process involves the sim-
ultaneous absorption of two photons. Compared to single-
photon absorption, 2PA offers an elegant way to excite Ir(III)
complexes in the near-infrared regime and allows deeper
tissue penetration for PDT applications.26–28 Indeed, barely
any small molecular PSs could possess viable 2PA cross-sec-
tions to deliver efficient 2PA PDT. For example, the classical
PS, Photofrin, only exhibits a σ2 value of 10 GM, and Visudyne
exhibits a σ2 value of 50 GM.29,30 Hence, there remains an
urgent need to validate the structural design know-how of
endowing PSs with significantly higher σ2 values.

Herein, a series of novel binuclear Ir(III) complexes were
synthesized (shown in Scheme 1). In contrast to the routine
multinuclear framework, the Ir(III) monomers were interfaced
from the flank in an asymmetric manner via two large conju-
gate planes. Their photophysical properties and photocytotoxi-
city were investigated. Interestingly, benefiting from the poten-
tially extended planar configuration, the dinuclear complexes
feature significant enhancement in 2PA absorption compared
to the reported mononuclear complexes.31

Results and discussion
Synthesis and characterization

The synthetic route to Ir(III) complexes is illustrated in Fig. S1.†
The ligand was synthesized using glacial acetic acid as a solvent
at 120 °C. The subsequent Ir(III) complexes were prepared accord-
ing to ref. 31 and purification was done through column chrom-
atography in dichloromethane/methanol. Characterization of the

final products was performed using mass spectrometry and
nuclear magnetic resonance techniques.

The UV-vis absorption spectrum of Ir1–4 (10 µM) in di-
chloromethane is shown in Fig. 1(b). The intense absorption
bands at below 300 nm can be assigned to the absorption of
intra-ligand charge transfer (ILCT) and the moderate shoulder
bands between 370 and 420 nm can be attributed to the
absorption of metal–ligand charge transfer (MLCT). The
photophysical properties of the Ir1–4 complex are summarized
in Table S1.† Upon excitation at 405 nm, the complex exhibits
a maximum emission peak at approximately 570 nm. The
luminescence quantum yield is observed to be in the range of
0.01–0.02, and the lifetimes of these complexes span the range
of 200–203 ns. The photophysical properties of the four Ir(III)
complexes are remarkably similar, indicating the substitution
of a single atom does not significantly affect their photo-
physical characteristics. The UV-vis absorption spectrum of
Ir1–4 (10 µM) in dichloromethane is shown in Fig. 1(b). The
intense absorption bands at below 300 nm can be assigned to
the absorption of intra-ligand charge transfer (ILCT) and the
moderate shoulder bands between 370 and 420 nm can be

Scheme 1 Chemical structure and the putative mechanism of action of
the Ir(III) complexes in 2PA PDT.

Fig. 1 (a) UV–vis absorption (dotted line) and emission (solid line)
spectra of Ir1–4 (10 μM) in dichloromethane at 298 K. (b) Size distri-
bution of N-Ir4 (175.6 nm) determined by dynamic light scattering.
Inset: random transmission electron microscopy image of N-Ir4.
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attributed to the absorption of metal–ligand charge transfer
(MLCT). The photophysical properties of the Ir1–4 complex are
summarized in Table S1.† Upon excitation at 405 nm, the
complex exhibits a maximum emission peak at approximately
570 nm. The luminescence quantum yield is observed to be in
the range of 0.01–0.02, and the lifetimes of these complexes
span the range of 200–203 ns. The photophysical properties of
the four Ir(III) complexes are remarkably similar, indicating
that the substitution of a single atom does not significantly
affect their photophysical characteristics.

The complexes exhibit high solubility in organic solvents,
such as dichloromethane, but demonstrate poor solubility in
aqueous solutions. To enhance the solubility of these com-
plexes in aqueous environments, nanoparticles were syn-
thesized through co-assembly with the commercial amphiphi-
lic polymer DSPE-PEG2000. The resulting encapsulated com-
plexes were named N-Ir1–4. Characterization of the N-Ir4 nano-
particles using transmission electron microscopy (TEM)
revealed a spherical morphology with an average diameter of
approximately 170 nm (Fig. 1(a)). The average particle sizes of
N-Ir1–4 were measured using dynamic light scattering (DLS)
are 203, 198, 175, and 176 nm, respectively (Fig. 1(a), and
Fig. S2†). The particle size of N-Ir1–4 did not change signifi-
cantly over 7 days (Fig. S3†), demonstrating good stability in
phosphate-buffered saline (PBS) for subsequent PDT research.
The stability of N-Ir1–4 at physiological pH was also demon-
strated using zeta potential (Fig. S4†) and UV–Vis spectra
(Fig. S5†) measurements.

2PA cross-sections

The 2PA cross-sections of Ir1–4 were determined using the
open-aperture z-scan technique. The results shown in Fig. S6
and Table S2† indicate that the highest σ2 values of Ir2–4 at
720 nm and were determined to be 166, 66, and 107 GM,
respectively (1 GM = 1 × 10−50 cm4 s per photon per molecule).
While the maximum σ2 value for Ir1 was found to be 135 GM
at 730 nm. In our group’s prior research, we investigated
mononuclear Ir(III) complexes with analogous structures,
which exhibited the highest σ2 values of 85 GM at 750 nm.32

Besides, these σ2 values are higher than those of many other
mononuclear Ir(III) complexes.31,32

ROS generation yield

Reactive oxygen species (ROSs) exhibit significant reactivity and
selectivity, playing crucial roles in cellular processes such as
growth and proliferation, development and differentiation, aging,
and apoptosis, as well as in numerous physiological and patho-
logical mechanisms.33 Electron spin resonance (ESR) is a robust
technique employed to detect, identify, and quantify reactive
oxygen species (ROS) in various systems. Spin-trapping tech-
niques using ESR allow for the measurement of free radical
species generated in different chemical systems.

In this study, 2,2,6,6-tetramethylpiperidine (TEMP) was
employed as a singlet oxygen trapping agent, and the singlet
oxygen generated by the complexes was determined in solu-
tion. The data revealed a characteristic triplet peak (Fig. S7†),

indicative of the production of 1O2. These results imply that
the complexes operate via type II PDT mechanisms. Although
electron spin resonance (ESR) is a robust technique for ROS
detection, it is crucial to account for its limitations and poten-
tial sources of error, particularly regarding the stability of
radical traps and the impact of environmental factors.

To further quantify the yield of singlet oxygen, an indirect
measurement was performed using 9,10-anthracenediyl-bis
(methylene) dimalonic acid (ABDA) as a 1O2 scavenger and Ru
(bpy)3

2+ (ΦΔ = 0.81) as a standard to assess the complexes’
ability to generate ROSs under light.34 The oxidation of ABDA
by photogenerated 1O2 leads to a decrease of optical density at
378 nm in a stoichiometric manner and follows a zero-order
kinetics process. ΦΔ (1O2) values were determined by compari-
son of the slope of the OD378nm attenuation curve with a stan-
dard compound, as is shown in Fig. S8 and Table S3.† The ΦΔ

values of Ir1 (0.31), Ir3 (0.32), and Ir4 (0.31) are comparable to
that of the Ir(III) complex [Ir(ppy)2(bpy)]

+ (0.35).35 However, the
quantum yield of Ir2 is slightly lower, which may be attributed
to the influence of substituent groups.

Lipophilicity and cellular uptake

The lipophilicity of a compound is intricately linked to its
physicochemical and physiological properties, particularly in
terms of cellular uptake and intracellular distribution. The
lipid–water distribution coefficients (log Po/w) for the n-octanol/
water system complexes were evaluated, and the findings are
illustrated in Fig. S9.† The lipid–water distribution coefficients
for the complexes are 1.11, 1.01, 0.81, and 1.69, respectively,
suggesting that these complexes exhibit the ability to traverse the
cell membrane. Due to the limited solubility of the complex in
aqueous solution, we employed the commercial amphiphilic
polymer DSPE-PEG2000 to encapsulate the complex, forming
nanoparticles designated as N-Ir1–4. As illustrated in Fig. S10,†
the intracellular uptake of both unencapsulated and encapsu-
lated Ir(III) complexes was quantified using ICP-MS. The data
indicate that encapsulation with DSPE-PEG2000 significantly
enhances the cellular uptake of the Ir(III) complexes, with the
maximum accumulation observed at 8 hours.

Intracellular distribution

Colocalization experiments utilizing commercially available dyes
were conducted to examine the intracellular distribution of com-
plexes. Specifically, the colocalization of mitochondrial channel
luminescent patterns was investigated using MitoTracker Deep
Red FM and Ir(III) complexes. High colocalization coefficients
were observed, indicating effective mitochondria-targeted
accumulation.36–39 The colocalization coefficients of the complex
and MitoTracker Deep Red FM are presented in Fig. 2. The
results demonstrated that the complexes specifically targeted
mitochondria. The mitochondrion, a double-membraned orga-
nelle, plays a crucial role in apoptosis, calcium regulation, and
ROS management. It is an important anti-tumor mechanism to
destroy the redox balance of mitochondria by producing reactive
oxygen species in situ under illumination, thus affecting the func-
tion and morphology of cells.40
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Cytotoxicity assay

The evaluation of the (photo-)toxicities of Ir(III) complexes in
A375 cancer cells and HLF cells using the MTT assay provides
substantial insights into verifying the PDT effect. The IC50

values are summarized in Table 1. N-Ir4 exhibited an IC50

value of 2 μM towards A375 cells, with a PI of 24, which is com-
parable to most of the reported cyclometalated Ir(III) PSs.

ROS generation under two-photon excitation

The utilization of DCFH-DA as a fluorescent probe for the
detection of reactive oxygen species (ROS) within cells is a well-
established technique. DCFH-DA is a non-fluorescent com-
pound capable of readily traversing the cell membrane to enter
live cells. Once inside, cellular esterases catalyze the hydrolysis
of DCFH-DA, converting it into DCFH. Upon interaction with
ROS, DCFH is oxidized to form the highly fluorescent com-
pound 2,7-dichlorofluorescein (DCF). Consequently, the fluo-
rescence intensity of intracellular DCF serves as an indirect
measure of intracellular ROS levels.41 Confocal imaging in
Fig. 3(a) showed negligible green fluorescence in the control
group and the sample group in the dark, while the sample
group showed obvious green fluorescence after two-photon

laser irradiation (720 nm, 15 s). According to these results,
N-Ir4 can generate significant ROS when exposed to two-
photon irradiation.

Fig. 2 CLSM imaging of A375 cells incubated with N-Ir1–4 (2 μM) for
8 h at 37 °C (λex = 405 nm and λem = 560–600 nm), followed by
MitoTracker Deep Red FM (λex = 633 nm, λem = 650–670 nm). Scale bar:
10 μm.

Fig. 3 (a) CLSM imaging of A375 cells incubated with 1 μM DCFH-DA
after pre-incubation with N-Ir4 (2 μM, 8 h, 37 °C) before and after two-
photon PDT at 720 nm (15 s). DCFH-DA: λex = 488 nm and λem =
510–540 nm. Scale bar: 10 μm. (b) PDT effects on mitochondrial mem-
brane potentials induced by N-Ir4 (2 μM, 8 h, 37 °C). JC-1 aggregate: λex
= 543 nm and λem = 580–610 nm; JC-1 monomer: λex = 488 nm and
λem = 510–540 nm. Scale bar: 10 μm.

Table 1 (Photo) cytotoxicity (IC50) of the designed complexes towards cell lines

Cell line Ir1 Ir2 Ir3 Ir4 Cisplatin

A375 Dark 11.0 ± 1.2 47 ± 6.3 28.1 ± 3.6 48.0 ± 6.3 >100
Lighta 1.1 ± 0.4 6.9 ± 1.6 4.7 ± 1.1 2 ± 0.4 >100
PIb 10.0 6.8 6.0 24

HLF Dark >100 >100 >100 >100 69.0 ± 10.2
Lighta 12.4 ± 2.5 11.0 ± 3.1 18.2 ± 3.6 15.1 ± 3.7 57.2 ± 8.4
PIb >8.1 >9.1 >5.5 >6.62 1.1

a Irradiated with an LED area light source (405 nm, 12 J cm−2). b PI = IC50 (dark)/IC50 (light).
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Mitochondrial membrane potential (MMP) assessment

Given that mitochondria have been identified as the primary
sites for the internalization of Ir(III) complexes, it is reasonable
to anticipate mitochondrial dysfunction in cells post-PDT.
MMP analysis serves as an early indicator of mitochondrial
activity. To assess the extent of mitochondrial damage, JC-1, a
widely utilized commercial dye, is particularly well-suited for
the analysis of the MMP. In mitochondria exhibiting high
MMPs, JC-1 forms aggregates that emit red fluorescence.
Conversely, in dysfunctional or damaged mitochondria charac-
terized by low MMP, JC-1 remains in its monomeric form,
emitting green fluorescence. Therefore, mitochondrial damage
can be detected through this colorimetric shift from red to
green. As shown in Fig. 3(b), following two-photon laser
irradiation at 720 nm, the cells treated with N-Ir4 exhibit green
fluorescence of monomer JC-1, indicating mitochondrial dys-
function. Conversely, the control group did not demonstrate
any changes in the MMP despite undergoing two-photon laser
irradiation.

Live/dead dual staining

In the investigation of 2PA PDT, the calcein AM (live cell)/
EthD-1 (dead cell) double staining technique is frequently
employed to assess cell viability. This method enables the
visual differentiation of live and dead cells through fluo-
rescence labeling, thereby facilitating the evaluation of PDT’s
impact on cell survival. As illustrated in Fig. 4, cells were incu-
bated with 2 μM N-Ir4. Prior to two-photon laser irradiation at
720 nm, both the experimental and control groups exhibited
green fluorescence indicative of live cells. However, following
two-photon laser irradiation at 720 nm, the control group con-
tinued to display green fluorescence. Following two-photon

laser irradiation at 720 nm, the control group exhibited persist-
ent green fluorescence with only negligible red fluorescence.
In contrast, the cells treated with N-Ir4 demonstrated substan-
tial red fluorescence and a markedly reduced green fluo-
rescence. These observations indicate that the N-Ir4 complex
induces cellular damage under two-photon irradiation.

Two-photon laser penetrating ability and ROS generation in
3D multicellular tumor spheroids (MCTSs)

Three-dimensional (3D) cell spheres more accurately simulate
tumor behavior compared to traditional two-dimensional (2D)
cell cultures. Due to their structural similarity to actual
tumors, 3D cell spheres encompass cells located on the spheri-
cal surface as well as cells embedded deep within the sphere.
These spheres contain both proliferating and non-proliferating
cells, with the central region often characterized by an anoxic
environment. This structural configuration renders 3D cell
spheres an optimal model for the investigation of tumor
biology, drug screening, and drug delivery. Within the 3D cell
sphere, intercellular interactions are more intimate, thereby
emulating the intricate relationships observed among cells
in vivo. This characteristic facilitates a more precise assess-
ment of the comprehensive effects of pharmacological agents
on cellular communities, rather than on individual cells.

Using confocal laser scanning microscopy (CLSM) along
the Z-axis, complexes can be visualized intuitively in sections
at varying depths within the spheroids. As illustrated in Fig. 5,
two-photon irradiation at 720 nm achieves a penetration depth
of 180 μm, whereas one-photon irradiation at 405 nm is
restricted to a depth of 60 μm. 2PA PDT thus demonstrates sig-
nificant advantages in achieving deeper tissue penetration,
which is crucial for the treatment of conditions such as deep-
seated tumors.

The production of ROSs by N-Ir4 within 3D MCTSs was
similar to the detection of ROS production in a monolayer cell

Fig. 4 Fluorescence microscopy images of A375 cells upon incubation
with N-Ir4 (2 μM, 37 °C) for 8 h and calcein-AM (live cells, green, 0.5 μM,
λex = 488 nm, and λem = 510–540 nm)/EthD-1 (dead cells, red, 2 μM, λex
= 530 nm, and λem = 640–670 nm) in the dark or upon irradiation
(720 nm, 6 J). Scale bar: 100 μm.

Fig. 5 Penetration depth of N-Ir4 (2 μM, 37 °C, 8 h) in 3D multi-cellular
tumor spheroids upon one- or two-photon irradiation. The excitation
wavelengths of OPM and TPM were 405 and 720 nm, respectively.
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model using DCFH-DA (Fig. 6). The cells were incubated with
N-Ir4 (2 μM) for 8 h, followed by an additional 1 h of incu-
bation with 1 μM DCFH-DA. Under dark conditions, the cells
treated with N-Ir4 did not exhibit green fluorescence. However,
upon two-photon irradiation, a green fluorescence signal was
observed on the surface of the cell spheroid. This phenom-
enon is attributed to the requirement of oxygen for the pro-
duction of 1O2 resulting in the absence of green fluorescence
in the anoxic core of the spheroid.

Conclusions

In this study, we synthesized and fully characterized four novel
binuclear Ir(III) complexes. We evaluated their UV-vis absorp-
tion spectra and fluorescence spectra and assessed the PDT
efficacy in the A375 cell line. Based on the cellular uptake and
MTT profile, complex N-Ir4 was chosen for further investi-
gation. This complex specifically targets mitochondria and
exhibits an IC50 value of 2.0 μM and a PI value of 24. In mono-
layer cells, it produces ROS in a 2PA manner, leading to MMP
loss and cell death. Similar 2PA PDT therapeutic outcomes
were observed in MCTSs without any appreciable compromise
caused by the penetration depth of 180 nm. This study high-
lights a potential strategy to strengthen 2PA cross-sections via
a simple multinuclear reconstruction process and may serve as
a paradigm for the fast-developing field of PDT agents.

Experimental section
General information

Unless otherwise indicated, all chemicals were purchased from
commercial sources and were of analytical reagent grade. The
materials 1,10-phenanthroline-5,6-dione, 4-tert-butyl benzena-

mine, 4-nitrobenzaldehyde, benzaldehyde, 4-fluoro-benz-
aldehyde, 4-methylbenzaldehyde, 4-cyanobenzaldehyde, and
IrCl3·3H2O were purchased from Energy Chemical company.
Palladium 10% on carbon, phosphate buffered saline (PBS),
and 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium
bromide (MTT) were obtained from Sigma Aldrich Trading
Co., Ltd (USA). Cells were cultured in Dulbecco’s Modified
Eagle’s Medium (DMEM) with 1% penicillin/streptomycin and
10% fetal bovine serum (FBS) at 37 °C under 5% CO2 and 95%
air, among which DMEM, FBS, and penicillin/streptomycin
were purchased from Gibco (USA). MitoTracker Deep Red and
2′,7′-dichlorofluorescein diacetate (DCFH-DA) were purchased
from Thermo Fisher (USA). Calcein AM/PI cell viability/cyto-
toxicity assay kits were purchased from Beyotime. All buffer
components were of biological grade, obtained from commer-
cial suppliers, and used as received.

1H spectra were recorded using a Bruker AVANCE III
400 MHz NMR spectrometer with DMSO-d6 as a deuterated
solvent. Tetramethylsilane (TMS; δ = 0 ppm) was used as an
internal standard. MALDI-TOF MS analysis was performed
using a Bruker Autoflex mass spectrometer. The ultraviolet
and visible (UV-Vis) absorption spectra were recorded using a
PerkinElmer Lambda 950 spectrometer. Luminescence emis-
sion spectra were recorded using a Hitachi F-4500 lumine-
scence spectrometer. The EPR measurements were determined
using a Bruker Model EMXPlus-10/12 spectrometer at 298 K.
Inductively coupled plasma mass spectrometry (ICP-MS)
experiments were conducted using an iCAP RQ
(ThermoFisher) spectrometer. Confocal fluorescence imaging
was performed using an LSM-880 laser scanning confocal
microscope (Carl Zeiss Co., Ltd, Germany) with an oil-immer-
sion objective lens. Time-resolved emission measurements
were performed using an SR-500I-D1 (femtosecond fluo-
rescence spectrum measurement system, Coherent Inc.). 2PA
cross-section measurements were performed using a mode-
locked Yb:KGW laser (Light Conversion, Pharos) with a pulse
width of 200 fs and a repetition rate of 10 kHz. Cell viability
was measured using a SpectraMax CMax Plus (Molecular
Devices) absorbance microplate reader.

Synthesis of ligand tbpip-NO2

The ligand tbpip-NO2 was synthesized following the synthetic
method as described in our previous work: 1,10-phenanthro-
line-5,6-dione (420 mg, 0.2 mM), 4-tert-butylaniline (298 mg,
0.2 mmol), 4-nitrobenzaldehyde (302 mg, 0.2 mmol), and
ammonium acetate (1.078 g, 1.4 mmol) were dissolved in
30 mL of acetic acid in a round bottom flask, purged with Ar,
and refluxed at 120 °C for 12 h. The crude product was puri-
fied by silica gel column chromatography (dichloromethane/
acetonitrile, v/v = 10 : 1), and the solvent was removed by rotary
evaporation to obtain 857 mg of a pale yellow solid. Yield:
860 mg, 91%. ES-MS (CH3OH): m/z = 474.44 [M + H+]+.

Synthesis of ligand tbpip-NH2

The ligand tbpip-NO2 (857 mg, 0.18 mmol) and Pd/C (212 mg,
0.2 mmol) were dissolved in 40 mL of ethanol and subjected

Fig. 6 CLSM imaging of ROS generation in MCTSs incubated with 1 μM
DCFH-DA after pre-incubation with N-Ir4 (2 μM, 37 °C, 8 h) in the dark
or upon two-photon irradiation (720 nm). DCFH-DA: λex = 488 nm and
λem = 510–540 nm. Scale bar: 100 μm.
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to reflux at 65 °C for 1 h. Subsequently, a diluted solution of
H2O2 in ethanol was added dropwise, and the reaction was
allowed to proceed for an additional 12 h. The mixture was
then subjected to filtration while hot, and the solvent was
removed via rotary evaporation. The resulting product was
recrystallized from ethanol. Yield: 651 mg, 82%. ES-MS
(CH3OH): m/z = 444.42 [M + H+]+.

Synthesis of Ir-tbpip-NH2

A mixture comprising the ligand tbpip-NH2 (620 mg,
0.14 mmol) and [Ir(ppy)2Cl]2 (749 mg, 0.07 mmol) in a solvent
system of dichloromethane and methanol (5 mL each) was
subjected to reflux under an argon atmosphere at 85 °C for a
duration of 6 h. Upon completion of the reaction, the solvent
was removed by evaporation to yield a solid residue. This
residue was subsequently purified via column chromatography
on alumina using a dichloromethane/methanol eluent to
obtain a pure yellow product. Yield: 1003 mg, 73%. ES-MS
(CH3OH): m/z = 944.58 [M − Cl−]+.

Synthesis of the complex Ir1

A mixture comprising the complex Ir-tbpip-NH2 (240 mg,
0.0245 mmol) and the ligand 1,10-phenanthroline-5,6-dione
(53 mg, 0.025 mmol), benzaldehyde (27 mg, 0.025 mmol), and
ammonium acetate (100 mg, 0.13 mmol) was dissolved in
10 mL of acetic acid in a round bottom flask, purged with Ar,
and refluxed at 135 °C for 12 h. The crude product was puri-
fied by silica gel column chromatography (dichloromethane/
methanol, v/v = 5 : 1), and the solvent was removed by rotary
evaporation to obtain 194 mg of crude product. Then the
crude product (194 mg, 0.015 mmol) and [Ir(ppy)2Cl]2 (86 mg,
0.008 mmol) in a solvent system of dichloromethane and
methanol (5 mL each) were subjected to reflux under an argon
atmosphere at 85 °C for a duration of 6 h. Upon completion of
the reaction, the solvent was removed by evaporation to yield a
solid residue. This residue was subsequently purified via
column chromatography on alumina using a dichloro-
methane/methanol eluent to obtain a pure yellow product,
which recrystallized with toluene and dichloromethane. Yield:
125 mg, 46%. 1H NMR (400 MHz, d6-DMSO) δ 9.38–9.29 (m,
2H), 8.33–8.23 (m, 5H), 8.22–8.10 (m, 4H), 8.00–7.86 (m, 10H),
7.86–7.69 (m, 8H), 7.65–7.46 (m, 9H), 7.42 (dd, J = 8.2, 6.6 Hz,
2H), 7.27 (d, J = 8.6 Hz, 2H), 7.11–6.93 (m, 11H), 6.34–6.25
(m, 4H), 1.42–1.28 (m, 9H). ES-MS (CH3OH): m/z = 862.31
[M − 2Cl−]2+.

Synthesis of the complex Ir2

The complex Ir2 was synthesized using a method analogous to
that employed for the synthesis of complex Ir1, with the substi-
tution of 4-methyl benzaldehyde in place of benzaldehyde.
Yield: 162 mg, 60%. 1H NMR (400 MHz, DMSO-d6) δ 9.34 (dd,
J = 13.3, 8.3, 1.5 Hz, 2H), 8.33–8.24 (m, 6H), 8.20–8.09 (m, 4H),
8.00–7.87 (m, 10H), 7.85–7.68 (m, 8H), 7.64 (dd, J = 8.6, 1.4 Hz,
1H), 7.54–7.41 (m, 7H), 7.23 (d, J = 8.1 Hz, 2H), 7.11–6.93
(m,12H),6.34–6.25 (m, 4H), 2.36 (s, 3H), 1.28 (d, J = 2.0 Hz,
9H). ES-MS (CH3OH): m/z = 869.98 [M − 2Cl− + H+]2+.

Synthesis of the complex Ir3

The complex Ir3 was synthesized using a method analogous to
that employed for the synthesis of complex Ir1, with the substi-
tution of 4-cyanobenzaldehyde in place of benzaldehyde.
Yield: 117 mg, 43%. 1H NMR (400 MHz, DMSO-d6) δ 9.35 (t, J
= 8.3, 1.5 Hz,2H), 8.33–8.25 (m, 6H), 8.22–8.12 (m, 4H),
8.00–7.85 (m, 16H), 7.81–7.70 (m, 6H), 7.67–7.62 (m, 1H), 7.52
(m, 5H), 7.11–6.94 (m, 12H), 6.34–6.26 (m, 4H), 1.31–1.19 (m,
9H). m/z = 875.21 [M − 2Cl− + H+]2+.

Synthesis of the complex Ir4

The complex Ir4 was synthesized using a method analogous to
that employed for the synthesis of complex Ir1, with the substi-
tution of 4-fluoro-benzaldehyde in place of benzaldehyde.
Yield: 136 mg, 50%. 1H NMR (400 MHz, DMSO-d6) δ 9.34 (dd,
J = 12.2, 8.3, 1.5 Hz, 2H), 8.32–8.24 (m, 6H), 8.21–8.11 (m, 4H),
8.00–7.88 (m, 10H), 7.86–7.79 (m, 4H), 7.74–7.68 (m, 3H),
7.65–7.58 (m, 3H), 7.57–7.47 (m, 5H), 7.31–7.22 (m, 3H),
7.12–6.94 (m, 12H), 6.34–6.26 (m, 4H), 1.28 (d, J = 1.6 Hz, 9H).
m/z = 871.35 [M − 2Cl−]2+.

log P measurement

The lipid–water distribution coefficient (log PO/W) is frequently
employed to assess the hydrophilicity or lipophilicity of com-
pounds, as determined by the standard “shake-flask” method.
The n-octanol/water partition coefficient (log P) was calculated
using eqn (1).

log P ¼ lgðC½solute�octanol=C½solute�waterÞ ð1Þ
The concentrations of the solute in n-octanol and water,

[solute]octanol and [solute]water, were measured through UV
absorption. Equal volumes of n-octanol and water were combined
in a centrifuge tube, and the mixture was agitated at 37 °C in a
shaker incubator overnight. Subsequently, the mixture was
allowed to stir for 24 hours before being left to stand for phase
separation. The upper phase consisted of an n-octanol solution
saturated with water, while the lower phase comprised an
aqueous solution saturated with n-octanol. These two solutions
were meticulously separated, and the complex (5 μM) was sub-
sequently dissolved in the n-octanol solution saturated with
water. An equivalent volume of the saturated n-octanol aqueous
solution was then introduced, and the resultant mixture was agi-
tated overnight, followed by continuous stirring for 24 hours.
Subsequently, the aqueous and organic phases were separated,
and the two phases were assayed at a wavelength of 290 nm with
a UV/Vis spectrophotometer, namely [solute]Octanol and
[solute]Water. The experimental group was parallel three times.

2PA cross-section measurements

Femtosecond open-aperture Z-scan measurement set-up.
Among different methods proposed and utilized to determine
the two-photon absorption cross section (δ2PA), the single wave-
length Z-scan technique developed by Sheik-Bahae et al. has
been used widely.42 In the open aperture Z-scan technique,
δ2PA values among the 690–800 nm spectral region are deter-
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mined by translating the sample through the focal plane of a
focused Gaussian beam, while transmittance changes in the
far field intensity were monitored. In detail, the laser source is
a mode-locked Yb:KGW laser (Light Conversion, Pharos) with
a pulse width of 200 fs and a repetition rate of 10 kHz. An
output of 1028 nm is converted using an optical parametric
amplifier (Light Conversion, Orpheus) as well as a second har-
monic generator (Light Conversion, Lyra), which can be manu-
ally tuned to produce radiation ranging from 315 to 2600 nm.
Using a lens system, the collection is focused on a PM320E
photodiode (Thorlabs) with a 150 mm long travel stage
(Thorlabs). A neutral density filter is utilized for attenuating the
input pulse energy. The laser passed through a beam splitter (BS)
to produce two beams before reaching the sample solution. One
beam is detected using an energy ratiometer, D1. The other
beam passes through a filter, a convex lens, and the Z-scan
system, detected using an energy ratiometer, D2. The sample
solution or film is placed in a high-precision mobile platform,
which moves along the direction of the incident light (Z). Then,
the Z-scan curve, which is the transmittance function of the
sample position, is obtained. We know that the pulses are
focused into a sample cuvette, where it produces a GW-level
intensity at the focal point of the lens. The sample concen-
trations are kept at ∼10−2 mol L−1. The calculated Rayleigh
length z0 was greater than the thickness of the sample cuvette
(1.0 mm), an essential requirement for Z-scan experiments.
Referenced to the reported δ2PA value of Rhodamine B (∼240 GM
at 700 nm, GM ≡ 10−50 cm4 s per photon per molecule),43 each
measurement is repeated multiple times and averaged to retrieve
the nonlinear optical (NLO) coefficients.

Details for data processing. Nonlinear optical parameters
can be obtained by curve fitting to the observed open aperture
traces using the following equations. The δ2PA values were
obtained from experimental data by fitting Z-scan curves, and
in this context, q0 is a parameter associated with the coeffi-
cient β, the input intensity I0 at the focal point in the absence
of the sample, and the effective sample length Leff. The
Rayleigh range is denoted as z0, while w0 represents the beam
waist at the focal point, and z indicates the sample position.
The parameter δ2PA is computed using the following equation,
where NA is Avogadro’s number, c is the sample concentration,
and h pertains to the energy of the excited photon.44,45

ΔTðzÞ ¼ q0ð0Þ
2

ffiffiffi

2
p 1

1þ ðz=z0Þ2

q0ð0Þ ¼ βI0Leff

Leff ¼ ð1� e�α0LÞ=α0

z0 ¼ nπω2
0

λ

δ2PA ¼ 1000� hνβ
NAc

The NLO and δ2PA coefficient uncertainties are estimated to
be commonly ∼15% arising predominantly from (a) estimation

errors of the beam waist (at the focus) and thereby leading to
the peak intensity errors (which is a crucial parameter), (b) the
input laser power fluctuation, (c) fitting errors, etc. We have
attempted to compare the NLO coefficients obtained for the
present set of molecules with literature reports. Pure solvent
samples under the same experimental conditions show no sig-
nificant results.

Singlet oxygen detection

The singlet oxygen yield of the complex was determined by an
indirect method with the use of UV-Vis spectroscopy. ABDA
was used as a 1O2 detection probe, while [Ru(bpy)3]

2+ was used
as the standard. The complex whose absorbance at 405 nm
was adjusted to the same value of 0.25, and then mixed ABDA
(100 μM) in methanol at quartz cuvettes. The above solution
was irradiated with 405 nm light (10.9 mW cm−2) every 10 s,
and the absorbance at 378 nm was measured. The ΦΔ value
was determined using the following equations:

Φs
Δ ¼ Φr

Δ � ðs s � F rÞ=ðs r � F sÞ

F ¼ ð1� OD405
sÞ=ð1� OD405

rÞ
where ΦΔ is the singlet oxygen yield, s is the decay rate of
OD405nm with the illumination time, F is the absorption correc-
tion factor, and superscripts r and s indicate the samples and
standard compound, respectively.

Cell culture

A375 cell lines were procured from the American Type Culture
Collection (ATCC). The cells were cultured in DMEM sup-
plemented with 10% fetal bovine serum (FBS), 100 units per
mL penicillin, and 50 µg mL−1 streptomycin. All cell cultures
were maintained under conditions of 37 °C, 5% CO2, and 95%
humidity. The cells were subcultured through successive tryp-
sinization and re-seeding.

Monolayer cell cytotoxicity tests

Cytotoxicity was assessed utilizing the MTT assay. A375 cell
lines were seeded in 96-well plates at a density of 12 000 cells
per well and incubated for 24 hours in DMEM supplemented
with 10% FBS. Ir(III) complexes at various concentrations were
introduced to the plates containing adherent cell lines and
subsequently incubated for an additional 8 hours, after which
the medium was replaced with fresh medium. Following the
necessary incubation period, cells in the light treatment group
were exposed to irradiation using a lamp with a 405 nm band-
pass for 600 seconds (20 mW cm−2), while the dark treatment
group was incubated for an additional 48 hours without
irradiation. Subsequently, the MTT assay was performed.
Subsequently, the MTT assay was conducted to assess cell via-
bility. The culture medium was aspirated and replaced with
150 μL per well of DMSO. After shaking for 2 min, the OD595nm

values were measured with a SpectraMax CMax Plus,
Molecular Devices. The experimental group is parallel three
times.
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Cellular localization

An overnight culture of A375 cells at a concentration of 1 ×
105cells per mL was established in Corning confocal dishes at
37 °C. Following an 8-hour treatment with the complexes at a
concentration of 2.0 μM, the cells were rinsed with PBS and
subsequently stained with the commercially available
MitoTracker Deep Red at a concentration of 50 nM for
30 minutes. The cells were then washed with PBS to remove
any excess dye. Confocal fluorescence microscopy was per-
formed using a Zeiss LSM 880 laser microscopy system to
investigate colocalization.

Cell uptake

A375 cancer cells were seeded into a 6-well plate for 24 h. The
medium was removed and replaced with Ir1–4 and N-Ir1–4 in
plain DMEM. After different times (2–10 h) of incubation, the
cells were scraped out, collected in PBS (3 mL), and counted.
The cells were pelletized, and HNO3 (65%, 1 mL) was added to
these cells, and the mixture was incubated at room tempera-
ture for 24 h to digest entirely. The solution was then diluted
to a final volume of 10 mL with Milli-Q water, and the cellular
concentration of iridium was measured using ICP-MS.

ROS level detection

The DCFH-DA assay was employed to measure intracellular
ROS production by the complexes under two-photon exci-
tation. A375 cells were seeded in a confocal laser dish at a
density of 1 × 105 cells per mL and subsequently incubated
with the complex (2.0 μM) for 8 h. Following this, the culture
medium was replaced, and the cells were incubated with the
fluorescent probe DCFH-DA (1 μM) for 20 minutes. The experi-
mental group was subjected to two-photon irradiation (6 J, 300
s), while the dark group was without treatment. Fluorescent
images were gathered using an excitation wavelength of
488 nm, and the emission was recorded between 510 and
540 nm. The production of ROSs was assessed by using the
same protocol in 3D multicellular spheroids.

Mitochondrial membrane potential detection

The A375 cells were seeded in a confocal laser dish at a density
of 1 × 105 cells per mL and subsequently incubated with the
complex (2.0 μM) for 8 hours. Following incubation, the
culture medium was replaced, and the cells were treated with
JC-1 according to the manufacturer’s instructions. Imaging of
the samples was performed using a confocal laser scanning
microscope. Fluorescence images of the JC-1 aggregates were
acquired with an excitation wavelength of 543 nm, and emis-
sions were recorded between 580 and 610 nm. For the
JC-1 monomer, the images were captured using an excitation
wavelength of 488 nm, with emissions recorded between 510
and 540 nm. The experimental groups subjected to light
exposure underwent two-photon irradiation at 720 nm with an
energy dose of 6 J, followed by a 20-minute incubation period.
Subsequently, these samples were imaged using a confocal
microscope, ensuring consistent imaging conditions across all

samples. Control groups were maintained under identical con-
ditions to the experimental groups, with the exception that
they were not incubated with Ir(III) complexes.

Live/dead viability assay

A375 cells were seeded in 96-well plates at a density of 1 × 104

cells per well and incubated with complexes at a concentration
of 2.0 μM for 8 hours. Subsequently, the culture medium was
replaced, and calcein AM along with ethidium homodimer-1
(EthD-1) was added according to the manufacturer’s instruc-
tions. Following additional incubation, the cells were imaged
using a confocal microscope. For the dark groups, fluorescence
images of calcein AM were acquired using an excitation wave-
length of 488 nm, with emission recorded between 510 and
540 nm. For EthD-1, excitation was performed at a wavelength
of 530 nm, and emission was recorded between 640 and
670 nm. In light groups, the cells were exposed to two-photon
irradiation (720 nm, 6 J) and photographed under the same
conditions. Controls were managed under the same conditions
as the experimental group except for the incubation of Ir(III)
complexes.

Z-Axis scanning of 3D MCSs

The culture of 3D multicellular spheroids was prepared accord-
ing to a previously reported method. A suspension of 1.5%
agarose in fresh PBS and A375 cells was added to a 96-well
microassay culture plate until the total volume was 200 μL per
well. A375 3D MCSs with an average diameter of 800 μm were
cultured in a 37 °C incubator for 3 days. At the same time, the
culture medium was replaced every two days. Then the A375
3D MCSs were incubated with Ir(III) complexes (2 μM) for 8 h.
Then the cells were imaged using a confocal microscope. For
one-photon imaging, the excitation wavelength was 405 nm,
while it was 720 nm for two-photon imaging.
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