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ARTICLE INFO ABSTRACT
Keywords: The work aimed to synthesize and characterize two iridium(III) complexes [Ir(ppy)2(IPPH)]1(PF¢) (Ir1, IPPH =
Iridium(IIl) complexes (25,3R,5S,6R)-2-(2-(1H-imidazo[4,5-f]1[1,10]phenanthrolin-2-yl)phenoxy)-6-(hydroxymethyl)tetrahydro-2H-
Photoactivation pyran-3,4,5-triol, ppy = 2-phenylpyridine), [Ir(piq)2(IPPH)](PFs) (Ir2, piq = 1-phenylisoquinoline). The cyto-
ﬁ’;ﬂsz‘;nic cell death toxicity of the complexes against BEL-7402, A549, HCT-116, B16 cancer cells and normal LO2 was evaluated
Mitochondria through 3-(4,5-dimethylthiazole-2-yl)-2,5-biphenyl tetrazolium bromide (MTT) method. The complexes show no
cytotoxic activity (ICso > 100 pM) against these cancer cells, while their cytotoxicity can significantly be elevated
upon illumination. The ICso values range from 0.2 + 0.05 to 35.5 + 3.5 pM. The cellular uptake, endoplasmic
reticulum and mitochondria localization, reactive oxygen species, the change of mitochondrial membrane po-
tential, y-H2AX levels, cycle arrest, apoptosis and the expression of B-cell lymphoma-2 were investigated. The
calreticulin (CRT), heat shock protein 70 (HSP70), high mobility group box 1 (HMGB1) were explored. This
study demonstrates that photoactivatable complexes induce cell death in A549 through ROS-mediated endo-
plasmic reticulum stress-mitochondrial pathway, DNA damage pathways, immunogenic cell death (ICD), acti-
vation of PI3K/AKT signaling pathway and inhibit the cell growth at S phase.
1. Introduction related death is not the tumor itself but the metastasis from the tumor
[2]. Since the discovery of cisplatin by Rosenberg in the 1960s, the ef-
Cancer remains one of the most challenging and dangerous health ficacy of platinum drugs in cancer chemotherapy has been limited by
burden for human beings worldwide [1]. The main cause of cancer- side effects such as drug resistance, neurotoxicity, nephrotoxicity,

Abbreviations: A549, human non-small cell lung cancer cells; ATP, adenosine triphosphate; AKT, protein kinase B; B16, mouse melanoma cells; Bax, Bcl-2
associated x protein; BCA, bicinchoninic acid; Bcl-2, B-cell lymphoma-2; BEL-7402, human hepatocarcinoma cells; Caspase-3, cysteinyl aspartate specific proteinase-
3; CCCP, carbonyl cyanide m-chlorophenyl hydrazone; CRT, calreticulin; DAPI, 4’,6-Diamidino-2-phenylindole; DCF, 2',7’-Dichlorofluorescein; DCHF, 2',7°-
Dichlorodihydrofluorescein; DCHF-DA, 2',7’-Dichlorodihydrofluorescein diacetate; DMEM, Dulbecco's Modified Eagle Medium; DMSO, dimethylsulfoxide; EDTA,
ethylene diamine tetraacetic acid; FBS, fetal bovine serum; FITC, fluorescein isothiocyanate; HCT-116, human colorectal carcinoma cells; HeLa, human cervical
cancer cells; HepG2, human-hepatocarcinoma cells; HMGB1, high mobility group box1; HSP70, heat shock protein 70; ICD, immunogenic cell death; IPPH,
(2S,3R,5S8,6R)-2-(2-(1H-imidazo[4,5-f1[1,10]phenanthrolin-2-yl)phenoxy)-6-(hydroxymethyl)tetrahydro-2H-pyran-3,4,5-triol; JC-1, 5,5'-6,6-tetrachloro-1,1'-3,3'-
tetrethylbenzimidalylcarbocyanine iodide; LED, light emitting diode; LO2, human normal liver cells; MDA, malondialdehyde; MMP, mitochondrial membrane po-
tential; MTT, 3-(4,5-dimethylthiazole-2-y1)-2,5-biphenyl tetrazolium bromide; NBCS, Newborn calf serum; PARP, poly ADP-ribose polymerase; PBS, phosphate buffer
solution; PDT, photodynamic therapy; PI, propidium iodide; PI3K, phosphatidylinositol 3-kinase; piq, 1-phenylisoquinoline; PMSF, phenylmethylsulfonyl fluoride;
Hppy, 2-phenylpyridine; PVDF, polyvinylidene difluoride; RIPA, 50 mM Tris (pH 7.4), 150 mM NaCl, 1% NP-40, 0.5% sodium deoxycholate; RLU, Relative
luminometer units; RNase, ribonuclease; ROS, reactive oxygen species; RPMI 1640, Roswell Park Memorial Institute 1640; SDS-PAGE, sodium dodecyl sulfate
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hepatotoxicity and selectivity of treatment [3-6]. Unfortunately, the
resistance and toxic side effects associated with chemotherapy, radio-
therapy and surgery make cancer treatment troublesome [7]. Photody-
namic therapy (PDT) has attracted great attention for its high efficiency,
low side effects and overcoming drug resistance compared to traditional
cancer treatment strategies [8-10]. In PDT, the photosensitizer is acti-
vated by light and the excited triplet state of the photosensitizer converts
the ground state 30, into the active singlet oxygen (*05) which kills
cancer cells (type II reactions). The Radical species such as superoxide
ion (03) and hydroxyl radical (-OH) were formed by electron transfer
reactions (type I reactions) [11-13].

In our early work, we found that a range of iridium(III) complexes
have unique anticancer mechanisms, such as mitochondrial dysfunction,
DNA binding, ROS elevation, immunogenic cell death, endoplasmic re-
ticulum stress, the release of cytochrome ¢ [14-18]. Encouragingly,
iridium(III) complexes are extensively investigated as showing great
potential for photocatalytic cancer therapy in the field of photodynamic
therapy (PDT) agent [19-33]. Glucose is essential to mammalian cells
because it is not only a precursor of glycoproteins, triglycerides, and
glycogen but also a crucial energy source through the generation of
adenosine triphosphate (ATP) [34-38], moreover, the iridium com-
plexes containing glucose can increase cell uptake and show high anti-
cancer activity [39]. To obtain much information on the anticancer
activity, in this work, two new pending glucose iridium(III) complexes
[Ir(ppy)2(IPPH)](PFs) (Irl, ppy = 2-phenylpyridine, IPPH =
(2S,3R,5S,6R)-2-(2-(1H-imidazo[4,5-f][1,10]phenanthrolin-2-yl)phe-
noxy)-6- (hydroxymethyl)tetrahydro-2H-pyran-3,4,5-triol) and [Ir
(piqQ)2(IPPH)1(PF¢) (Ir2, piq = 1-phenylisoquinoline, Scheme 1) were
designed, synthesized and characterized by HRMS, 'H NMR and 3C
NMR. Ir1 and Ir2 showed no activity against selected BEL-7402 (human
hepatocarcinoma cells), A549 (human lung cancer cells), HCT116
(human colon cells), B16 (mouse melanoma cells) and normal LO2
(human normal liver cells). However, the complexes were irradiated
with a 65w LED lamp (white light, 5.2 J cm_z, A = 450-465 nm) for 40
min. Irl and Ir2 were highly photoactive in subduing cancer cells,
especially on A549 cells. In addition, cytotoxicity, endoplasmic reticu-
lum and mitochondria localization, apoptosis, intracellular ROS levels,
the change of mitochondrial membrane potential, immunogenic cell
death, the expression of B-cell lymphoma-2 (Bcl-2) family proteins were
investigated in detail.

2. Experimental
2.1. Materials and methods

All chemical reagents were purchased and used directly without
further purification. IrCl3-3H;0 was obtained from the Kunming Boren
Precious Metals Co., Ltd. 1,10-phenanthroline was obtained from the
Guangzhou Chemical Reagent Factory. Fetal Bovine Serum (FBS) and
Newborn Calf Serum (NBCS) were purchased from Gibco company.
Dulbecco's Modified Eagle Medium (DMEM) and Roswell Park Memorial
Institute (RPMI) 1640 were purchased from Thermo Fisher Scientific
(Waltham, USA). The tumor cell lines BEL-7402, A549, HCT116, B16
cancer cells and normal LO2 were gained from the Cell Center of Sun
Yat-Sen University (Guangzhou, China). 3-(4,5-dimethyl-tiazol-2-ly)-
2,5-diphenyl-tetrazoliumbromide (MTT) was purchased from Shanghai
Beyotime Institute of Biotechnology (Shanghai, China). 2/,7’-dichlor-
odihydrofluorescein diacetate (DCFH-DA) and 5,5'-6,6’-tetrachloro-1,1'-
3,3'-tetrethylbenzimidalylcarbocyanine iodide (JC-1) were purchased
from Roche Diagnostics (Indianapolis, IN, USA). H and '3C NMR
spectra were recorded on a Varian-500 spectrometer with DMSO-dg as
solvent and tetramethylsilane (TMS) as an internal standard at 500 MHz
at room temperature. Electrospray ionization mass spectra (ESI-MS)
were recorded on an LCQ system (Finnigan MAT, USA) using acetoni-
trile as the mobile phase. The spray voltage, tube lens offset, capillary
voltage, and capillary temperature were set at 4.50 kV, 30.00 V, 23.00 V
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and 200 °C, respectively and the quoted m/z values are for the major
peaks in the isotope distribution.

2.2. Synthesis of complexes

2.2.1. Preparation of ligand IPPH

A mixture of 1,10-phenanthroline-5,6-dione (0.315 g, 1.5 mmol),
helicine (0.426 g, 1.5 mmol), NH4Ac (2.31 g, 30 mnol) was dissolved in
ethanol (20 mL), then the mixture was refluxed at 78 °C for 3 h, after
cooling to room temperature, pale yellow precipitate was collected. The
precipitate was washed three times with ice water, the yellow powder
was obtained. Yield: 79%. Anal. Cacld for CosHpoN4Og: C, 63.29, H,
4.67,N, 11.81%. Found: C, 63.53, H, 4.34, N, 11.98%. ESI-MS (CH30H):
m/z = 473.20 ([M-1]).

2.2.2. Synthesis of complex [Ir(ppy)2(IPPH)]PF¢ (Ir1)

A mixture of cis-[Ir(ppy)2Cll2 (0.28 g, 0.25 mmol) [40] and IPPH
(0.237 g, 0.5 mmol) was dissolved in 42 mL of dichloromethane and
methanol (v/v, 2:1). The mixture was refluxed at 40 °C for 6 h under the
protection of argon. Upon cooling, saturated aqueous NH4PF¢ was added
to the reaction solution with stirring at room temperature for 2 h to
obtain yellow precipitate. The crude product was initially separated
using silica gel column with dichloromethane-acetone (v/v, 1:3) as
eluent, the yellow band was collected. The solvent was removed under
reduced pressure and the yellow powder was obtained. Yield: 83%. 'H
NMR (Acetone-dg, 500 MHz): § 9.25 (dd, 2H, J = 1.0, J = 8.5 Hz),
8.48-8.45 (m, 1H), 8.37 (d, 2H, J = 5.0 Hz), 8.24 (d, 2H, J = 8.5 Hz),
8.07-8.02 (m, 2H), 7.93 (d, 2H, J = 8.0 Hz), 7.89 (t, 2H, J = 8.0 Hz),
7.73 (d, 2H, J = 6.0 Hz), 7.58-7.55 (m, 1H), 7.49-7.45 (m, 1H),
7.39-7.34 (m, 1H), 7.08 (t, 2H, J = 6.0 Hz), 7.00-6.96 (m, 4H), 6.46 (d,
2H, J = 7.5 Hz), 5.26 (d, 1H, J = 8.0 Hz), 4.77 (s, 1H), 4.56 (s, 1H),
4.07-3.99 (m, 2H), 3.95-3.81 (m, 3H), 3.77-3.68 (m, 2H), 3.59 (t, 1H, J
= 8.0 Hz). '3C NMR (Acetone-ds, 125 MHz): 168.59, 156.72, 150.19,
145.02, 139.30, 132.74, 132.54, 131.11, 130.65, 130.52, 127.68,
127.58, 125.67, 124.72, 124.68, 124.23, 123.29, 120.58, 120.25,
119.65, 119.61, 104.73, 78.57, 77.39, 75.23, 71.55, 68.85, 62.36.
HRMS (CH3CN): C47H3gNgOgIrPFg: m/z = 975.2463 [(M-PFg)™].

2.2.3. Synthesis of complex [Ir(piq) 2(IPPH) ]PF¢ (Ir2)

The complex [Ir(piq)2(IPPH)]PFg (Ir2) was synthesized in an iden-
tical method that described for Ir1, with cis-[Ir(piq)2Cl]» [40] in place of
cis-[Ir(ppy)2Cl]s. Yield: 72%. lH NMR (Acetone-dg, 500 MHz): § 9.24
(dd, 2H, J = 1.0, J = 8.5 Hz), 9.11 (d, 2H, J = 8.5 Hz), 8.47 (d, 3H, J =
8.0 Hz), 8.26-8.24 (m, 2H), 8.04-7.99 (m, 4H), 7.91 (t, 2H, J = 6.5 Hz),
7.86 (t, 2H,J=7.0 Hz), 7.75 (t, 1H, J = 7.5 Hz), 7.69 (t, 1H, J = 8.0 Hz)
7.61 (d, 2H, J = 6.5 Hz), 7.58-7.52 (m, 1H), 7.40 (d, 2H, J = 6.5 Hz),
7.38-7.29 (m, 1H), 7.19 (t, 2H, J = 7.5 Hz), 6.96 (t, 2H, J = 7.5 Hz), 6.48
(d, 2H, J = 7.0 Hz), 5.26 (dd, 1H, J = 2.5, J = 8.0 Hz), 4.76 (s, 1H), 4.55
(s, 1H), 4.07-4.00 (m, 2H), 3.95-3.81 (m, 3H), 3.76-3.67 (m, 2H), 3.58
(t, 1H, J = 8.0 Hz). 13C NMR (Acetone-dg, 125 MHz): 169.59, 156.73,
146.57, 141.79, 137.89, 133.03, 132.70, 131.50, 131.32, 130.63,
129.84, 128.39, 127.49, 126.96, 124.71, 123.08, 122.64, 120.24,
119.65, 104.76, 78.59, 77.39, 75.19, 71.54, 68.84, 62.36. HRMS
(CH3CN): Cs5H42NgO6IrPFe: m/z = 1075.2966 [(M-PFg)'1.

2.3. pK, values determination

The pK, values of the complexes were assayed by potentiometric
titration method using a pH meter (Basic pH Meter PB-10, Sartorius)
calibrated with standard buffers of pH 4.01, 6.86 and 9.18. The com-
plexes were dissolved in a mixture of acetonitrile and water (v/v, 3:7).
The pH value of the above mixture was adjusted to 2 using HCI solution
(100 mM) under constant ionic strength (150 mM, KCl). Then KOH so-
lution (60 mM) was added until the pH value reaches 12.
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Table 1
ICs values (pM) of the ligand and its complexes toward the selected cancer cells
for 48 h.

Complexes BEL-7402 A549 HCT116 Bl6 LO2

IPPH > 100 79.6 £4.1 > 100 > 100 > 100
IPPH (light) > 100 > 100 28.6 + 3.8 > 100 > 100

Irl >100 >100 >100 >100 >100
Ir1(light) 30.8+0.8 16.8 £ 2.1 18.0+1.3 355+£35 >100

Ir2 >100 >100 >100 >100 >100

Ir2 (light) 5.0+ 0.4 0.2+0.05 08+0.1 324+£09 26.1+3.6
Cisplatin 15.4+4.1 6.5+ 0.5 156 +£04 203+1.0 18740.7

Data for cisplatin toward A549, BEL-7402 and LO2 from ref. [52], HCT116 from
ref. [53].

2.4. Cell culture

A549, HCT116, B16 and normal LO2 were cultured in Dulbecco's
Modified Eagle Medium (DMEM). BEL-7402 cells were cultured in the
Roswell Park Memorial Institute (RPMI) 1640. The medium for the
culture of cell lines was supplemented with 10% (v/v) fetal bovine
serum (FBS, Gibco, USA) and 1% (v/v) the penicillin-streptomycin so-
lution. All cells were cultured at 37 °C in a humidified atmosphere
consisting of 5% CO2 and 95% air.

2.5. Cytotoxicity assay in vitro

The cytotoxic activity of Irl and Ir2 in vitro against the selected
cancer cell lines was assayed by 3-(4,5-dimethylthiazole-2-yl)-2,5-
biphenyl tetrazolium bromide (MTT) method [41]. The cells were
seeded in a 96-well microplate (Costar, Corning Corp, New York) at a
density of 1.0 x 10* cells per well and further grown overnight at 37 °C
in a 5% CO; incubator. Next, different concentration (0-100 pM) of the
complexes dissolved in DMSO (final concentration of DMSO of 0.05%, v/
v) were added to the wells. Light activation of complexes was performed
with visible light and the cells were irradiated with a 65 w LED lamp
(white light, 5.2 J cm2). The distance between the lamp and the 96-well
plate was 20 cm and the temperature was maintained at room temper-
ature for 40 min during the irradiation period. After incubation at 37 °C
in 5% CO3 for 48 h, replacing the medium in the wells with 90 pL of
medium and 10 pL of MTT dye solution (5 mg/mL) and the incubation
was allowed to continue for another 4 h. The formed formazan crystals
were dissolved in 100 pL. DMSO according to MTT Kit. Absorbance was

Bright DAPI
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measured at 490 nm by a Microplate Reader (Multiskan FC, Thermo
Scientific, Shanghai, China). The obtained results were analyzed with
the IBM SPSS Statistics (version 20.0) to obtain the mean ICsg values in
the independent three experiments.

Note: In the following experiments, the location and cellular uptake
were performed without irradiation, in the other cell experiments, the
cells were treated with ICs( concentration of the complexes for 4 h, then
the cells were irradiated with white light (65 w LED lamp, light dose of
5.2J em™2, A = 450-465 nm) for 40 min.

2.6. Cellular uptake

A549 cells (1 x 10° cells per well) were inoculated into 12-well
plates and grown to 50% of the density. After adding 10.0 pM concen-
tration of Ir1 and Ir2, the cells were incubated at 37 °C and 5% CO,, for 4
h. Then, removing the culture medium, the nuclei were stained with
4',6-diamidino-2-phenylindole (DAPI) at 37 °C for 20 min. The cells
were washed thrice with cold phosphate buffer solution (PBS) and
imaged under the ImageXpress R Micro XLS System (MD company,
USA).

2.7. Wound healing assay

A wound healing test was used to examine the effects on the
migration of A549 cells. The cells were seeded in a 6-well plate (5.0 x
10° per well) and incubated for 24 h. The cells were wounded with a
sterile pipette tip and washed three times with PBS to remove any re-
sidual cell fragments from the scratch. Then, A549 cells were cultured
with a fresh medium containing 1% FBS. After the addition of the
complexes, 40 min of irradiation to the cells and continued to incubate
for 24 h. Finally, images were taken at 0 and 24 h under an inverted
microscope (Olympus Co., Tokyo, Japan). The wound width was
analyzed using Image J software to quantify the speed of wound healing.

2.8. Measurement of apoptosis by flow cytometry

Apoptosis was assessed using Annexin V- FITC apoptosis detection
kit according to the manufacturer's instructions. A549 cells were
exposed to the ICsg concentrations of Irl and Ir2 and incubated at 37 °C
in 5% CO> for 24 h. The cells were irradiated for 40 min. Then the cells
were collected and treated with trypsin-EDTA solution. Eventually, the
cells were washed twice with cold PBS and stained with Annexin V-FITC

Ir(lll)complex Merge

Fig. 1. The cellular uptake assay of A549 cells was incubated with Ir1 (10 pM), Ir2 (10 pM) for 4 h.
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Fig. 2. (a) The wound healing studies after A549 cells were treated with ICso concentration of Ir1, Ir2 for 24 h upon irradiation. (b) The wound closure ratio values

were analyzed with Image J.

(2 pL) and propidium iodide (PI, 2 pL) for 20 min in the dark. The
apoptosis rates were immediately determined by flow cytometry
(Beckman Instruments, NJ).

2.9. Cell cycle arrest determination

A549 cells were cultured in a 6-well plate (4 x 10° cells per well)
overnight and incubated with ICsg concentration of Ir1 and Ir2. After 4
h, the cells were irradiated for 40 min. Then the cells were harvested by
trypsinization and centrifuged 5 min at 1000 g. The supernatant was
carefully aspirated, washed with cold PBS and fixed with 75% ethanol at
4 °C overnight. According to guidance of the manufacturer's in-
structions, the cells were washed thrice with PBS and resuspended in
200 pL of assay buffer with 0.1% Triton X-100, 4 pL of PI (propidium
iodide, 0.02 mg/mL) and 4 pL of RNase (ribonuclease, 0.2 mg/mL), and
kept at room temperature for 30 min in the dark. The cells were analyzed
by flow cytometry (Beckman Instruments, NJ).

2.10. Endoplasmic reticulum localization

The A549 cells were seeded in a 12-well plate at a density of 1.0 x
10° cells per well. After incubation for 24 h, the cells were treated with
ICsp concentration of Irl and Ir2 for 4 h. The cells were washed twice
with cold PBS and then incubated with ER Tracker Red (1 uM) at 37 °C
for 20 min. After that, the cells were washed twice with cold PBS and
observed under ImageXpress R Micro XLS System (MD company, USA).

2.11. Mitochondrial localization and membrane potential determination
(MMP)

The A549 cells were incubated with ICso concentration of Ir1 and Ir2
for 4 h and further co-incubated with MitoTracker ® Deep Red FM (1 pg/

mL) at 37 °C for 0.5 h. Subsequently, the cells were rinsed with cold PBS
and photographed under ImageXpress Micro XLS system as soon as
possible. To investigate the effect of complexes on mitochondrial
membrane potential (MMP), A549 cells were treated with the ICsg
concentration of Ir1 and Ir2 for 24 h. Four hours after the addition of the
complexes, the cells were irradiated for 40 min. The cells were stained
with 5,5'-6,6'-tetrachloro-1,1'-3,3'-tetrethylbenzimidalylcarbocyanine
iodide (JC-1) at 37 °C for 30 min after trypsin and collection. After
centrifugation to remove the supernatant, the cell pellet was suspended
in PBS. The ratio of red/green fluorescence intensity was measured by
FACS Calibur flow cytometry (Beckman Instruments, NJ).

2.12. Determination of reactive oxygen species (ROS)

A549 cells were placed into a 12-well plate and incubated overnight.
After discarding the medium, fresh DMEM containing ICs¢ concentra-
tion of Ir1 and Ir2 was added and incubated for 4 h at 37 °C in 5% CO»,
the cells were irradiated (white light) for 40 min. After 24 h, the cells
were stained with 10 pM of 2/,7’-Dichlorodihydrofluorescein diacetate
(DCHF-DA) in the dark. The cell nuclei were stained with 4’,6-Dia-
midino-2-phenylindole (DAPI) for 20 min and observed under the
ImageXpress R Micro XLS System (MD company, USA).

2.13. Lipid peroxidation assay

The intracellular malondialdehyde (MDA) levels were measured
using the thiobarbituric acid (Beyotime, Shanghai, China) method.
Briefly, A549 cells were cultured in a 6-well plate (4 x 10° cells per well)
for 24 h. After the density reached 90%, the ICsy concentration of the
complexes were added to the cells for 4 h, then the cells were irradiated
for 40 min, after 24 h, the cells were harvested by trypsinization, pre-
pared in lysis buffer and centrifuged at 12,000 g for 15 min at 4 °C. The
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Fig. 3. Cell cycle distribution of A549 cells (a) were treated with ICs, concentration of Irl (b) and Ir2 (c¢) (without irradiation) or Ir1 (d) and Ir2 (e) (irradiation for

40 min).

supernatants were reacted with TBA (thiobarbituric acid) and the re-
action products were measured spectrophotometrically at 530 nm. The
concentration of MDA was calculated by a calibration curve using
1,1,3,3-tetrathoxypropane propane as a standard and expressed as ug/g
protein.

2.14. Measurement of CRT, HSP70, HMGBI1

A549 cells were seeded in a 12-well plate at the density of 1.0 x 10°
cells/well and incubated overnight. Then, the cells were treated with
ICsp concentration of Ir1l and Ir2 for 4 h, the cells were irradiated for 40
min. After 24 h, the cells were fixed with 75% alcohol, incubated with an
immunostaining blocker for 1 h. Then the cells were incubated with
rabbit antibodies (CRT, HSP70 and HMGB1) at 1:70 dilutions at 4 °C
overnight. Next, the plate was washed with immunol staining wash
buffer three times and incubated with FITC-labeled Goat Anti-Rabbit IgG
in the dark for 1 h. After that, the cells were washed twice, then stained
with DAPI for 20 min, and the images of CRT, HSP70 and HMGB 1
expression were obtained under the ImageXpress Micro XLS System (MD
company, USA).

2.15. Immunofluorescence staining of y-H2AX

Immunofluorescence staining for y-H2AX was measured using the
DNA damage assay kit by y-H2AX immunofluorescence (Beyotime,
Shanghai, China). A549 cells were treated with ICsg concentration of Irl
and Ir2 for 4 h in a 12-well plate (1.0 x 10° cells/well), the cells were
irradiated for 40 min. After 24 h, the cells were washed three times with
cold PBS and blocked at 4 °C for 1 h using QuickBlock™ Blocking Buffer
for Immunol Staining. Then the cells were incubated for 1 h at room
temperature with an anti-y-H2AX primary antibody (rabbit monoclonal;
Beyotime, Shanghai, China; 1:200). A549 cells were washed with
Immunol Staining Wash Buffer containing 0.5% Triton X-100 and

incubated with a fluorescein isothiocyanate (FITC)-conjugated second-
ary antibody (Beyotime, Shanghai, China; 1:200) for 80 min at 4 °C. The
nuclei were stained with 4,6-diamidino-2-phenylindole (DAPI) and im-
ages were acquired under Micro XLS System (MD company, USA).

2.16. Western blotting assay

A549 cells were seeded into a 6-well plate at a density of 2.0 x 10°
cells per well for 24 h and treated with ICsp concentrations of the Ir1 and
Ir2 for 4 h, the cells were irradiated for 40 min. After 24 h, the cells were
washed three times with cold PBS and lysed in lysis buffer (phosphatase
and protease inhibitor mixture) on ice and centrifuged at 12,000 rpm for
15 min at 4 °C. The protein content of the sample was detected using a
BCA assay. Samples with equal protein concentrations were separated
by 10 or 15% sodium dodecyl sulfate polyacrylamide gel electrophoresis
(SDS-PAGE). Separated proteins were transferred from the gels to pol-
yvinylidene difluoride (PVDF) membranes. The membranes were
blocked with 5% skim milk in TBST (20 mM Tris—-HCIl, 150 mM NacCl,
0.2% Tween 20, pH 8.0) buffer for 1 h at room temperature and incu-
bated with primary antibodies in diluent overnight at 4 °C. The poly-
vinylidene difluoride (PVDF) membranes were washed four times with
TBST and incubated with secondary antibodies conjugated with horse-
radish peroxidase (1:5000 dilution) for 70 min. Finally, the membranes
were washed three times with TBST and developed with BeyoECL Star
solution, followed by imaging with FluorChem instrument (Pro-
teinSimple, CA, USA). The protein expression level was analyzed using
the Image J software.

2.17. Data analysis
The results were expressed as mean =+ SD. Statistical significance was

evaluated through a one-way analysis of variance. The *P values <0.05
was considered statistically significant.
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Fig. 4. Apoptosis assay of A549 cells (I) exposure to ICso concentration of Irl (II), Ir2 (III) (without irradiation) or Ir1 (IV) and Ir2 (V) upon irradiation for 40 min.

3. Results and discussion
3.1. Synthesis and characterization

The ligand IPPH was prepared through condensation of 1,10-phe-
nanthroline-5,6-dione with helicine in the ethanol. The complexes Irl
and Ir2 were synthesized by the direct reaction with [Ir(ppy)2Cls]; or [Ir
(piq)2Cls]> and IPPH in a mixture of dichloromethane and methanol
under argon. The crude product was purified on a silica gel (100-200
mesh) column and dichloromethane-acetone (1:3, v/v) as eluent. The
complexes were characterized by HRMS, 'H NMR and *C NMR. In the
spectra of HRMS, the signal of [M-PF¢]™ was observed, the determined
molecular weights are consistent with the expected values. The purity of
the complexes was detected using methanol and water (Viethanol: Vwater
= 97:3 for Irl, 95:5 for Ir2) as mobile phase by HPLC. As shown in
Fig. S1 (supporting information), during the period of 30 min, only a
peak for Irl and Ir2 was discovered, indicating that the complexes are
pure.

The UV-Vis spectra of 20.0 pM Ir1 and Ir2 in ethanol were shown in
Fig. S2a (supporting information), the maximum absorbance of Ir1 and
Ir2 appeared at 277 (¢ = 57,595), 289 (¢ = 67,630) nm, respectively.
The complexes can luminescence in ethanol at room temperature, with a
maximum for Irl and Ir2 (Fig. S2b, supporting information) appearing
at 559 nm (Aex = 275 nm) and 589 nm (Aexy = 290 nm), respectively. The
luminescence of the complexes in PBS solution was also detected, the
complexes emit weak green fluorescence (Fig. S2c, supporting
information).

The luminescence quantum yield (®) of the complexes was deter-
mined under argon according to the literature [42] using [Ru(bpy)g]2+
(® = 0.04, methanol) as a refence, the complexes (10 pM) were

dissolved in methanol and diluted with water. The ® values were
calculated according to the following equation:

O, = &, x (LA /IAcn,?)

Where I is integrated emission intensity, A is absorbance intensity, n
is refractive index of solvent. The subscript r stands for reference, ¢
stands for the complexes.

The luminescence quantum yields for Irl and Ir2 were determined to
be 0.13 and 0.05.

The stability of the complexes in PBS solution at room temperature
was detected at 0 and 24 h, as shown in Fig. S3 (supporting information),
no change in the shape of the peaks was observed, indicating that the
complexes are stable in PBS solution.

3.2. pK, values determination

The dissociation constant (pK,) of the complexes has a considerable
influence on the physicochemical and pharmacokinetic properties and
can be used to determine whether it can cross the blood-brain barrier
[43]. Compounds with minimally one charge with a pK, > 4 for acids
and correspondingly a pK, < 10 for bases can cross the cell membrane by
passive diffusion [44]. The pH values for Irl and Ir2 are 6.61 and 6.29,
respectively. The pK, values were obtained by a graph of pH versus
volume of KOH. As shown in Fig. S4 (supporting information), the pK,
values are 7.13 for Ir1, 7.02 for Ir2, indicating that the complexes can
cross the cell membrane to enter to the cells.

3.3. Irradiation increases the cytotoxicity

The cytotoxicity of IPPH, Irl and Ir2 toward BEL-7402, A549, HCT-
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Fig. 5. Location assay (a) endoplasmic reticulum and (b) mitochondria of A549 cells incubated with ICso concentration of Irl and Ir2 for 4 h and stained with ER-
Tracker Red or Mito-Tracker Red. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)

116, B16 cancer cells and normal LO2 was determined by MTT assay.
The obtained ICsq values are listed in Table 1. As expected, IPPH shows
no or low cytotoxic activity. Unexpectedly, complexes Irl and Ir2 show
weakly cytotoxic activity against BEL-7402, A549, HCT-116, B16 cancer
cells and normal LO2 cells (IC5p > 100 pM). To enhance anticancer
activity of the complexes, the cells were treated with different concen-
tration of the complexes for 4 h, then the cells were irradiated with white
light (65 w LED lamp, light dose of 5.2 J cm 2, ) = 450465 nm) for 40
min, the complexes showed remarkable activity against all the cancer
cells. In particular, Ir2 exhibits very high ability to kill A549 and
HCT116 cells with a low ICsp value of 0.2 + 0.05 and 0.8 &+ 0.1 pM.
Comparing the ICsq values, Ir2 shows higher cytotoxic activity than Irl
and cisplatin under the identical conditions. Hence, irradiation can in-
crease the cytotoxic activity of the complexes toward cancer cells. Gupta
et al. synthesized a Ir(Ill) dipyrrinato complex with sugar moiety
(WSIr7), the ICsq values of the complex against A549 cells are 84.3 +1.9
and 17.8 & 0.5 pM in the dark and in the presence of light, respectively.
The phototoxicity index (PI) shows that the photosensitizer (WSIr7) is
about 4 times more active under light than under the dark conditions
[45]. While Ir2 has no cytotoxic activity in the dark (IC5p > 100 pM), in

the presence of white light, Ir2 exhibits very high anticancer effect on
A549 cells with a very low ICsg value (ICso = 0.2 + 0.05 uM). Therefore,
Ir2 exhibits higher photosensitizer efficacy toward A549 cells than
WSIr7, [Ir(ppy)2(ipbc)1(PFg) (ipbc = 4'-(1H-imidazo[4,5-f][1,10]phe-
nanthrolin-2-y1)-(1,10-biphenyl)-4-carbaladehyde, IC59 = 48.5 + 3.8
pM, light) [46] and [Ir(ppy)2(FBPIP)[(PFs) (FBPIP = 2-(4-formyl)ben-
zeno[4,5-f][1,10]phenanthroline, ICso = 22.9 + 1.2 pM) [47]. Similar
results were observed for the cytotoxic activity of other families of
iridium(III) complexes [31,32]. In general, upon irradiation, the com-
plexes can increase intracellular ROS (e.g. superoxide, hydroxyl radicals
or peroxides) and 10,. Both ROS and 10, rapidly interact with adjacent
biomolecules disrupting normal cell functions that finally drives to cell
death [48,49]. According to the literature [50,51], we infer iridium(III)
complexes Irl and Ir2 can effectively sensitize ground-state oxygen
(30,) to produce cytotoxic singlet oxygen (105), making them highly
effective photosensitizers for use in photodynamic therapy (PDT).
Notably, Ir1 and Ir2 displayed strong PDT efficacy under irradiation and
Ir2 can be used as photosensitizer for the treatment of cancer. Based on
these results, A549 cells were chosen for the undergoing experiments.
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3.4. Analysis of the uptake of complexes

The cellular uptake was monitored under the ImageXpress High
Content Screening System. A549 cells were treated with Ir1 (10 pM) and
Ir2 (10 pM) for 4 h and stained by DAPI (Aex = 340 nm, Aeyy = 488 nm),
as the fluorescence probe. As shown in Fig. 1, Irl and Ir2 emit green
fluorescence due to autofluorescence properties, and the cell nuclei were
stained blue. The merge of the green and blue fluorescence indicates that
the complexes successfully crossed the cell membrane and entered the
cell and mainly distribute in the cytoplasm and few amount of the
complexes distribute in the cell nuclei.

3.5. Wound healing assays

The tendency of tumor cells to metastasize and spread is a major
cause of cancer treatment failure [54]. A wound healing assay is a
standard technique in vitro to evaluate cell migration capacity [55]. As
shown in Fig. 2a and b, compared with the control group, Irl and Ir2
could attenuate the healing of wounded cell monolayers to a certain
extent, but still could not stop the tendency of A549 cell migration.
However, after irradiation, Irl (light) and Ir2 (light) can effectively
inhibit the cell migration, and the width of the wound's edge was almost
unchanged. Wound area analysis showed that a significant reduction in
the percent of wound closure was observed in A549 cells exposed to
photoactivated Irl and Ir2 compared to control cells. While Irl and Ir2
show weak ability to prevent the cell migration without irradiation.
Therefore, the above results indicated that the complexes effectively
hindered the migration of A549 cells upon irridiation and follow the
order of Ir2 (light) > Ir1 (light) > Ir2 > Irl.

3.6. Cell cycle arrest analysis

To determine whether the complexes regulate the cell cycle, A549
cells were treated with ICsg concentration of Ir1 and Ir2 for 24 h stained
with propidium iodide (PI), and cell cycle distribution was analyzed by
flow cytometry. As shown in Fig. 3, in the control, the percentage of
A549 cells in the S phase was 24.62%. Treatment of A549 cells with ICsg
concentration of Irl and Ir2 for 24 h, the percentages in the cells at S
phase are 25.71% and 30.48%, respectively. The slight changes in in-
hibition of S phase were observed for the complexes without irradiation.
However, A549 cells exposure to ICs concentration of Irl and Ir2 for 4
h, the cells were irradiated for 40 min, the percentages in the cells at S
phase are 33.03% and 50.77%, an increase of 8.41% for Ir1 and 26.15%
for Ir2 at the S phase compared with that in the control was found,
accompanied by a corresponding decrease in the GO/G1 phase. The re-
sults further demonstrate that photoactivation of complexes can greatly
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increase the anticancer efficacy.
3.7. Analysis of inducing apoptosis

Apoptosis, the programmed cell death, is finely regulated at the gene
levels resulting in the efficient removal of damaged cells [56]. There-
fore, we further investigated the effect of the complexes on apoptosis in
the presence or absence of irradiation. As shown in Fig. 4, in the control
(I), the percentage of early apoptosis was 2.19%. without irradiation, Ir1
(II) and Ir2 (III) cause a weak apoptotic effect. After irradiation for 40
min, the early apoptotic rate reached 14.9% and 15.3% after treatment
with ICsg concentration of Ir1 (IV) and Ir2 (V), the apoptotic percentage
increases by 12.71% and 13.11% for Ir1 and Ir2. This is consistent with
the cell cytotoxic activity. These results reveal that the complexes can
effectively induce apoptosis upon irradiation, and they may become
promising PDT agents for the treatment of cancer.

3.8. Subcellular localization of the complexes

The endoplasmic reticulum (ER) is a specialized organelle that reg-
ulates protein homeostasis that orchestrates and monitors the synthesis,
folding, assembly, trafficking and degradation of all proteins destined
[57]. Homeostasis imbalance in ER results in ER stress which further
induces apoptosis [58]. Most of the iridium(III) complexes containing N-
based ligands, such as polypyridyl, N-heterocyclic carbene (NHC),
phenanthroline, can accumulate in the ER membrane and mitochondria
[30,59]. The location of the complexes at the endoplasmic reticulum and
mitochondria after a 4 h exposure of A549 cells to ICsg concentration of
Irl and Ir2 was further investigated under the ImageXpress Micro XLS
System. As displayed in Fig. 5a, the green fluorescence of the complexes
significantly overlaps with the red fluorescence of ER-Tracker Red (Aex
=587 nm, Aep = 615 nm), suggesting that the complexes localized at the
endoplasmic reticulum. The Pearson's colocalization coefficients (PCC)
were calculated by analyzing the red and green fluorescence intensity
(Image pro plus 6.0 software) in 50 cells according to literature [60].
The PCC values are 0.94 for 1 and 0.95 for 2. To explore whether the
complexes located at the mitochondria, A549 were treated with ICsq
concentration of Irl and Ir2 for 4 h, the mitochondria were stained red
with Mito-Tracker Red (Aex = 579 nm, Aeyy, = 599 nm). The complexes
emit weak green fluorescence, the merge of the red and green fluores-
cence indicates that the complexes were localized at the mitochondria
(Fig. 5b). The PCC values are 0.98 for 1 and 0.94 for 2. The Pearson's
colocalization coefficients for endoplasmic reticulum and mitochondria
indicate an existence of positive correlation. Hence, according to the
PCC values, we consider that the complexes accumulate both in the
endoplasmic reticulum and mitochondria.

3.9. Cellular reactive oxidative species (ROS) production

In PDT, photosensitizers and tumor cells were exposed to trans-
formation and endogenous molecular oxygen was converted to ROS
(*OH, 0357, and '0,) [61,62]. The elevated cellular ROS levels activate
various signaling pathways, causing mitochondrial injury and oxidative
stress, which in turn induces apoptosis [63,64]. The distribution of the
complexes in the mitochondria and the high phototoxicity induce
cellular apoptosis promoted us to study intracellular ROS generation.
The generation of reactive oxygen species (ROS) in A549 cells was
measured using 2,7’-dichlorodihydrofluorescein diacetate (DCHF-DA,
Aex = 488 nm, A, = 525 nm) as fluorescence probe. DCHF-DA pene-
trates into the cell membrane to enter the cells and is hydrolyzed by
intracellular esterase and converted into 2',7'-dichlorodihydro-
fluorescein DCFH (non-fluorescent), which is rapidly oxidized by ROS
into 2',7'-dichlorofluorescein (DCF). The fluorescence of DCF and the
levels of intracellular reactive oxygen species were positively correlated.
As shown in Fig. 6a, when A549 cells were treated with ICsy concen-
tration of the complexes Irl and Ir2 for 24 h, no obvious change of the
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green fluorescence of intracellular DCF was observed compared with
that in the control. However, under the irradiation of white light, the
green fluorescence of A549 cells treated with ROSUP (positive control)
and ICs( concentration of Irl and Ir2 was significantly enhanced, indi-
cating that the complexes can increase intracellular ROS levels upon
irradiation.

To quantitatively compare the efficacy of Ir1 and Ir2 on intracellular
ROS levels, DCF green fluorescence intensity was determined by flow
cytometry. As illustrated in Fig. 6b, in the control (I), the fluorescence
intensity of DCF was 2.6 x 10*. After A549 cells were exposed to ROSUP
(ID) and ICsp concentration of Irl (III) and Ir2 (IV), the green fluores-
cence intensity increases by 16.3, 1.07 and 1.02 times for ROSUP, Irl
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and Ir2. However, upon irradiation, DCF fluorescence intensity in-
creases by 18.3 and 20.1 times for Irl (V) and Ir2 (VI) compared with
the control. Consequently, under irradiation, the complexes can greatly
increase the intracellular ROS levels.

3.10. Detection lipid peroxidation levels

The excessive intracellular accumulation of reactive oxygen species
contributes to lipid peroxidative damage promoting ferroptosis which is
a form of regulated cell death [65,66]. To investigate the effect of the
complexes on lipid peroxidation, the amount of lipid peroxidation
product malondialdehyde (MDA) was measured in A549 cells. As
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Fig. 10. (a) Immunofluorescence analysis of phosphorylated y-H2AX induced by ICs, concentration of Irl and Ir2 in the absence or presence of white light pho-
toirradiation. (b) Western blot analysis of y-H2A after an exposure of A549 cells to ICsy concentration of Irl, Ir2 in the absence or presence of white light photo-
irradiation (450-465 nm, light dose = 5.2 J cm~2). (¢) The gray values of y-H2AX protein.

14



W. Liet al.

a Control Ir Ir2 Ir1 (light) Ir2 (light)
PARP | W S S -
Pk | S — - 110 KD
AKT | #H S S e [SOKD
Caspase 3 | NS SN SN SN S | <0
Bol2 | SR S e e |26 KD
Bax | —— * 21KD
pactin | "— A S s |22 kD

Journal of Inorganic Biochemistry 236 (2022) 111977

b - Green control
Red Ir
Gray Ir2
2.0 =] Orange Ir1 (light)
Purple Ir2 (light)
1.5=
1.0
0.5
0.0- - 2 g L i

PARP PIBK AKT caspase-3 Bcl-2 Bax B-actin
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Fig. 12. The molecular mechanism of the complexes inducing apoptosis in A549 cells.

displayed in Fig. 7, compared with the control group, after an exposure
of 24 h of A549 cells to ICsy concentration of Irl and Ir2, a slight in-
crease in the content of malondialdehyde (MDA) was discovered.
However, A549 cells were treated with ICsq concentration of Ir1 and Ir2
upon irradiation for 40 min, the content of MDA increases by 6.00 times
for Irl and 8.32 times for Ir2 compared with that in the control. These
data demonstrated that the complexes can induce oxidant stress to
promote ferroptosis of A549 cells upon irradiation.

3.11. Mitochondrial membrane potential assay

Mitochondrial membrane potential (MMP) is an indicator of mito-
chondrial activity and the oxidative stress caused by the accumulation of
ROS in cells changes mitochondrial membrane permeability and triggers
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a decrease in mitochondrial membrane potential, which results in
apoptosis [67-69]. The effect of the complexes on the mitochondrial
membrane potential (A¥y,) in A549 cells was investigated using dye
5,5',6,6'-tetrachloro-1,1',3,3'-tetraethylbenzimidazolylcarbocyanine io-
dide (JC-1, green, Aex = 514 nm, Aeyy = 529 nm, red, Aex = 585 nm, ey =
590 nm) as fluorescence probe. JC-1 dye forms aggregates with red
fluorescence at the high mitochondrial membrane potential. Conversely,
the green fluorescence of the dye forms monomers corresponds to low
mitochondrial membrane potential. A549 cells were treated with ICsg
concentration of complexes Ir1 and Ir2 for 4 h and irradiated with white
light (5.2 J cm2) for 40 min. After 24 h, the cells were stained with JC-
1. See from Fig. 8, in the control, JC-1 dye exhibited bright red fluo-
rescence and weak green fluorescence. Treatment of A549 cells with
carbonylcyanide-m-chlorophenylhydrazone (CCCP, positive control)
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and ICs( concentration of in the absence or presence of irradiation, the
red fluorescence intensity decreases and the green fluorescence intensity
increases compared with that in the control. The change from red to
green fluorescence suggests that the complexes can cause a reduction of
mitochondrial membrane potential.

3.12. Photoactivation of the complexes induces immunogenic cell death
(ICD)

Upon irradiation, photosensitizers acting on the endoplasmic retic-
ulum (ER) can cause robust ROS-based ER stress, thus inducing strong
immunogenic cell death (ICD) characterized by inducing various dam-
age associated molecular patterns (DAMPs) exposure [70]. ICD is
characterized by translocation of calreticulin (CRT) from ER to the cell
surface, secretion of heat shock protein 70 kDa (HSP70), migration of
high mobility group box 1 (HMGB1) from the nuclei to the cytoplasm
[71-73]. As shown in Fig. 9, A549 cells were treated with ICso con-
centration of Irl and Ir2 for 24 h, in the absence of irradiation, no
obvious change in the green fluorescence was discovered. However,
upon irradiation for 40 min, the green fluorescence intensity enhances
compared with that in the control. The degree of immunogenic cell
death was reflected by the green fluorescence intensity of the antibody
(containing fluorescein isothiocyanate (FITC, Aexy = 488 nm, Aeyy = 518
nm)) labeled CRT (a), HMGB1 (b) and HSP70 (c) proteins. These results
showed that the complexes can induce immunogenic cell death upon
irradiation.

3.13. y-H2AX fluorescence intensity analysis

y-H2AX is converted from phosphorylation of the Ser-139 residue of
the histone variant H2AX, a recognized biomarker for the double-strand
DNA breaks [74,75]. To quantitatively evaluate DNA damage, A549
cells were treated with ICsy concentration of Irl, Ir2 in the absence or
presence of white light (\ = 450-465 nm, light dose = 5.2 J cm ™2, 40
min) for 24 h, and the expression level of y-H»AX (fluorescence dye
FITC, Aex = 488 nm, Aeyy = 518 nm) was evaluated by immunofluores-
cence staining. Fig. 10a illustrated that the control group showed a weak
green fluorescence, ICso concentration of Irl and Ir2 (without irradia-
tion) showed relatively strong green fluorescence compared with the
control. While in the A549 cells treated with ICsy concentration of Irl
and Ir2 upon irradiation, bright green fluorescence was observed,
indicating that the complexes can increase the content of y-H2AX. In
addition, the expression of y-H2AX protein was investigated by western
blot analysis. As shown in Fig. 10b and c, the expression of y-H2AX
protein in A549 cells was increased after treatment with the complexes
compared with control, these data further confirm that Irl and Ir2
significantly cause DNA damage.

3.14. Expression of Bcl-2 family protein

To verify the effect of white light-activated complexes on the in-
duction of apoptosis, the expression of B-cell lymphoma-2 (Bcl-2) family
proteins was investigated by Western blot. The caspase family plays a
key role in apoptosis, caspase 3 (cysteinyl aspartate specific proteinase-
3) is activated to cleave the PARP in the early stages of apoptosis
[74-77]. See from Fig. 11a and b, A549 cells were treated with ICsq
concentration of Irl and Ir2 upon irradiation, compared to control, the
expression levels of caspase 3, and the pro-apoptotic protein Bax (Bcl-2
associated x protein) were increased while the anti-apoptosis protein
Bcl-2 and PARP (poly ADP-ribose polymerase) were reduced. The PI3K
(phosphatidylinositol 3-kinase)/AKT (protein kinase B) signaling
pathway regulates a variety of biological processes such as cell cycle,
proliferation, apoptosis and is frequently aberrantly activated in human
cancers [78-80]. Upon irradiation, Irl (light) and Ir2 (light) down-
regulate the expression of PI3K and AKT compared with that in the
control. Without irradiation, Irl and Ir2 show weak efficacy on the
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expression of caspase 3, PARP, Bax, Bcl-2, PI3K and AKT. Therefore, we
inferred that the complexes strongly trigger apoptosis upon irradiation
by regulating Bcl-2 family proteins and inhibiting the PI3K/AKT
pathway.

4. Conclusions

In this article, two new complexes [Ir(ppy)2(IPPH)](PF¢) (Irl) and
[Ir(piq)2(IPPH)](PFg) (Ir2) were synthesized and characterized by ESI-
MS, UV, 'H NMR and '3C NMR. The MTT experimental results show
that complexes Irl and Ir2 show weakly cytotoxic on the tested tumor
cells. However, upon irradiation with white light for 40 min, the com-
plexes exhibit significant phototoxicity, especially toward the A549 cell
line with an ICsq value of 0.2 + 0.05 uM for Ir2. Further studies have
shown that the complexes localize at the endoplasmic reticulum (ER)
and generate ER-stress induces immunogenic cell death, act on the
mitochondria and increased the intracellular ROS, reduced the mito-
chondrial membrane potential. In addition, the western blotting showed
that the complexes increased Bax/Bcl-2 ratio, caspase 3 and decreased
PARP (poly ADP-ribose polymerase), PI3K (phosphoinositide-3 kinase)
and AKT (protein kinase B). Meanwhile, the complexes caused DNA
damage (upregulation of y-HpAX protein expression) and induce cell
cycle arrest at S phase. In conclusion, this study demonstrates that
photoactivatable iridium(IlI) complexes induce cell death in A549
through ROS-mediated endoplasmic reticulum stress-mitochondrial
pathway, DNA damage pathway and ICD (Fig. 12). This work is help-
ful for design and synthesis new iridium(II) complexes as potent
endoplasmic reticulum and mitochondria-targeted photodynamic ther-
apy (PDT) candidates for cancer treatment.
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