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Synthesis, characterization and induction of
ferroptosis of iridium(III) complexes against
B16 melanoma cells†

Zhujun Sheng,a Yuanzheng Liu,a Li Xu,*b Xin Yao,a Ju Chen,a Yunjun Liu *a and
Xiuzhen Wang*a

The synthesis of the ligand 2-(2-methyl-4-hydroxyl)phenyl-1H-imidazo[4,5-f ][1,10]phenanthroline (MHIP)

and its corresponding new iridium(III) complexes [Ir(ppy)2(MHIP)]PF6 (ppy = 2-phenylpyridine, 9a), [Ir

(bzq)2(MHIP)]PF6 (bzq = benzo[h]quinolone, 9b) and [Ir(piq)2(MHIP)]PF6 (piq = 1-phenylisoquinoline, 9c)

was reported. The antiproliferative activity of compounds 9a–9c on HepG2, B16, and A549 cancer cells as

well as on normal NIH 3T3 cells was tested using a 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium

bromide (MTT) assay. It was found that the three complexes showed moderate cytotoxicity in A549 and

B16 cells. However, after further irradiation, the cytotoxicity was greatly enhanced; especially, 9a, 9b and

9c displayed significant cytotoxicity toward B16 cells with a low IC50 value of 3.1 ± 0.3 µM for 9a, 4.9 ±

0.8 µM for 9b, and 0.4 ± 0.1 µM for 9c. The effects of 9a–9c on the invasive ability of B16 cells were

explored via colony formation and scratch experiments. Results demonstrated that the complexes could

efficiently block cell proliferation and migration. The co-localization assay found that 9a–9c accumulated

in the mitochondria and led to the apoptosis of B16 cells by decreasing mitochondrial membrane poten-

tial, altering the structure of microtubule proteins, damaging the structure of cellular DNA, and changing

the expression of related proteins. The decrease in glutathione (GSH) concentration, the increase in mal-

ondialdehyde (MDA), the downregulation of GPX4, and C11-BODIPY staining results confirmed that 9a,

9b and 9c led to ferroptosis. In addition, we explored the relevant signaling pathways through an RNA

sequencing assay and speculated on the possible anticancer mechanisms. Together, the results of this

study indicate that the synthesized new iridium(III) complexes 9a–9c can induce cell death via ROS-

mediated mitochondrial dysfunction, apoptosis and ferroptosis.

Introduction

According to relevant statistics, more than 10 million people
die of cancer globally every year, making it the second leading
cause of death worldwide.1 The current main treatment for
cancer includes surgery, radiotherapy, and chemotherapy,
while anti-cancer drugs are the mainstay of tumor contain-
ment.2 Cisplatin can exert anticancer activity by attacking mul-
tiple sites and inhibiting cell division, and it is widely used for
treating various cancers.3–5 However, cisplatin has serious
adverse effects such as nephrotoxicity, immunity loss and
ototoxicity, which pose a challenge to cancer treatment.6

Photodynamic therapy (PDT) is an emerging and approved
cancer treatment in clinical application. Unlike traditional
treatments, PDT generates cytotoxic singlet oxygen through a
chemical reaction, which leads to apoptosis by acting on cellu-
lar DNA and destroying mitochondrial function; it can also
selectively act on cancer cells, which can improve therapeutic
efficacy and reduce toxic side effects.7–10

In PDT, the design of a photosensitizer (PS) is critical to its
therapeutic efficacy, and iridium complexes represent an
efficient PS. Tong et al. synthesized four novel iridium com-
pounds and found that the compounds exhibited significant
photodynamic activity against cancer cells in vitro under
irradiation.11 Wang et al. found that the complex exhibits good
biocompatibility, high oxygen generation capacity, and strong
cytotoxicity against cancer cells.12 In our previous work, we
observed that the iridium(III) complex [Ir(piq)2(DBDIP)]PF6
(piq: 1-phenylisoquinoline; DBDIP: 2-(2,3-dihydrobenzo[b]-
[1,4]dioxin-6-yl)-1H-imidazo[4,5-f ][1,10]phenanthroline) shows
no cytotoxic activity, with an IC50 > 100 µM. However, upon
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irradiation, the complex exhibits a high inhibitory efficiency
on cell proliferation in A549 cells.13 We also found that [Ir
(ppy)2(MDIP)](PF6) (ppy = 2-phenylpyridine, MDIP = 2-(7-meth-
oxybenzo[d][1,3]dioxol-5-yl)-1H-imidazo[4,5-f ][1,10]phenan-
throline) can open mitochondrial permeability transition pore
(MPTP) channel, cause a decrease in membrane potential, the
release of cytochrome C, and activation of caspase 3, and
finally lead to apoptosis upon irradiation conditions.14

However, as one of the manners of cell death, ferroptosis has
attracted great attention in recent years; several Ir(III) or Ru(II)
complexes reduce glutathione (GSH), increase the amount of
malondialdehyde (MDA), and downregulate the expression of
GPX4, inducing ferroptosis.15–18 To gain more insight and
further understand possible anticancer mechanisms of
iridium compounds as photosensitizers, herein, we syn-
thesized a new ligand MHIP (2-(2-methyl-4-hydroxylphenyl)-
1H-imidazo[4,5-f ][1,10]phenanthroline) and three new iridium
(III) complexes [Ir(ppy)2(MHIP)](PF6) (9a), [Ir(bzq)2(MHIP)](PF6)
(9b), and [Ir(piq)2(MHIP)](PF6) (9c), (ppy = deprotonated
2-phenylpyridine, bzq = deprotonated benzo[h]quinoline, piq =
deprotonated 1-phenylisoquinoline). The characterization of
complexes was carried out by HRMS, 1H NMR and 13C NMR
spectra; the anticancer activities and possible mechanism
toward B16 cells were explored in detail.

Results and discussion
Chemistry

MHIP was synthesized by reacting 1,10-phenanthroline-5,6-
dione with 4-hydroxy-2-methylbenzaldehyde. 9a–9c were pre-
pared by the reaction of MHIP with cis-[Ir(ppy)2Cl]2·H2O, cis-[Ir
(bzq)2Cl]2·H2O or cis-[Ir(piq)2Cl]2·H2O in dichloromethane and
methanol (Scheme 1). The obtained complexes 9a–9c were
characterized by HRMS, 1H and 13C NMR spectra. In the
HRMS spectra, the determined molecular weight of the com-
plexes agreed with the calculated values. In the 1H NMR
spectra of MHIP, the peak of 2.62 ppm is assigned the –CH3,
and the peaks of 13.43 (s, 1H) and 9.81 (s, 1H) are attributed
to the protons at the imidazole ring and –OH, while in the 1H
NMR spectra of the complexes, the peaks of 2.67 ppm for 9a,
2.66 ppm for 9b and 2.67 ppm for 9c were attributed to the
hydrogen atom on the methyl group. In addition, we did not
observe the signal of the proton on the phenol hydroxyl group
(–OH). Owing to a quick exchange between two nitrogen atoms
in the imidazole ring, the signal of the proton in the imidazole
ring was not observed. In the 13C NMR spectra, the peaks of
21.64 ppm for MHIP, 21.74 ppm for 9a, 21.93 ppm for 9b and
21.91 ppm for 9c are assigned to the carbon atom on the
methyl group. The purity of 9a–9c was determined by HPLC

Scheme 1 Synthetic route to MHIP and 9a, 9b and 9c.
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(purity >95%) (Fig. S1, ESI†). Fig. S2a† shows UV-Vis spectra of
complexes 9a–9c in PBS, and the maximum absorbance
appeared at 275 nm (ε = 37 450), 267 nm (ε = 29 000) and
290 nm (ε = 14 600). The complexes emit a weak fluorescence
in PBS solution (Fig. S2b, ESI†), and the maximum peaks are
located at 604 nm for 9a, 600 nm for 9b and 608 nm for 9c.
The stability of 9a, 9b and 9c (10 µM) at 0, 24 and 48 h in PBS
solution was determined, as shown in Fig. S2c (ESI†). No
change in the peak shapes suggests that the complexes are
stable in the PBS solution.

Cell uptake and cytotoxic activity in vitro studies

Before a compound can exert an anti-tumor effect, it first
needs to enter cells. It is known that iridium(III) metal com-
plexes can emit green fluorescence. To investigate whether
iridium(III) complexes can enter the cells, B16 cells were
exposed to twice IC50 concentrations of 9a, 9b and 9c for 6 h.
As illustrated in Fig. 1a, we discovered that 9a, 9b and 9c can
enter the cancer cells.

The antiproliferative activity of 9a, 9b and 9c against
HepG2, B16, A549 and normal NIH 3T3 was examined by 3-
(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide
(MTT).19 The IC50 values are listed in Table 1. In the dark, it
can be found that 9a, 9b and 9c had moderate cytotoxicity on
HepG2, A549 and B16 cells and no cytotoxicity toward NIH 3T3
cells. However, B16 cells were exposed to 9a–9c for 4 h, irra-
diated for 30 min, and continuously cultured for 48 h. The
three complexes showed enhanced cytotoxicity to both cancer
and normal cells, among which the cytotoxicity to B16 cells
was the largest, with IC50 values of 3.1 ± 0.3 μM, 4.9 ± 0.8 μM,
and 0.4 ± 0.1 μM for 9a, 9b and 9c, respectively; the cytotoxic
activity of 9c toward A549 cells is comparable to that of [Ir
(bzq)2(DBDIP)](PF6) (IC50 = 0.4 μM).13 Therefore, irradiation
can significantly enhance the anticancer efficiency. In the sub-
sequent cell experiments, except for cellular uptake and co-
localization, B16 cells were treated with IC50 (or 2 × IC50) of 9a,
9b and 9c for 4 h, then irradiated for 30 min (white, LED
lamp) and continuously cultured for 24 h.

Single oxygen and superoxide anions are all excited state
molecules from the ROS family, which can easily bind to DNA,
proteins, and other biomolecules, causing damage to the cell
and finally leading to cell death.20–24 1,3-
Diphenylisobenofuran (DPBF) is a fluorescent probe with high
specificity for singlet oxygen. After binding to singlet oxygen,
DPBF undergoes irreversible oxidation, thereby leading to a
decrease in the intensity of ultraviolet absorption.25 As
depicted in Fig. 1b and c, the UV absorption value at 417 nm
shows a decreasing trend, and changes in the absorbance of
9a, 9b and 9c reach 79.1, 80.8 and 87.5%, respectively, which
indicates that the complexes 9a–9c produce singlet state
oxygen during the light activation process. Additionally, we
used Ru(bpy)3

2+ as the standard (methanol, Φ = 0.81)26 to
determine the quantum yields based on the following
equation:27

Φsample ¼ Φref � ðK sample=K refÞ � ðFref=FsampleÞ;

where K is the slope, F is the calibration factor of the absor-
bance, and F = 1–10−OD (OD is the absorbance of the photosen-
sitizer at the light source wavelength). The quantum yields (Φ)
were determined to be 0.56, 0.69 and 0.89 for 9a, 9b and 9c,
respectively. 9c shows the highest quantum yield; hence, 9c
exhibits the highest cytotoxic activity among these complexes
under irradiation conditions.

Dihydrorhodamine (DHR123) is a non-fluorescent active
oxygen indicator that emits fluorescence when oxidized to a
cationic state. We use it to indirectly measure the generation
of superoxide anions.28 As shown in Fig. 1d and e, the fluo-
rescent intensity of DHR123 shows an increase of 3.42, 2.34
and 1.46 times for 9a, 9b and 9c, respectively, compared to the
control during 60 s irradiation time. The quantum yields were
calculated using the following equation:

ΦS ¼ ΦR � ðFS=FRÞ � ðAR=ASÞ;
where S is the symbol of the samples, R is the symbol of the
standard, Φ is the fluorescence quantum yield, F is the area
under the fluorescence emission curves and A shows the absor-
bance at the excitation wavelength.

The quantum yields Φ were determined to be 0.0298,
0.0125 and 0.0671 for 9a, 9b and 9c, respectively. These results
suggest that 9a, 9b and 9c can effectively produce singlet
oxygen and superoxide anions.

Cell scratch, cloning and cell cycle arrest studies

Cancer is a global problem that threatens human health.
Tumor cells can proliferate and invade indefinitely, which has
created a great challenge for treatment.29 To investigate the
impact of 9a, 9b and 9c on the proliferation and migration of
B16 cells, we carried out cell cloning and scratch experiments.
The results of the scratch experiments are shown in Fig. 2a
and b. The cells treated with 9a–9c show different degrees of
migratory inhibition compared to the control. The cloning
results are illustrated in Fig. 2c. Compared with the control
group, the number of living cells in the complex-treated
groups was greatly reduced, indicating that 9a, 9b and 9c had
a greater antiproliferative effect on B16 cell proliferation. FAK
has a promotional effect on the growth and metastasis of
tumor cells. Increased FAK expression has been shown in
many primary and metastatic cancers.30 Consequently, the
change in FAK protein levels was investigated by western blot.
Fig. 2d illustrates that the expression of FAK protein in the
cells treated with 9a–9c shows a downward trend in contrast to
the control group, which further shows that the three com-
plexes possess an inhibitory effect on the proliferation of B16
cells.

γ-H2AX is an important marker of DNA damage.31,32 To
investigate the extent of DNA damage in B16 cells induced by
metal complexes 9a–9c, we performed immunofluorescence
staining of the cells using γ-H2AX dye. As shown in Fig. 2e,
without the addition of the complex, the green fluorescence
was very weak. However, after being treated with the complexes
under irradiation conditions, the cells showed strong green
fluorescence. It can be concluded that photoactivated metal
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Fig. 1 (a) Cellular uptake, (b and c) single oxygen assay in the change in UV-Vis absorption spectra of DPBF (417 nm) after irradiation for 0–300 s. (d
and e) Superoxide anion assay of the change in the fluorescent intensity of DHR123 (525 nm) during 0–60 s irradiation.
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Fig. 2 (a and b) Wound healing assay; (c) cell colony; (d) expression of FAK; (e) cell cycle distribution, control (I), 9a (II), 9b (III) and 9c (IV); (f ) p53,
p38 and γ-H2AX expression; (g) DNA damage assay was performed with B16 cells incubated with IC50 concentrations of 9a, 9b and 9c for 4 h, then
irradiated for 30 min, and continuously cultured for 24 h, while in the cell colony, after 30 min irradiation, the cells were continuously cultured for 7
days.

Table 1 IC50 values of compounds 9a–9c for selected tumor cells and normal cells for 48 h

Complex

B16 HepG2 A549 NIH 3T3

IC50 dark IC50 light IC50 dark IC50 light IC50 dark IC50 light IC50 dark IC50 light

9a 28.8 ± 1.3 3.1 ± 0.3 30.0 ± 4.0 9.3 ± 1.5 23.4 ± 1.2 15.9 ± 2.8 >100 >100
9b 26.1 ± 1.8 4.9 ± 0.8 19.2 ± 4.2 10.2 ± 3.1 23.8 ± 1.5 15.0 ± 2.0 >100 >100
9c 30.8 ± 3.1 0.4 ± 0.1 46.7 ± 2.4 4.5 ± 1.4 24.9 ± 0.4 0.5 ± 0.3 >100 21.7 ± 0.8
Cisplatin 9.1 ± 1.4 18.8 ± 1.2 6.6 ± 0.7 nd

Data for cisplatin from ref. 18, nd: not determined.
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complexes 9a–9c could induce cell death by causing DNA
damage. In normal proliferating cells, a series of events, such
as DNA replication and cell division, are in order.33 The anti-
cancer effect can be produced by interfering with the cell cycle
of tumor cells.34 We used flow cytometry to analyze the impact
of 9a–9c on the cell cycle distribution, and the results are
shown in Fig. 2f. Compared to the control group, the percen-
tage of the cells in the G1/G0 and S phases decreased after
treatment with 9a, 9b and 9c, and the percentage of the cells
in the G2/M phase increased by about 9.69% for 9a, 8.12% for
9b and 7.76% for 9c. These results suggest that 9a–9c can
inhibit cell proliferation in the G2/M phase. p53, p38 and
γ-H2AX are closely related to the cell cycle. γ-H2AX is associ-
ated with DNA damage and can promote DNA repair.35 The
protein kinase p38 can activate protein p53,36,37 which can
regulate cell cycle progression.38 Consequently, we examined
the expression of p38, p53 and γ-H2AX. As shown in Fig. 2g,

the expression of p53, p38 and γ-H2AX increased after the
treatment of B16 cells with IC50 concentration of 9a–9c upon
irradiation. These results clearly demonstrate that 9a, 9b and
9c can cause DNA damage and block cell proliferation at the
G2/M phase.

Localization, membrane potential and microtubule
morphology

Mitochondria can provide energy in eukaryotic cells, and they
are also critical organelles that mediate the onset of apoptosis
and senescence.39 To investigate whether 9a–9c can enter
mitochondria, we performed a localization assay. Mito tracker
red can stain mitochondria in living cells. As depicted in
Fig. 3a, the cells were treated with IC50 concentrations of 9a,
9b and 9c for 6 h, and the mitochondria were stained red. The
overlap of red with green emitted by the complexes indicates
that the complexes co-localize in the mitochondria.

Fig. 3 (a) Co-localization of the complexes at the mitochondria, (b) assay of MMP, (c) assay of α-tubulin microtubule after B16 cells were treated
with IC50 concentrations of 9a, 9b and 9c for 4 h, irradiated for 30 min and continuously cultured for 24 h.
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Mitochondrial membrane potential (MMP) is an important
indicator of cellular normalcy and is lost in the early stages of
apoptosis.40,41 JC-1 emits red fluorescence when the intracellu-
lar mitochondrial potential is sufficient, but the fluorescence
changes to green when a decrease in MMP occurs.42 The
results of the MMP assay are presented in Fig. 3b. After treat-
ment with the complexes, the red fluorescence was signifi-
cantly weakened. However, green fluorescence was signifi-
cantly enhanced compared to the control, indicating that 9a–
9c could trigger a decrease in MMP. Microtubules have a large
impact on cellular functions, such as intracellular transport,
cellular structure, and cell division.43–46 Hence, we further
tested the changes in microtubule morphology after treatment
with the complexes. Fig. 3c depicts that the microtubule struc-
ture in the control was neatly and tightly arranged, whereas
the structure began to become loose and unordered after treat-
ment with 9a–9c. The above results suggest that 9a, 9b and 9c
disrupt microtubule structure and thus trigger cell death.

Measurement of intracellular ROS generation and LDH release

Intracellular reactive oxygen species are highly active and pro-
duced within the mitochondria, which exert an influence on
cellular metabolism by regulating signal transduction, indu-
cing oxidative stress and causing DNA damage.47 2′,7′-
Dichlorodihydro-fluorescein diacetate (DCHF-DA), as a non-
fluorescent probe, is used to detect the level of intracellular
ROS in cells.48 In the presence of ROS, DCHF-DA is converted
into characteristic green fluorescence 2′,7′-dichlorofluorescein
(DCF). As illustrated in Fig. 4a, in the control, a weak green
fluorescence was observed, while in the complex-treated
groups, a bright green fluorescence was observed. Hence, the
green fluorescence was significantly increased, suggesting that
9a, 9b and 9c can elevate the intracellular ROS level. LDH is a
cytoplasmic enzyme widely present in the cell, and when the

cell is damaged or dies, LDH is released outside of the cell;
therefore, we can validate the degree of cellular damage by
quantitatively measuring the amount of released LDH.49–51

Fig. 4b depicts that the cells treated with 9a–9c showed an
increase in the release of LDH compared to the control, indi-
cating that the LDH was released outside of the cells. These
results suggest that 9a, 9b and 9c can promote B16 cell
damage, which in turn induces cell death.

RNA sequencing

We constructed heat maps and volcano maps using R software
to investigate whether 9c can regulate gene expression. It can
be observed from Fig. 5a and b that 1445 genes were regulated,
among which 812 genes were upregulated and 633 genes were
downregulated after B16 cells were treated with 9c for 24 h.
Meanwhile, to further explore the signaling pathways, GO ana-
lysis and KEGG pathway analysis were performed. As shown in
Fig. 5c and d, GO analysis provided the number of proteins in
the cellular component (CC, red) and biological process (BP,
blue), which helps understand the function, localization, and
biological pathways of proteins. KEGG enrichment clearly
showed the metabolic pathways, which include the PI3K/AKT
signaling pathway and glutathione metabolism. Overall, these
results suggest that 9c can cause a change in cellular gene
expression and exert antitumor effects through relevant
pathways.

Apoptosis and mechanism

Apoptosis allows organisms to maintain homeostatic levels by
regulating the balance between cell proliferation and
death.52,53 However, unlimited proliferation of tumor cells and
less apoptosis disrupts this balance.54 To explore the apoptotic
efficiency of 9a, 9b and 9c on B16 cells, we used flow cytometry
to examine the apoptotic percentage. Fig. 6a shows that the

Fig. 4 (a) Intracellular ROS levels assay and (b) the release of LDH assay. B16 cells were cultured with IC50 concentrations of 9a–9c for 4 h, irra-
diated for 30 min, and continuously cultured for 24 h.
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percentage of early (Q2) and late (Q3) apoptotic cells increased
to 19.28% for 9a, 24.05% for 9b, and 18.45% for 9c compared
to the control; meanwhile, the living cells (Q4) significantly
decreased. These results suggest that 9a, 9b and 9c can
efficiently promote the apoptosis of B16 cells. Tumor pro-

gression can be inhibited by the inhibition of PI3K
expression.55–57 Therefore, we measured the expression of
PI3K/AKT pathway-related proteins. It is well known that AKT
activates Bax and inactivates Bcl-2 and caspase-9 proteins,58–60

while mTOR is a major downstream target of the PI3K/AKT

Fig. 6 (a) Effect of 9a–9c on apoptosis. (b) The expression of relevant proteins in B16 cells. B16 cells were incubated with an IC50 concentration of
9a–9c for 4 h, irradiated for 30 min and continuously cultured for 24 h.

Fig. 5 Analysis of RNA sequencing after exposure of B16 to twice the IC50 concentration of 9c for 4 h, irradiated for 30 min and continuously cul-
tured for 24 h: (a) heat map, (b) volcano map, (c) GO analysis, and (d) KEGG enrichment analysis.
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pathway, and a critical regulator of cellular metabolism.61 As
shown in Fig. 6b, the expression of PI3K, AKT, mTOR, and
P-mTOR in B16 cells decreased compared to the control,
which revealed that the PI3K/AKT signaling pathway was inhib-
ited. In the caspase family, most proteins are associated with
cell death or apoptosis,62,63 and when caspase 9 is activated, it
induces apoptosis by activating caspase 3, while caspase 3 can
inhibit DNA repair.64 Fig. 6b displays that the expression of
Bax increased and that of Bcl-2 decreased, while the expression
of caspase 9 increased and that of caspase 3 decreased in the
caspase family. Meanwhile, we observed the downregulation of
PARP. Therefore, we speculate that 9a, 9b and 9c trigger apop-
tosis by ROS-mediated mitochondrial dysfunction and inhibit
the PI3K/AKT signaling pathways.

Induction of ferroptosis

Ferroptosis is a mode of cell death regulated by oxidative and
antioxidant systems, which produce lipid peroxides that lead
to cell death.65 Glutathione (GSH) plays a great role in main-
taining intracellular redox homeostasis,66 and the reduction of
GSH levels triggers intracellular oxidative stress to induce fer-
roptosis.67 First, we measured the effect of 9a–9c on GSH
content in B16 cells. The results can be observed in Fig. 7a.
The contents of GSH in the cells treated with IC50 concen-
trations of 9a, 9b and 9c were greatly reduced, which is caused
by the reactive oxygen species to oxide GSH into glutathione
disulfide (GSSG), inducing an imbalance of the redox system.
MDA is a lipid peroxidation product and biomarker that can
reflect the degree of lipid peroxidation.68 Fig. 7b shows that a
large increase in intracellular malondialdehyde (MDA) content
was found compared to the control, indicating that lipid per-
oxidation occurred. Additionally, we applied C11-BODIPY 581/
591 fluorescent probes to examine lipid peroxidation. By redox
reaction with intracellular reactive oxygen species, the fluo-

rescence changes from red to green, thus reflecting the intra-
cellular lipid peroxidation level.69,70 As shown in Fig. 7c, the
significant reduction of red fluorescence and the enhancement
of green fluorescence were observed after treatment of B16
cells with IC50 concentrations of 9a, 9b and 9c for 24 h, indi-
cating an incidence of lipid peroxidation. Ferrostatin-1 (Fer-1)
is a selective inhibitor of ferroptosis, exerting its anti-ferropto-
tic activity by eliminating alkoxyl radicals in lipid hydroperox-
ides in the presence of ferrous ions.71 Therefore, the Fer-1
inhibitor can be used to verify whether 9a, 9b, and 9c can
disrupt the lipid peroxidation balance in tumor cells.
Therefore, we examined cell viability in the presence of Fer-1.
As shown in Fig. 7d, Fer-1 promotes the increment of cell viabi-
lity compared to the complex alone. GPX4 is a key regulator in
the ferroptosis process,72,73 and a decrease in its level makes
cells more sensitive to ferroptosis. We used western blotting
experiments to explore the expression of GPX4. Fig. 7e shows
that the expression of GPX4 in the cells treated with 9a, 9b and
9c demonstrated a decreasing trend. All these results indicate
that 9a–9c could reduce the content of GSH and downregulate
the expression of GPX4, disrupt the balance of the intracellular
redox system, promote the generation of cellular lipid peroxi-
dation, and then induce the occurrence of ferroptosis.

Conclusions

In this study, three complexes, 9a–9c, were successfully syn-
thesized and characterized. In the MTT experiments, we found
that the three complexes exhibited significant cytotoxicity to
B16 cells after irradiation. Cellular uptake and co-localization
assays found that the complexes can enter the cells and loca-
lize in the mitochondria. Increased expression of p38 and
γ-H2AX indicated that DNA damage occurred in the B16 cells.

Fig. 7 (a) Intracellular GSH content, (b) intracellular MDA content, (c) lipid peroxidation assay using C11-BODIPY 581/591 as a fluorescence probe,
(d) cell viability assay in the presence of Fer-1, and (e) expression level of intracellular GPX4 protein. B16 cells were exposed to IC50 concentrations
of 9a, 9b and 9c for 4 h, then irradiated for 30 min and continuously cultured for 24 h.
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Reduced glutathione (GSH) concentration, increased malon-
dialdehyde (MDA) levels, down-regulation of GPX4 expression,
and C11-BODIPY581/591 staining results demonstrate that the
complexes induce ferroptosis. In conclusion, the present study
demonstrates that newly synthesized iridium(III) complexes can
induce cell death via apoptosis (a ROS-mediated mitochon-
drial dysfunction pathway) and ferroptosis. This work provides
some insights into the anticancer activity of iridium(III) com-
plexes and helps in the design and synthesis of new iridium
(III) complexes as drug candidates.

Experimental
Synthesis of ligands and complexes

Synthesis of ligand MHIP. A mixture of phenanthroline-5,6-
dione (0.315 g, 1.5 mmol), 2-methyl-4-hydroxyl-benzaldehyde
(0.189 g, 1.5 mmol), and NH4Ac (2.31 g, 30 mmol) was comple-
tely dissolved in 25 mL of acetic acid and refluxed at 130 °C for
2 h. After the solution was cooled, the solution was neutralized
with concentrated NH3·H2O, the yellow precipitate was washed
with ice water, and the yellow powder was obtained. Yield:
80% (0.391 g). HRMS (CH3OH): m/z = 325.0999 [M − H]−. 1H
NMR (DMSO-d6, 500 MHz): 13.34 (s, 1H), 9.81 (s, 1H), 8.98 (d,
2H, J = 4.5 Hz), 8.86 (d, 2H, J = 8.0 Hz), 7.81–7.76 (m, 2H), 7.66
(d, 1H, J = 8.5 Hz), 6.79 (d, 2H, J = 8.5 Hz), 2.62 (s, 3H). 13C
NMR (DMSO-d6, 125 MHz): 158.74, 152.14, 148.06, 147.99,
143.93, 143.73, 139.28, 135.86, 131.41, 129.99, 125.90, 124.35,
123.82, 123.55, 121.40, 119.80, 118.39, 113.43, 21.64.

Synthesis of complexes

The mixture of MHIP (0.326 g, 1 mmol) and cis-[Ir
(ppy)2Cl]2·H2O

74 (0.56 g, 0.5 mmol) or cis-[Ir(bzq)2Cl]2·H2O
74

or cis-[Ir(piq)2Cl]2·H2O
74 was weighed precisely and placed in a

three-necked flask. CH2Cl2 (20 mL) and CH3OH (10 mL) were
added as solvents. The reaction was carried out at 40 °C under
argon. After 6 h, the reaction was added to an appropriate
amount of NH4PF6 powder (about 1 g) to continue for 1 h. The
yellow crude product was obtained after filtration. Then, the
crude product was purified by column chromatography using
dichloromethane and acetone as eluents.

9a: yield, 82%. 1H NMR (DMSO-d6, 500 MHz, Fig. S3, ESI†):
9.28 (d, J = 6.0 Hz, 2H), 8.26 (d, J = 8.0 Hz, 2H), 8.11 (d, J = 6.0
Hz, 2H), 8.04 (dd, J = 8.0 Hz, 2H), 7.95 (d, J = 7.5 Hz, 2H), 7.88
(t, J = 7.5 Hz, 2H), 7.80 (d, J = 8.5 Hz, 1H), 7.51 (d, J = 5.5 Hz,
2H), 7.06 (t, J = 7.5 Hz, 2H), 6.99–6.93 (m, 4H), 6.83 (d, J = 9.0
Hz, 2H), 6.30 (d, J = 7.5 Hz, 2H), 2.67 (s, 3H). 13C NMR (DMSO-
d6, 125 MHz, Fig. S4, ESI†): 167.35, 159.14, 151.04, 149.61,
148.36, 144.52, 144.23, 139.47, 139.10, 132.83, 131.84, 131.71,
130.70, 127.26, 125.52, 124.30, 122.78, 121.10, 120.41, 118.46,
113.56, 21.74. HRMS (CH3CN): calcd for C42H30IrN6OPF6: m/z
= 827.2110 ([M − PF6])

+, found: m/z = 827.2106 ([M − PF6])
+.

9b: yield, 74%. 1H NMR (DMSO-d6, 500 MHz, Fig. S5, ESI†):
9.26 (d, J = 8.0 Hz, 2H), 8.51 (d, J = 7.5 Hz, 2H), 8.08 (d, J = 6.0
Hz, 2H), 7.98 (d, J = 8.5 Hz, 4H), 7.94–7.87 (m, 4H), 7.82 (d, J =
8.5 Hz, 1H), 7.57 (d, J = 8.0 Hz, 2H), 7.44 (dd, J = 8.0 Hz, 2H),

7.22 (t, J = 7.5 Hz, 2H), 6.82 (d, J = 9.0 Hz, 2H), 6.33 (d, J = 7
Hz, 2H), 2.66 (s, 3H). 13C NMR (DMSO-d6, 125 MHz, Fig. S6,
ESI†): 159.03, 156.91, 149.31, 148.68, 147.91, 144.57, 140.87,
139.38, 137.96, 134.21, 132.83, 131.85, 130.18, 129.94, 129.04,
127.15, 124.69, 123.23, 120.76, 118.43, 113.52, 21.93. HRMS
(CH3CN): calcd for C46H30IrN6OPF6: m/z = 875.2110 ([M −
PF6])

+, found: m/z = 875.2105 ([M − PF6])
+.

9c: yield, 80%, 1H NMR (DMSO-d6, 500 MHz, Fig. S7, ESI†):
9.31 (d, J = 7.5 Hz, 2H), 9.01 (d, J = 7.5 Hz, 2H), 8.40 (d, J = 8.0
Hz, 2H), 8.03–7.94 (m, 6H), 7.89–7.85 (m, 5H), 7.43 (d, J = 6.5
Hz, 2H), 7.38 (d, J = 6.5 Hz, 2H), 7.16 (t, J = 8.5 Hz, 2H), 6.96 (t,
J = 7.5 Hz, 2H), 6.81 (d, J = 9.0 Hz, 2H), 6.30 (d, J = 7.0 Hz, 2H),
2.67 (s, 3H). 13C NMR (DMSO-d6, 125 MHz, Fig. S8, ESI†):
168.31, 158.94, 154.57, 148.00, 145.85, 143.92, 141.22, 139.33,
136.94, 132.91, 132.46, 132.17, 131.90, 130.98, 129.81, 128.15,
127.09, 126.89, 126.00, 122.65, 118.40, 113.49, 21.91. HRMS
(CH3CN): calcd for C50H34IrN6OPF6: m/z = 927.2423 ([M −
PF6])

+, found: m/z = 927.2476 ([M − PF6])
+.

Single oxygen and superoxide anion detection

Single oxygen (1O2) is an essential substance in the process of
killing tumor cells by photosensitizers. Similar to superoxide
anions (O2

•−), they both belong to the ROS family and can
directly or indirectly react with biological macromolecules to
cause oxidative stress and damage, eventually triggering cell
death. To investigate whether 9a, 9b and 9c produce single
oxygen and superoxide anion in the treatment process, we con-
ducted these experiments using 1,3-diphenylisobenofuran
(DPBF) and dihydrorhodamine (DHR123) as quenching
agents. The UV-Vis spectra of the mixed solution containing
10 µM of DPBF and 10 µM of complexes in methanol solution
were recorded after irradiation at 0 s, 10 s, 20 s, 30 s, 40 s, 50 s,
60 s, 80 s, 120 s, 180 s, 240 s, and 300 s. To determine O2

•−, we
recorded the fluorescence spectra of the mixed solution of
DHR123 (1 mM) with complexes in PBS after 0 s, 5 s, 10 s, 15
s, 20 s, 25 s, 30 s, 40 s, 50 s, and 60 s of illumination.

Cell apoptosis by flow cytometry

After the cells grew to a fusion degree of 80%–90% in 6-well
plates, the cells were treated with 3.1 µM 9a, 4.9 µM 9b and
0.4 µM 9c for 4 h and irradiated for 30 min. The cells were con-
tinuously cultured for 24 h. Then, the cells were digested and
washed twice with PBS. Finally, the cells were stained with
195 μL of Annexin-FITC conjugate, 10 μL of PI staining solu-
tion, and 5 μL of Annexin V in the dark, and the apoptotic per-
centage of the cells was examined with flow cytometry.

Western blotting assay

When the cells grew to 80% in six-well plates, the cells were
exposed to IC50 concentrations of 9a, 9b and 9c for 4 h and
irradiated for 30 min. Then, the cells were continuously cul-
tured for 24 h. The total protein was extracted and determined
by applying the BCA method. The protein was diluted to the
same concentration with a protein loading detection buffer
and deionized water, and the protein was boiled for 10 min to
facilitate the preservation of the sample. Subsequently, the
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various proteins were separated by sodium dodecyl sulfate-
polyacrylamide gel electrophoresis (SDS-PAGE), and the pro-
teins were transferred to a polyvinylidene fluoride (PVDF)
membrane. The membranes were incubated overnight in
primary antibody diluent, washed, and then incubated in sec-
ondary antibody diluent for 70 min. Protein bands were dyed
in a chemiluminescence kit, and the results were analyzed as
soon as possible using a FluorChem E instrument.

RNA sequencing assay

B16 cells were treated with 9c (2 × IC50 concentration) for 4 h
in six-well plates and illuminated for 30 min. The cells were
continuously cultured for 24 h. The total RNA was extracted by
adding Trizol reagent and quantitatively determined by apply-
ing a NanoDrop spectrophotometer.75 Measurements were
completed and quantified using the AMpure XP system
(Beckman Coulter, Beverly, CA, USA), a 2100 system (Agilent,
Santa Clara, CA, USA), and finally sequenced using the
Illumina NextSeq 500 sequencing platform.

Note: The Materials and methods and the subsequent
Experimental procedures can be found in the ESI.†

Cell culture, cytotoxicity assay, cellular uptake, cell colony
assay and wound healing assay, cell cycle arrest analysis, mito-
chondrial localization and membrane potential measurement,
cell microtubule morphology assay, DNA damage detection by
γ-H2AX, determination of GSH and MDA content, C11-BODIPY
581/591 detection of ferroptosis, LDH release, intracellular
ROS generation, and ferroptosis inhibitor.

Data analysis

Statistical significance was assessed with t-tests, and *P < 0.05
is significant.

Data availability

Data will be made available upon request.
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