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ABSTRACT: Cationic amphiphilic peptides have the poten- [ Aol an| oy I*] o
iridium(|ll) complexes containing cationic paptides 3

tial to function as agents for the treatment of microbial : = foo
infections and cancer therapy. The cationic and hydrophobic B T 3
HH &

parts of these molecules allow them to associate strongly with Y o K :
negatively charged bacterial or cancer cell membranes, thus o o me" wolo N -t
. . . . s KKGGA N Wy a = @
exerting antimicrobial and anticancer activities through ATA | Ny ek §
membrane disruption. Meanwhile, cyclometalated iridium (IIT) A OJ R e AT AeE RS A AT
complexes such as fac-Ir(ppy); (ppy = 2-phenylpyridine) and =2 xd :

eototomiaity
fac-Ir(tpy)s (tpy = 2-(4'-tolyl)pyridine) possess C;-symmetric {/L

structures and excellent photophysical properties as phosphor- e s | ..--
escence materials, which make them important candidates for _

use in biological applications such as chemosensors, o et goath
biolabeling, living cell staining, in vivo tumor imaging, and

anticancer agents. We recently reported on some regioselective substitution reactions of Ir(tpy); and Ir(ppy); at the S’-position
(p-position with respect to the C—Ir bond) on the 2-phenylpyridine ligands and their subsequent conversions to a variety of
functional groups. We report here on the design and synthesis of amphiphilic and luminescent tris-cyclometalated Ir complexes
in which cationic peptides are attached through alkyl chain linkers that work as inducers and detectors of cell death. Ir complexes
containing cationic peptides such as a KKGG sequence and alkyl chain linkers of adequate length (C6 and C8) exhibit
considerable cytotoxicity against cancer cells such as Jurkat, Molt-4, HeLa-S3, and A549 cells, and that dead cells are well stained
with these Ir complexes. Furthermore, an Ir complex in which the KKGG peptide is attached through a C6 linker displayed lower
cytotoxicity against normal mouse lymphocytes. Mechanistic studies suggest that Ir complexes containing the KKGG peptide
interact with anionic molecules on the cell surface and/or membrane receptors to trigger the Ca’* dependent pathway and
intracellular Ca®" response, resulting in necrosis accompanied by membrane disruption.

Cationic paptida

B INTRODUCTION selective cytotoxicity against cancer cells.*®* Namely, specific
Cationic amphiphilic peptides (CAPs) have received consid- interactions with cancer cell membranes may result in fewer
erable attention as reagents for nonviral gene delivery,' the toxic side effects than are observed in cases of commonly used
treatment of microbial infections,” cancer therapy,® and so on. antineoplastic drugs.3d’I For instance, Schneider and co-workers
Numerous studies support the conclusion that the electrostatic reported that the anticancer peptide SVS-1 forms a cationic
and hydrophobic properties of CAPs and their secondary amphiphilic f-sheet structure on the cancer cell surface and
structures such as a-helical or f-sheet structures play important exhibits higher cytotoxic activity against a variety of cancer cells
roles in their association with negatively charged bacterial or than those of normal cells and erythrocytes.¥* Stupp and co-

cancer cell membranes, leading to their antimicrobial® and
anticancer activity.3

It is known that cancer cell membranes have a net negative
charge due to the elevated expression of anionic molecules such

workers recently reported that cell death or cell survival is
affected by the supramolecular cohesion of nanostructures
formed by self-assembled CAPs.> However, the relationships

as phosphatidylserine, sialylated gangliosides, O-glycosylated between structure and cytotoxicity and the details of the
mucins, and heparan sulfate.>* In contrast, the surface of a
normal cell is mainly composed of neutral zwitterionic Received: February 13, 2015
phospholipid and sterols. Therefore, negatively charged cancer Revised:  April 14, 2015
cell membranes represent a potential target for agents that have Published: April 15, 2015
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mechanism by which amphiphiles induce cell death are not fully
understood.

Meanwhile, cyclometalated iridium(III) complexes such as
fac-Ir(ppy); 1 (ppy = 2-phenylpyridine) and fac-Ir(tpy); 2 (tpy
2-(4'-tolyl)pyridine) have C;-symmetric structures and
excellent photophysical properties as phosphorescence materi-
als (Chart 1).° They exhibit high photostabilities, larger Stokes’

Chart 1

1 (R" = H) (fac-Ir(ppy)s)
2 (R = Me) (fac-Ir(tpy)3) X = halogen, NO,,
NEt,, CHO,

CO,H, N,

=N

and so on

shifts, high phosphorescent quantum vyields, and relatively
longer lifetimes (r ~ ps) than those of many fluorescent
molecules (z ~ ns).’ These attractive photochemical and
structural properties make cyclometalated Ir complexes
important candidates for use in biological applications such as
chemosensors,’ biolabeling,8 living cell staining,9 in vivo tumor
imaging,m and anticancer agents.11 Therefore, water-soluble
peptide—Ir complex conjugates are considered to be promising

candidates for biological and biomedicinal applications such as
receptor-targeting cancer imaging, cancer therapy, and cell
penetrating reagents, as well as related uses. However, examples
of such Ir complexes are quite limited.'>"?

We recently reported on some regioselective substitution
reactions of 1 and 2 at the S'-position (the p-position with
respect to the C—Ir bond) on 2-phenylpyridine ligands and
their subsequent conversions to produce 3 with a variety of
functional groups (Chart 1)."* For example, cellular imaging of
pH-responsive Ir complexes containing diethyl amino groups'*
or pyridyl groups'*® at the $'-position and their activities
related to photoinduced cell death have been reported. It is
assumed that these functionalization reactions would be a
particularly powerful method for synthesis of a variety of Ir
complexes possessing labile functional groups such as peptides,
oligosaccharides, as well as other moieties that would otherwise
be difficult to produce.

In this manuscript, we report on the design and synthesis of
cationic amphiphilic Ir complexes as inducers and detectors of
cell death. The complexes are composed of Cj;-symmetric,
hydrophobic, and luminescent tris-cyclometalated Ir scaffold
with cationic peptides attached through alkyl linkers, as shown
in Chart 2, and a determination of their cytotoxic activities
against cancer cells and normal mouse lymphocytes was
performed. The findings show that Ir complexes possessing
KKGG sequences (K: lysine, G: glycine) linked by alkyl chain
linkers with a suitable length exhibit a considerable cytotoxicity
against cancer cells such as Jurkat, Molt-4, HeLa-S3, and A549
cells. For comparison, the trispeptide having a benzene-1,3,5-
tricarboxamide core 10'° and the dansyl-containing peptide 11
were synthesized. Structure—cytotoxicity relationships, mecha-

Chart 2
o] 0 Me o) o Me
5 '
H2N-KKGG)J\N/HRN R2J\N/HG\N >
H H H H
Ir I
“ N Z>N
S s
3 3
‘; E: fi; 6b (R2 = HyN-0-K-0-KGG-)
6a (n = 6) 6¢ (R? = HoN-KKG-)
7a(n=8) 6d (R? = H,N-GKKG-)
8(n=12) 6e (R? = HN-KGKG-)
9 (n=16) 6f (R% = HyN-KGG-)
o o Me 6g (R? = HyN-KKKGG-)
P PAR 5 6h (R? = HoN-KDKKGG-)
HoN-KKDKGG H s H 6i (R? = HoN-KKDKGG-)
| 6j (R? = HoN-KKKDGG-)
r
Z N
o
3
7b
S O -
HN-KKGG™ “NAhN NN GGKKNH, O N
H H H H j)J\ Q\ //o Me
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A Py H.N-KKGG N/HB\H/ O
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Chart 3
2 (fac-Ir(tpy)s)
Ref. 14a ”
Me 0 Me
HOOC BocHNHﬁN TMSCI
BocHN\H,NHz H Nal
n | CH3CN
_—
" pyBOP '
Z°N DIEA Z |N
2 DMF X
3 3
12 13(n=2):51%
14 (n = 4): 49%
16 (n = 6): 55%
16 (n = 8): 46%
17 (n = 12): 64%
18 (n = 16): 53%
0 Me
R 1) BocHN-Lys(Boc)-Lys(Boc) 4. 989, (from 13 via 19)
Z "H -Gly-Gly-CO,H 25, 5: 14% (from 14 via 20)
PyBOP, DIEA, DMF 6a: 29% (from 15 via 21)
Ir 2) TMSCI, Nal, CH5CN T Ta: 7% (from 16 via 22)
~Z "N 8: 42% (from 17 via 23)
X | 9: 20% (from 18 via 24)
3
19 (n=2)
20 (n=4)
21(n=6)
22(n=8)
23(n=12)
24 (n = 16)
6b: 33%
1) TMSCI, Nal, CH,CN 6¢c: 35‘;6
2) Protected peptide 26-34,»  6d: 13%
PyBOP, DIEA,DMF  _ 6e:25%
6f: 56%
3) TMSCI, Nal, CH5CN 6g- 24%
6h: 35%
6i: 33%
1) TMSCI, Nal, CHzCN 6j: 16%
2) 33, PyBOP,
DIEA, DMF 7b: 14%

3) TMSCI, Nal, CH;CN

*Protected peptides
26:
27:
28:
29:
30:
31:
32:
33:
34:

BocHN-p-Lys(Boc)-o-Lys(Boc)-Gly-Gly-CO,H
BocHN-Lys(Boc)-Lys(Boc)-Gly-CO,H
BocHN-Gly-Lys(Boc)-Lys(Boc)-Gly-CO,H
BocHN-Lys(Boc)-Gly-Lys(Boc)-Gly-CO,H
BocHN-Lys(Boc)-Gly-Gly-CO,H
BocHN-Lys(Boc)-Lys(Boc)-Lys(Boc)-Gly-Gly-CO,H
BocHN-Lys(Boc)-Asp(OBu)-Lys(Boc)-Lys(Boc)-Gly-Gly-CO,H
BocHN-Lys(Boc)-Lys(Boc)-Asp(Q'Bu)-Lys(Boc)-Gly-Gly-CO,H
BocHN-Lys(Boc)-Lys(Boc)-Lys(Boc)-Asp(OBu)-Gly-Gly-CO,H

nistic studies of the Ir complexes based on the direct
observation of their luminescent imaging, are reported.

B RESULTS AND DISCUSSION

Design and Synthesis of Amphiphilic Ir Complexes
with an Attached Cationic Peptide. The synthesis of
amphiphilic Ir complexes having basic peptides is shown in
Chart 3. The central Ir unit 12 was synthesized from 2 (as a
racemic mixture of A and A forms), as described in a previous
report.* The condensation of 12 with a mono-Boc-protected
diamine derivative gave 13—18 (n = 2, 4, 6, 8, 12, 16), Boc
groups of which were removed by treatment with TMSCI and

859

Nal to give 19—24."° The protected KKGG peptide 25
prepared by Fmoc solid-phase peptide synthesis was coupled
with 19—24 to give Ir complexes containing the corresponding
fully protected peptides. We first attempted to remove the
protecting groups from the peptides on the Ir complexes with a
TFA cocktail (TFA/H,0/Pr,SiH), but this procedure resulted
in decomposition of the Ir complex core under the strong acidic
conditions. Therefore, the deprotection was performed by
treatment with TMSCI and Nal in CH,CN'**'® and the
resulting products were purified by RP-HPLC to give the TFA
salts of 4, 5, 6a, 7a, 8, and 9 as yellow solids. Other Ir
complexes having peptides were synthesized similarly. It should

DOI: 10.1021/acs.bioconjchem.5b00095
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be noted that diastereomers of these Ir complexes resulting
from the racemic Ir complex center were not distinguished in
"H NMR spectra and hence were not separated in this work.
The benzene-1,3,5-tricarboxamide derivatives 10a and 10b, and
the dansylamide derivative 11 containing a KKGG peptide
monomer, were also prepared as reference compounds (Chart
S2 in Supporting Information).

Photophysical Properties of Ir Complexes. UV—vis and
luminescent spectra of representative Ir complexes, S, 6a, 7a, 8,
and 9 (10 uM) in degassed 100 mM HEPES at pH 7.4 and 25
°C are shown in Figure 1 and their photophysical data are
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Figure 1. (a) Absorption and (b) emission spectra of § (solid curve),
6a (dashed curve), 7a (bold curve), 8 (solid curve), and 9 (bold
dashed curve) in degassed 100 mM HEPES (pH 7.4) at 25 °C ([Ir
complex] = 10 uM, excitation at 366 nm). a.u. is arbitrary unit. (Inset)
Photograph showing emission of 6a (excitation at 365 nm).

summarized in Table 1. The concentrations of these Ir
complexes in stock solutions (PBS: phosphate buffer saline)

Table 1. Photophysical Properties of Ir Complexes, 2, 5, 6a,
7a, 8, and 9°

compound Amax (absorption) 4. (emission) @ T
2" (in CH,Cl,) 287 nm, 373 nm 512 nm 0.50 2.0 us?
S 280 nm, 359 nm 508 nm 0.57 1.7 us
6a 280 nm, 362 nm 509 nm 0.55 1.7 ps
7a 280 nm, 358 nm 509 nm 0.54 1.3 us
8 284 nm, 370 nm 499 nm 0.19 1.2 ps

286 nm, 361 nm 502 nm 0.03 0.46 us

#([Ir complex] = 10 uM, excitation at 366 nm) in degassed CH,Cl, or
100 mM HEPES (pH 7.4) at 25 °C. “Ref 14a. “Quinine sulfate in 0.1
M H,S0, (® = 0.55) were used as a reference. 9Ref 6b.

860

are determined from the molar extinction coefficient at 380 nm
(£330 nm = (1.08 £ 0.07) X 10* M~ cm™) of 19 and 21 that are
characterized by elemental analysis. The UV—vis spectra of 5,
6a, and 7a were nearly identical to those of typical Ir(tpy),
derivatives in CH,Cl, (Figure 1a).°'” The strong absorption
bands ca. 280 nm were assigned to the 'z—z* transition of the
tpy ligands and the weak shoulder bands at ca. 350—500 nm
can be assigned spin-allowed singlet-to-singlet metal-to ligand
charge transfer ("MLCT) transitions, spin-forbidden singlet-to-
triplet (MLCT) transitions, and ‘z—z* transitions. In
luminescent spectra, a green emission was observed from S§,
6a, 7a, 8, and 9 with emission maxima at ca. 506 nm (Figure
1b) and the luminescent quantum yields (®) of §, 6a, and 7a
were determined to be 0.57, 0.55, and 0.54, respectively, and
their luminescence lifetimes are in the range of 1.3—1.7 us,
similar to that for 2°° (Table 1). On the other hand, the
absorbances of 8 and 9 at ca. 280 nm corresponding to the
17—z transition state were decreased with a small red shift,
with ® values of 0.19 and 0.03, respectively.'” The radiative and
nonradiative rate constants, k, and k,,, of some Ir complexes in
aqueous solutions are shown in Table S1 in Supporting
Information, indicating that 8 and 9 have smaller K, and greater
K., values than those of §, 6a, and 7a. The relatively small @
values of 8 and 9 can be attributed to radiationless deactivation
due to the C12 and C16 alkyl chains and/or formation of small
size self-assembly in aqueous solution.'”'®

Cytotoxic Activity of Ir Complexes Containing Basic
Peptides against Jurkat Cells Evaluated by Cell Imaging
and MTT Assay. The cytotoxic activity of amphiphilic Ir
complexes containing KKGG peptides against T-lymphocyte
leukemia Jurkat cells was evaluated. Jurkat cells were incubated
in 10% FCS (fetal calf serum) RPMI 1640 medium containing
Ir(tpy); 2,4 (n=2),5(n=4),6a (n=6),7a(n=8),8 (n=
12), and 9 (n = 16) (50 or 75 uM) for 1 h at 37 °C under 5%
CO,, collected by centrifugation and washed with PBS
containing 0.5% FCS and 0.1% NaNj;, and observed by
fluorescent microscopy (Biorevo, BZ-9000, Keyence).

As shown in Figure 2a—c, Ir(tpy); 2 (50 #M) moved into the
cells at 37 °C, as evidenced by its green emission. On the other
hand, cells incubated with 4 and 5 (75 uM) exhibited a normal
morphology and the emission was negligible (Figure 2d—i). In
the presence of 6a and 7a (S0 yM), apparent morphological
changes, possibly due to cell death (Figure 2j,m) and a strong
green emission (exposure time: ca. 0.02 s) were observed in the
dead cells (Figure 2k]n,0) (These phenomena are discussed
below."”) Interestingly, 8 (50 M) and 9 (50 uM) caused
minimal cell death under the same conditions and their green
emission was mainly observed on the cell membrane, indicating
that 8 and 9 interacted with the negatively charged cell
membrane (Figure 2p—u) without any apparent morphological
change. It should be noted that the treatment of 6a (50 uM) at
4 °C (on ice) for 1 h induced a negligible morphological
change in Jurkat cells and 6a was mainly located on the cell
membrane (emission image was taken using a longer exposure
time (0.25 s)), suggesting that 6a initially interacted with the
cell surface (Figure 2v—x). These behaviors provide good
contrast with data for our previous Ir complexes, 35 and 36
(Chart 4), which are passively transported into the cells even at
4 °C and require photoirradiation to induce necrosis-like cell
death.'*¢

The viability of Jurkat cells at increasing concentrations (0—
50 uM) of Ir complexes 4, 5, 6a, 7a, 8, and 9 was measured by
means of MTT assay (MTT = 3-(4,5-dimethyl-2-thiazolyl)-2,5-

DOI: 10.1021/acs.bioconjchem.5b00095
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Figure 2. Typical luminescence microscopy images (Biorevo, BZ-9000, Keyence) of Jurkat cells treated with Ir complexes 4, 5 (75 uM), 2, 6a, 7a, 8,
and 9 (50 uM) for 1 h at 37 °C. (a) Bright field image of 2, (b) emission image of 2, (c) overlay image of (a) and (b), (d) bright field image of 4, (e)
emission image of 4, (f) overlay image of (d) and (e), (g) bright field image of 5, (h) emission image of 5, (i) overlay image of (g) and (h), (j) bright
field image of 6a, (k) emission image of 6a, (1) overlay image of (j) and (k), (m) bright field image of 7a, (n) emission image of 7a, (o) overlay
image of (m) and (n), (p) bright field image of 8, (q) emission image of 8, (r) overlay image of (p) and (q), (s) bright field image of 9, (t) emission
image of 9, (u) overlay image of (s) and (t). (v) Bright field image, (w) emission image, (x) overlay image of (v) and (w) of Jurkat cells treated with
6a (50 uM) for 1 h at 4 °C. Excitation at 377 nm for Ir complexes, exposure time 0.25 s for (b), (q), (t), (w) and ca. 0.02 s for (e), (h), (k), (n).

Scale bar (white) = 10 um.
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Chart 4

35 (R' = Me, R?=NEt,)
38R =H, R2=§‘<\3N )

diphenyl-2H-tetrazolium bromide) after incubation for 16 h at
37 °C. The cell viability negligibly changed in the presence of 4
and §, which contain C2 and C4 alkyl linkers (entries 1 and 2 in
Table 2). From Figure 3, the ECy, values for 6a and 7a were

Table 2. ECy, Values of Ir Complexes against Jurkat Cells®

peptide sequence assumed net ECq,
entry compound  (left: N-terminus)”  positive charge n°  (uM)
1 4 KKGG 9 2 >50
2 S KKGG 9 4 >S50
3 6a KKGG 9 6 16
4 7a KKGG 9 8 7.3
S 8 KKGG 9 12 32
6 KKGG 9 16 >50
7 6b p-K-p-KGG 9 6 14
8 6¢ KKG 9 6 19
9 6d GKKG 9 6 16
10 6e KGKG 9 6 23
11 6f KGG 6 6 >50
12 6g KKKGG 12 6 10
13 6h KDKKGG 9 6 >S50
14 6i KKDKGG 9 6 >50
15 6j KKKDGG 9 6 50
16 7b KKDKGG 9 8 14
17 10a KKGG 9 6 >50
18 10b KKGG 9 8 >S50

“As a racemate with respect to the stereochemistry of the Ir complex
core (K: lysine, G: glycine, D: aspartic acid). “The stereochemistry of
amino acids is the r-form unless otherwise indicated. “Alkyl linker
length as shown in Chart 2.

determined to be 16 yuM and 7.3 uM, respectively, as a racemic
mixture with respect to the stereochemistry of the Ir(tpy); unit
(entries 3 and 4 in Table 2)*° and those of 8 and 9 having C12
and C16 alkyl linker (8: ECg, = 32 uM, and 9: ECy, >50 uM)
are greater than those of 6a and 7a (entries 5 and 6 in Table 2).
Since 4, 5, 6a, 7a, 8, and 9 having KKGG peptides should have
a +9 net charge at physiological pH, the linker length is
important for their cytotoxicity (see the Discussion below). It
should be mentioned that 8 induces negligible morphological
change during the incubation for 1 h at 37 °C (Figure 2p—r)
and requires longer time to induce cell death (EC, is ca. 32
UM at 16 h).

For comparison, the ECy, values of 10a and 10b having a C;-
symmetric having a benzene-1,3,5-tricarboxamide center were
found to be much greater than that of 6a (entries 17 and 18 in
Table 2 and Figure SS in Supporting Information). The
cytotoxic activity of the monomeric KKGG peptide 11
containing a dansylamide moiety via a C8 linker was measured
by using propidium iodide (PI) that stained dead cells. Even at

862

Cell viability (% of control)

20 30 40 50
[Ir complex] (M)

0 10

() 1204

)
S
N

[
(=3
1

N
S
L

Cell viability (% of control)
=N
[

3
o
.

4 5
(n=2) (n=4)

6a
(n=6)

Ta 8 9
(n=8) (n=12) (n=16)

Figure 3. (a) Results of MTT assay of Jurkat cells with Ir complexes 4
(open diamonds), 5 (open triangles), 6a (filled circles), 7a (filled
squares), 8 (filled diamonds), and 9 (filled triangles) against Jurkat
cells. (b) Cell viability of Jurkat cells (% of control: 0 uM of Ir
complex) in the presence of Ir complexes 4, 5, 6a, 7a, 8, and 9 at 2§
UM. Incubation times are 16 h.

150 uM, 11 induced a negligible morphological alteration and
the cells were negligibly stained by PI (Figure S6 in Supporting
Information).

The hydrophobicity of 4, 5, 6a, 7a, 8, 9, 10a, and 10b was
roughly estimated by reverse phase HPLC (SenshuPak
PEGASIL ODS, H,0 (0.1% TFA)/CH,CN (0.1% TFA) =
90/10 to 45/55 (45 min), flow rate: 1.0 mL/min). Negligible
peak (possibly due to peak broadening) was observed when
neutral pH buffer (10 mM HEPES (pH 7.4)/CH;CN) was
used for HPLC. As shown in Figure S7 in Supporting
Information, the retention times were 5.9 min for 10a, 9.0
min for 4, 12.1 min for §, 14.3 min for 10b, 16.6 min for 6a,
21.8 min for 7a, 32.9 min for 8, and 45.3 min for 9, respectively,
indicating that a balance between hydrophobicity and hydro-
philicity of these complexes is important, although these values
are retention times of Ir complexes under acidic conditions.

We next tested the cytotoxic activity of the Ir complexes 6b—
g equipped with a variety of basic peptides attached through a
C6 linker (entries 7—12 in Table 2 and Figure S8 in Supporting
Information). The ECs, of 6b containing the D-isomer of
KKGG (p-K-p-KGG) peptide was nearly the same as that of 6a
(entry 7 vs 3 in Table 2), and the values for 6¢c, 6d, and 6e,
which should possess a +9 charge at physiological pH, are
almost equal to that of 6a (entries 8—10). The Ir complex 6g
containing the KKKGG peptide (net charge: +12) had a higher
activity than that of 6a, and 6f, which contained the KGG
peptide (net charge: +6), showed a lower activity (entries 11

DOI: 10.1021/acs.bioconjchem.5b00095
Bioconjugate Chem. 2015, 26, 857—879
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Figure 4. Luminescence microscopy images (Biorevo, BZ-9000, Keyence) of Jurkat cells treated with Ir complexes 6i (75 uM), 7b (50 uM), 21 (50
uM) + deprotected KKGG peptide 37 (150 uM), and 11 (225 uM) for 1 h at 37 °C. (a) Bright field image of 6i, (b) emission image of 6i, (c)
overlay image of (a) and (b), (d) bright field image of 7b, (e) emission image of 7b, (f) overlay image of (d) and (e), (g) bright field image of 21 +
37, (h) emission image of 21 + 37, (i) overlay image of (g) and (h), (j) bright field image of 11, (k) emission image of 11, (1) overlay image of (j)
and (k). Excitation at 377 nm for Ir complexes and an exposure time ca. 0.02 s for (b), (e), (h), and 0.25 s for (k). Scale bar (white) = 10 um.

and 12). Therefore, to induce cell death under the above
conditions, Ir complexes with a net charge of more than +9 and
a C6 linker are required. However, Ir complexes 6h—j (n = 6)
having KDKKGG, KKDKGG, and KKKDGG peptides
containing an aspartic acid (D) showed only negligible
cytotoxic activities, although they also possess a +9 charge
(entries 13—1S5 in Table 2 and Figure S9 in Supporting
Information). On the other hand, 7b (n = 8) containing the
KKDKGG peptide exhibited a higher cytotoxic activity (ECy, =
14 uM) than that of 6a (entry 16 in Table 2). The introduction
of an aspartic acid unit decreased the overall hydrophobicity of
6h—j (see Figure S7 in Supporting Information), thus reducing
their cytotoxic activity, and the extension of the alkyl linker
from C6 to C8 in 7b resulted in the activity being restored.
These results suggest that cell death is induced via interactions
of Ir complexes with the negatively charged cell surface and/or
the specific complexation with cell surface receptors, channels,
or related molecules (independent of the chirality of the
peptide part).

Cellular morphological changes and the luminescent staining
of Jurkat cells in the presence of the Ir complexes 6i (n = 6), 7b
(n = 8) containing the KKDKGG peptide, and dansylamide
derivative 11 are shown in Figure 4. The Ir complex 6i (75 uM)
exhibited negligible morphological change and emission
enhancement in the cells (Figure 4a—c). On the other hand,
7b induced cell death and exhibited a strong green emission
(Figure 4d—f). Moreover, the morphological changes observed
in the presence of the Ir complex containing only a C6 linker
21 (50 uM) and the deprotected KKGG peptide 37 (150 M)
were negligible, indicating that the conjugation of the Ir
complex and the cationic peptide is necessary (Figure 4g—i).
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For comparison, the dansylamide derivative 11 (225 uM)
containing monomeric KKGG was introduced into cells, but
negligible morphological change was observed, as shown in
Figure 4j—1.

Selectivity of the Cytotoxic Activity against a Variety
of Cancer Cells and Normal Cells. The selectivity of the
cytotoxic activity of 6a against HeLa-S3 (human epithelial
carcinoma) cells, AS49 (human alveolar adenocarcinoma) cells,
and Molt-4 (human T-lymphocyte leukemia) cells was
examined by means of MTT assay. As summarized in Figure
Sa and Table 3, the ECs, values for 6a against Jurkat, Molt-4,
HeLa-S3, and AS549 cells were in the range of 13—42 7Y S
Figure S10 in Supporting Information provides information
regarding cell death and the emission enhancement of Molt-4,
HeLa-S3, and AS549 cells after treatment with 6a at 37 °C for 1
h.

The ECs value of 6a for normal mouse lymphocytes in 10%
FCS RPMI 1640 is >50 uM (Figure Sb), which is greater than
those against Jurkat and HeLa-S3 cells.”® These phenomena
may be explained by the difference in the negatively charged
surface, and/or the expression levels of cell surface receptors
and channels, and/or changes in membrane fluidity, and/or an
increase in microvilli on the cancer cell membrane.**” For
example, it has been reported that the surface density of
negatively charged phosphatidylserine is different between
cancer and normal cells.*>"*

Interaction of Ir Complexes
Studied by Using Liposome
Measurement of Cancer Cells. In order to study the
interactions between amphiphilic Ir complexes and phospho-
lipids in the cell membrane, we prepared giant liposomes

with Cell Membrane
and by ¢ Potential
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Figure 5. (a) Results of MTT assays for Ir complexes 6a against Jurkat
cells (filled circles), Molt-4 cells (filled squares), HeLa-S3 cells (open
circles), and AS49 cells (open triangles) in 10% FCS RPMI 1640
medium (incubation at 37 °C for 16 h). (b) Cell viability of 6a against
normal mouse lymphocytes (filled diamonds), Jurkat cells (filled
circles), and HeLa-S3 cells (open circles) in 10% FCS RPMI 1640
medium (determined by PI staining after incubation at 37 °C for 1 h).

Table 3. ECy, Values for the Ir Complex 6a against Some
Cancer Cells Determined by MTT Assay after Incubation at
37 °Cfor 16 h

entry cells ECs, (uM)
1 Jurkat cells 16
2 Molt-4 cells 13
3 HeLa-S3 cells 42
4 AS49 cells 32

consisting of lecithin (zwitterionic phospholipids such as a
phosphatidylcholine) from egg yolk as a model of a cell
membrane. Phase contrast microscopic images of the giant
liposomes in the presence of § (C4 linker) and 6a (C6 linker)
at a concentration of 75 uM (a relatively high concentration)
revealed negligible morphological changes (Figure 6b and c vs
6a). On the other hand, morphology changes were observed
within a few minutes after a treatment with 7a, 8, and 9 (Figure
6d—f). These results indicate that interactions of 5 and 6a with
phospholipids are weaker than that of 7a, 8, and 9, implying
that 6a exhibits its cytotoxicity against Jurkat cells via
interaction with cell membrane receptors and/or anionic
molecules that are expressed on the surface of the cancer
cells, rather than the direct interaction with cell membrane.
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(b)5

(a) Blank

Figure 6. Giant liposomes were incubated in 10 mM HEPES at pH 7.4
with Ir complexes (75 uM). After 1S min, phase contrast images were
observed on Biorevo, BZ-9000 (Keyence). (a) Blank (only buffer), (b)
S, (c) 6a, (d) 7a, (e) 8, and (f) 9. Scale bar (white) = 50 pm.

Castanho and co-workers recently demonstrated the
interaction of CAPs with cancer cells by analysis of { potential,
which is the electrostatic potential near the surface of cells and
is altered by interactions with charged compounds.z’k’24 For
example, it was reported that the addition of a cationic peptide
induced an increase in the negative { potential values of cancer
cells due to the binding to the cell surface. These data
prompted us to measure the effect of Ir complexes (25 uM)
having a +9 net charge in PBS (10 mM, pH 7.4) at 37 °C on
the { potential of Jurkat cells. As shown in Figure S11 in
Supporting Information, the addition of 6a (25 uM) reduced
the magnitude of the negative charge of the Jurkat cells from
—112 + 14 mV to —5.35 + 0.37 mV, from which the A({
potential) is calculated to be ca. +5.9 mV, possibly due to its
electrostatic interaction with the cell surface. In addition, §
(—8.98 + 0.74 mV, A({ potential) = +2.2 mV) and 6i (—6.51
+ 0.65 mV, A({ potential) = +4.7 mV) also reduced the
magnitude of the { potential of Jurkat cells to almost same
extent as 6a. The { potentials of HeLa-S3 cells (A({ potential)
= +4.3 mV) and AS49 cells (A({ potential) = +5.3 mV) were
also reduced to about —6 mV. The { potential of normal mouse
lymphocytes is —17.8 + 8.4 mV,***" and the increase in the ¢
potential of normal mouse lymphocytes in the presence of 6a
was much greater than those of other cancer cells. These results
suggest that the decrease in the { potentials of each cell by Ir
complexes is not correlated with their cytotoxicity, a finding
that is consistent with previous reports.®**

Mechanistic Studies of Cell Death Induced by 6a.
Typical time-lapse images (0—30 min) of Jurkat cells treated
with 6a (75 uM) show a morphological change accompanied

DOI: 10.1021/acs.bioconjchem.5b00095
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Figure 7. Typical time-lapse images (Biorevo, BZ-9000, Keyence) of Jurkat cells treated with 6a (7S uM) at 37 °C. Morphological change with
swelling and blebbing are shown in white arrows. Scale bar (white) = 10 ym. Excitation at 377 nm for 6a (exposure time 0.01 s).

by bubble-like swelling and blebbing, followed by membrane
disruption (Figure 7 and movie S1 in Supporting Information).
After that, the green emission of Ir complex 6a is observed
around the damaged membrane (15—20 min in Figure 7) and
then accumulates in the nucleus after 20—30 min.*’

The co-staining study of Jurkat cells with 6a (75 M) and PI
(30 M) was performed. PI shows a strong red emission by
intercalating with DNA in the nucleus by passing through the
damaged membrane of dead cells. The photos in Figure S12 in
Supporting Information show a typical bright field image of
Jurkat cells (Figure S12a), a 6a-stained emission image of Jurkat
cells (Figure S12b), a PI emission image of Jurkat cells (Figure
S12c), an overlay image of Figure S12a and S12b (Figure
S12d), an overlay image of Figure S12a and Sl2c¢ (Figure
S12e), and an overlay image of Figure S12b and S12c (Figure
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S12f), in which the area of the emission for 6a mostly
overlapped with that of PI, indicating that 6a had accumulated
in the nuclei of dead cells. Moreover, a substantial overlap
between the emission of 6a and PI was also observed in a
costaining study of normal mouse lymphocytes (Figure S13 in
Supporting Information). These data suggest that +9 charged
6a might have accumulated in dead cells and/or interacted with
negatively charged biological species such as DNA in the
nucleus through electrostatic interactions, possibly at the later
stages of cell death. Indeed, a ca. 2.5-fold increase in the
emission intensity of 6a (0.5 uM) at pH 7.4 (10 mM HEPES (I
= 0.1 (NaNO;)) was observed upon the addition of calf thymus
DNA (ctDNA) (5.0 uM in phosphate) (Figure S14 in
Supporting Information) and a similar behavior was observed
for 7a.

DOI: 10.1021/acs.bioconjchem.5b00095
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Figure 8. Typical luminescence microscopy images (Biorevo, BZ-9000, Keyence) of Jurkat cells treated with Ir complexes 6a (S0 yM) in the
presence of CCCP (a—c), NaNj (d—f), sucrose + filipin (g—i), filipin (j—1), cytochalasin D (m—o), chloroquine (p—r), Na;VO, (s—u), oligomycin
(v—x),verapamil (y—aa), nicardipine (ab—ad), and quinidine (ae—ag) at 37 °C for 1 h. Excitation at 377 nm for 6a (exposure time ca. 0.02 s). Scale
bar = 10 ym.
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The aforementioned results indicate that cell death induced
by Ir complexes proceeds not only via their interaction with the
cell membrane but also by triggering intracellular events. To
investigate whether cell death induced by Ir complexes is
apoptosis or necrosis, we carried out MTT assay of 6a (75 uM)
in the presence of Z-VAD-fmk,*® which is a broad caspase
inhibitor (its structure is shown in Figure S1S in Supporting
Information). TNF-related apoptosis-inducing ligand
(TRAIL)*” was used as a positive control. Although Z-VAD-
fmk inhibited the apoptosis induced by TRAIL, cell death
induced by 6a was not inhibited (Figure S16 in Supporting
Information). In addition, the cytotoxic activity of 6a was not
inhibited by necrostatin-1, a necroptosis inhibitor,”® IM-54,
which inhibits necrosis induced by oxidative stress,”” and a
ROS scavenger (N-acetyl-L-cysteine (NAC)), respectively
(Figures S16 in Supporting Information). In addition, the
cytotoxic activities of 6a against wild type and Bcl-2
overexpressing Molt-4 cells®® were nearly equal (Figure S17
in Supporting Information). These results suggest that cell
death induced by cationic amphiphilic Ir complexes can be
classified as necrotic cell death rather than apoptosis.

As described above, the cytotoxicity of 6a is inhibited at 4 °C
(Figure 2v—x), suggesting that 6a-induced cell death is
mediated via an energy-dependent pathway. In order to
investigate this possibility, the cell death of Jurkat cells with
6a was examined in the presence of a variety of inhibitors such
as carbonyl cyanide 3-chlorophenylhydrazone (CCCP) (a
mitochondrial uncoupling reagent),® NaNj; (a metabolic
inhibitor), sucrose (an inhibitor of clathrin-mediated endocy-
tosis), filipin and methyl-f-cyclodextrin (MSCD) (inhibitors of
caveolae-mediated endocytosis),>* sucrose + filipin, cytochala-
sin D, amiloride (inhibitors of macropinocytosis),33 3-
methyladenine®* and chloroquine®® (inhibitors of autophagy),
bafilomycin Al (an inhibitor of vacular ATPase (V-ATPase)),*°
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oligomycin (an inhibitor of the mitochondrial F,/F,-ATP
synthase to cause ATP depletion),”” sodium orthovanadate
(Na,VO,) (an inhibitor of ATPase),*® and 4-aminopyridine
(K* channel blocker) (Figure 8 and Figure S18 in Supporting
Information). The structures of these inhibitors are shown in
Figure S15 in Supporting Information and the most likely
reactive sites of these drugs are summarized in Figure 9.
Moreover, Hoechst 33342 (a minor groove-binder of DNA
with adenine-thymine selectivity), and spermidine (a substrate
of the polyamine transporter, used as a competitive substrate)*”
were also tested. It was confirmed that these agents themselves
did not induce cell death at the concentrations used in the
experiments.

Interestingly, the morphological change (and cell death) of
the Jurkat cells by 6a was substantially inhibited only by CCCP
(40 uM) as shown in Figure 8a—c*® (the cytotoxicity of 6a
against Molt-4 cells is also inhibited at 4 °C and by CCCP,
Figure S19 in Supporting Information). The cell death induced
by 6a was inhibited by verapamil (20 uM) (L-type voltage-
operated Ca®* channel blocker) as shown in Figure 8y—aa,
and not by nicardipine (SO M), which is also an L-type
voltage-operated Ca®* channel blocker (Figure 8ab—ad).*! The
use of a Ca’-free RPMI1640 based buffer (Figure S18) failed
to stop the cell death, suggesting that the entry of extracellular
Ca?" is not a critical factor in cell death. In addition, cell death
induced by 6a was inhibited by treatment with quinidine (100
uM), which is not only a Na* and K* channel blocker but also
an antagonist of a-adrenergic receptors,42 a muscarinic
receptor,” and an inhibitor of the mitochondrial uptake of
Ca* (Figure 8ae—ag).44 Inhibition of 6a-induced cell death by
CCCP, verapamil, and quinidine was supported by PI staining
experiments under the same conditions (Figure S20 in
Supporting Information).

DOI: 10.1021/acs.bioconjchem.5b00095
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Figure 10. (a) Typical luminescence images (Biorevo, BZ-9000, Keyence) of Rhod-4 loaded Jurkat cells treated with 6a (50 yM). Excitation at 540
nm for Rhod-4. Scale bar (white) = 10 ym. (b) and (c) Time course of fluorescent change of Rhod-4 loaded cells (F/F,) after treatment with 6a (50
uM) (b) and 5 (50 uM) (c). Photos show ca. O min after treatment with 6a or 5. Curves in (b) and (c) depict the change of the emission of Rhod-4
of each cell (cell 1 (red filled circles, red dashed line), 2 (green filled circles, green dashed line), 3 (blue filled circle, blue dashed line), 4 (yellow filled
circles, yellow dashed line), S (purple filled circles, purple dashed line), 6 (black filled circles, black dashed line), 7 (pink filled circle, pink dashed
line), 8 (orange filled circles, orange dashed line), 9 (brown filled circles, brown dashed line), 10 (light blue filled circles, light blue dashed line), 11
(yellow green filled circles, yellow green dashed line), and 12 (beige filled circles, beige dashed line)). Representative time-lapse images (d) and time
course of fluorescent change of Rhod-4 (e) of cell 1 in (b) (red filled circles, red dashed line) after treatment with 6a (50 uM). White arrows in
Figure (d) indicate the observation of membrane disruption. Fy: initial emission intensity of Rhod-4, F: emission intensity of Rhod-4 after treatment

with Ir complex.

It has been reported that CCCP compromises the membrane production and the inhibition of mitochondrial calcium (Ca®")
potential of mitochondria, resulting in a decrease in ATP uptake.***¢ Therefore, we measured the membrane potential
868 DOI: 10.1021/acs.bioconjchem.5b00095
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of mitochondria in the presence of 6a by staining with TMRM
(tetramethyl rhodamine methyl ester).*” However, flow
cytometry measurements revealed that 6a had a negligible
effect against the mitochondrial membrane potential of Jurkat
cells (Figure S21 in Supporting Information).

An observation of Figure 2 and Figure 8 indicates that some
cells had survived after the treatment with 6a (Figures 2l and
8filo,r,ux,ad). Thus, we suspected the existence of a
relationship between the cytotoxicity of 6a and the cell cycle.
The cell cycle of Jurkat cells was arrested in the G,/S phase by
treatment with thymidine and in the G,/M phase by a
nocodazole treatment (Figure S22 in Supporting Informa-
tion).*® As shown in Figure S$23 in Supporting Information, a
similar morphological change and emission enhancement were
observed in both cases after treatment with 6a. Therefore, we
assume that the cytotoxicity of 6a against Jurkat cells is
independent of the cell cycle.

Concerning the Mechanism of Cell Death Focused on
Ca?*-Dependent Pathway. The aforementioned results of
the induction of cell death of Jurkat and related cells induced by
amphiphilic Ir complexes can be summarized as follows:

1. Ir complexes containing KKGG sequences exhibit
considerable cytotoxicity against Jurkat cells, and a greater
than +9 net charge and an appropriate length of alkyl chain
(C6—C8) is required for activity (Figures 2 and 3 and Table 2).
Covalent bonding between the peptide with Ir complexes is
essential (Figure 4g—i). The data suggest a balance between
hydrophobicity and hydrophilicity is important for the
cytotoxicity of these complexes (Figure S7).

2. Ir complex 6a exhibited considerable cytotoxicity against
cancer cells such as Jurkat, Molt-4, HeLa-S3, and AS49 cells
(Figure Sa) and cytotoxicity of 6a against normal mouse
lymphocytes is lower than those against Jurkat and HeLa-S3
cells (Figure Sb).

3. Giant liposomes underwent negligible morphological
changes in the presence of 6a, suggesting that 6a interacts
weakly with the zwitterionic phospholipids in membranes
(Figure 6).

4. Jurkat cells treated with 6a at 37 °C undergo a
morphological change accompanied by bubble-like swelling
and blebbing, followed by membrane disruption and the
accumulation of 6a in the cell, resulting in a strong emission in
the dead cells (Figure 7 and movie S1 in Supporting
Information). At 4 °C, 6a is localized mainly on/in the cell
membranes of Jurkat cells (Figure 2v—x) without altering their
morphology, suggesting that 6a initially interacts with the cell
membrane and then induces cell death.

5. Cell death induced by 6a is not inhibited by Z-VAD-fmk
(pan-caspase inhibitor), necrostain-1 (necroptosis inhibitor),
NAC, and IM-54 (ROS scavengers), indicative of necrosis. The
results of various inhibitors as shown in Figure 8 and Figure
S18 suggest that 6a-induced cell death proceeds via an energy
independent pathway. In addition, 6a-induced cell death is
inhibited by CCCP (an uncoupling reagent and inhibition of
mitochondrial Ca*" uptake) (Figure 8a—c), verapamil (L-type
voltage-operated Ca’* channel blocker) (Figure 8y—aa), and
quinidine (Figure 8ae—ag), and not by a variety of inhibitors, as
shown in Figure 8 and Figure S18.

6. It is unlikely that the cytotoxicity of 6a against Jurkat cells
is dependent on the cell cycle (Figure S23).

This information suggests that the amphiphilic Ir complex 6a
interacts directly or indirectly with anionic molecules on the
cell surface and/or membrane receptors, thus triggering the
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intracellular events related to Ca*".*’ Because Ca®" is a well-
known second messenger with a pivotal role in cell death, we
anticipated that it would participate in the cell death
mechanism induced by 6a. Paredes-Gamero and co-workers
recently reported that gomesin (a cationic antimicrobial peptide
isolated from hemocytes from the Brazilian spider) induces an
increase in intracellular Ca** levels that participates in the
necrotic cell death of CHO cells.>*® In this report, it is
described that gomesin enters the cells and induces the release
of Ca’* from the endoplasmic reticulum (ER), the disruption of
ER, mitochondrial Ca*" overload and oxidative stress, resulting
in necrosis of CHO cells. In addition, gomesin induces an
increase of cytosolic Ca®* levels, causing apoptosis and
necroptosis in KS62 cells (a human erythroleukemia cell
line), not via oxidative stress.’*

The findings reported here indicate the cationic amphiphilic
Ir complex 6a initially binds to the cell surface and stimulates
intracellular events regarding necrotic cell death. Since CCCP
inhibits mitochondrial Ca®" uptake by depolarizing the
mitochondrial membrane potential (Figure 9),* 6a may induce
a mitochondrial Ca** overload, which is counterbalanced by
ccep. !

Verapamil has a variety of effects as an inhibitor not only as a
L-type voltage-operated Ca** channel blocker (Figure 9), but
also as an inhibitor of the G-protein coupled receptor (GPCR)
such as a- and ﬁ-adrener§ic receptors,”> muscarinic receptor,>
and serotonin receptor.”* From the results for verapamil
(Figure 8y—aa) and quinidine (Figure 8ae—ag), we assume that
6a-induced cell death mediated by adrenergic receptors is
unlikely, because (—)-epinephrine (5 mM) itself exhibits
negligible cytotoxicity and has a negligible effect on 6a-induced
cell death (Figure S18). Although it is not easy to quantify the
effect of quinidine, which is reported to affect some receptors
and channels on the cell membrane and intracellular molecules,
the possibility that quinidine is involved in the inhibition of
mitochondrial Ca** uptake induced by 6a (Figure 9) cannot be
excluded.**

An increase of cytosolic Ca®* concentration was assessed by
fluorescent microscopy. Jurkat cells were stained with Rhod-4/
AM, which is mainly localized in the cytoplasm. As shown in
Figure 10a and b, the fluorescent intensity of Rhod-4 was
enhanced after treatment with 6a (50 gM), indicating that 6a
induces an increase in cytosolic Ca®* levels. As shown in
representative time-lapse images (cell 1 in Figure 10b) of
Figure 10d and e, most (ca. 75%) of the 6a-treated Jurkat cells
showed a Ca®" response (Figure 10a and b) and then
underwent morphological changes, followed by the disappear-
ance of Rhod-4 emission. In contrast, the effect of 5 (50 uM),
which has only a negligible effect on cell death (see Figure 2g—i
and Figure 3), was weak (Figure 10c). A careful observation of
morphological and luminescent images of 6a-treated cells
suggest that the membranes of the cells collapse after the Ca®"
response (Figure 10e). Therefore, we conclude that cell death
induced by the amphiphilic Ir complexes studied in this work is
strongly correlated with the induction of an intracellular Ca**
response, although the details of this process remain to be
studied.

Bl CONCLUSIONS

We report herein on the design and synthesis of cationic
amphiphilic tris-cyclometalated iridium(III) complexes as
inducers and detectors of cell death. The findings indicate
that Ir complexes that contain highly cationic peptides

DOI: 10.1021/acs.bioconjchem.5b00095
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including KKGG sequences exhibit considerable cytotoxicity
against Jurkat cells. The structure—cytotoxicity relationship of
Ir complexes reveals that both more than a +9 net charge and
alkyl chains with an appropriate length (C6—C8) are necessary
for achieving this activity. While weak interactions of Ir
complexes 4 and S having shorter alkyl linkers (C2 or C4) with
negatively charged cell surface showed negligible cytotoxicity,
6a and 7a, which contain C6 and C8 linkers, exhibit a high
degree of cytotoxicity. On the other hand, 8 and 9, with C12
and C16 linkers, become localized on the cell surface and, as a
result, show a lower (or slower) cytotoxicity. A lower activity
was also observed in Ir complex 6h—j containing aspartic acid
in the peptide sequence and the benzene-1,3,5-tricarboxamide
derivatives 10a and 10b. Moreover, it was found that 6a
exhibits a high cytotoxicity against cancer cells such as Jurkat
cells, Molt-4 cells, HeLa-S3 cells, A549 cells, and a lower
cytotoxicity against normal lymphocytes than those against
Jurkat and HeLa-S3 cells. Mechanistic studies suggest that Ir
complexes such as 6a—e, 6g, and 7a—b interact with anionic
molecules on the cell surface and/or membrane receptors to
trigger the Ca®* dependent pathway and an intracellular Ca**
response, resulting in necrosis accompanied by membrane
disruption. The isolation and identification of target molecules
of Ir complexes by photoaffinity labeling® and the develop-
ment of a detailed understanding of the intracellular events
activated by Ir complexes and the accumulation of Ir complexes
in dead cells is a future project.

These results may provide useful information for under-
standing the mechanism responsible for the cell death of
amphiphiles, the future design and synthesis of luminescent
cationic amphiphilic anticancer agents in bioorganometal-
lics,"*° biomedicinal science, and related fields.

B EXPERIMENTAL PROCEDURES

General Information. All reagents and solvents were of the
highest commercial quality and were used without further
purification, unless otherwise noted. Anhydrous N,N-dimethyl-
formamide (DMF) was obtained by distillation from calcium
hydride. All aqueous solutions were prepared using deionized
and distilled water. UV—vis spectra were recorded on a JASCO
V-550 spectrophotometer at 25 °C. Emission spectra were
recorded on a JASCO FP-6200 spectrofluorometer at 25 °C. IR
spectra were recorded on a PerkinElmer FT-IR spectropho-
tometer (Spectrum100) at room temperature. Melting points
were measured using a Yanaco MP-J3Micro Melting Point
apparatus and are uncorrected. 'H (300 and 400 MHz) and "*C
(75 and 100 MHz) NMR spectra were recorded on a JEOL
Always 300 spectrometer and a JEOL Lamda 400 spectrometer,
respectively. Luminescence imaging studies were performed
using fluorescent microscopy (Biorevo, BZ-9000, Keyence).
Tetramethylsilane (TMS) was used as an internal reference for
'"H and *C NMR measurements in CDCl; and CD,0D. 3-
(Trimethylsilyl)-propionic-2,2,3,3-d, acid (TSP) sodium salt
was used as an external reference for 'H NMR measurement in
D,0. Mass spectral measurements were performed on a JEOL
JMS-SX102A and Varian TQ-FT. Mass of some tris-cyclo-
metalated Ir complexes are observed as [M]* (rather than [M +
H]*) in ESI mode (Varian TQ-FT).'* Fast atom bombardment
(FAB) mass spectrum was recorded on JEOL JMS-SX102A.
Elemental analyses were performed on a PerkinElmer CHN
2400 series II CHNS/O analyzer. Lyophilization was
performed with freeze-dryer FD-SN (EYELA). Thin-layer
chromatographies (TLC) and silica gel column chromatog-
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raphies were performed using Merck Art 5554 (silica gel) TLC
plate and Fuji Silysia Chemical FL-100D, respectively. MTT (3-
(4,5-dimethyl-2-thiazolyl)-2,5-diphenyl-2H-tetrazolium bro-
mide), hoechst 33342 were purchased from Dojindo. Z-VAD-
fmk (Z-Val-Ala-Asp(OMe)-fluoromethylketone) was purchased
from Peptide Institute. Necrostatin-1 and IM-54 were
purchased from Enzo Life Sciences. Propidium iodide and
NaN; were purchased from Nacalai tesque. TRAIL/Apo2L
(human, recombinant), N-acetyl-L-cysteine, 3-methyladenine,
chloroquine diphosphate, verapamil hydrochloride, nicardipine
hydrochloride, and lecithin from egg yolk were purchased from
WAKQO Pure Chemical Industries. Quinidine and 4-amino-
pyridine were purchased from TCI The oligomycin complex
was purchased from Cayman Chemical Co. CCCP (carbonyl
cyanide 3-chlorophenylhydrazone), bafilomycin Al, amiloride
hydrochloride, and DNA sodium salt from calf thymus were
purchased from Sigma-Aldrich. TMRM (tetramethyl rhod-
amine methyl ester) was purchased from Cosmo Bio Co. Quest
Rhod-4/AM was purchased from AAT Bioquest. HPLC
experiments were carried out using a system consisting of
two PU-980 intelligent HPLC pumps (JASCO, Japan), a UV-
970 intelligent UV—visible detector (JASCO), a Rheodine
injector (Model No. 7125), and a Chromatopak C-R6A
(Shimadzu, Japan). For analytical HPLC, a SenshuPak Pegasil
ODS column (Senshu Scientific Co., Ltd.) (4.6¢p X 250 mm,
No. 07051001) was used. For preparative HPLC, a SenshuPak
Pegasil ODS SP100 column (Senshu Scientific Co., Ltd.) (20¢
X 250 mm, No. 1302014G) was used. GPC experiments were
carried out using a system consisting of a POMP P-50 (Japan
Analytical Industry Co., Ltd.), a UV/vis DETECTOR S-3740
(Soma, Japan), a Manual Sample Injector 7725i (Rheodyne,
USA), a MDL-101 1 PEN RECORDER (Japan Analytical
Industry Co., Ltd.), equipped with two preparative GPC,
JAIGEL-1H and JAIGEL-2 (Japan Analytical Industry Co.,
Ltd.) (20¢p X 600 mm, No. A605201 and A605204) were used.

Ir Complex 15. N,N-Diisopropylethylamine (DIEA) (0.19 g,
1.5 mmol), PyBOP (0.38 g, 0.73 mmol), and mono-Boc-
protected hexamethylenediamine®” (0.31 g, 1.5 mmol) were
added to a solution of 12 (99 mg, 0.12 mmol) in freshly
distilled DMF (3 mL). The reaction mixture was stirred at
room temperature for 36 h, and then concentrated under
reduced pressure. The remaining residue was purified by silica
gel column chromatography (CHCl;/MeOH, 1/0 to 50/1 to
0/1) and gel permeation chromatography (CHCl;) and
recrystallized from Hexanes/CHCI, to afford the Boc protected
15 (92 mg, 55%) as a yellow solid. Mp 153 °C (decompose).
IR (ATR): v = 3315, 2929, 2849, 1689, 1630, 1587, 1521, 1472,
1391, 1365, 1251, 1165, 1070, 889, 780, 749 cm™'. 'H NMR
(300 MHz, CDCL,/TMS): & = 7.87 (t, ] = 8.1 Hz, 3H), 7.70 (s,
3H), 7.61 (dd, J = 8.1 Hz, 1.8 Hz, 3H), 7.38 (d, J = 4.8 Hz,
3H), 6.86 (t, ] = 5.7 Hz, 3H), 6.69 (s, 3H), 5.88—5.76 (m, 3H),
4.62—4.46 (m, 3H), 3.47-3.35 (m, 6H), 3.18—3.05 (m, 6H),
2.24 (s, 9H), 1.51—1.26 (m, S1H) ppm. *C NMR (100 MHz,
CD;0OD/TMS): 6 = 174.5, 166.9, 165.4, 158.5, 148.3, 143.2,
140.2, 138.0, 137.5, 130.2, 123.7, 123.3, 120.1, 79.8, 41.2, 40.7,
30.9, 30.4, 28.8, 27.8, 27.5, 20.0 ppm. ESI-MS (m/z) Calcd for
C,Hos ' IrNGO,Ir [M]*: 1421.6931. Found: 1421.6891. Anal.
Caled for CoyHogltN,Oy: C, 60.74; H, 6.80; N, 8.85%. Found:
C, 60.54; H, 7.00; N, 8.72%.

Ir complexes 13, 14, 16, 17, and 18 were prepared in a
manner similar to that described for 18.

Ir Complex 13. A yellow solid (51% from 12). Mp 182 °C
(decompose). IR (ATR): v = 3298, 2977, 1704, 1624, 1585,
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1506, 1475, 1428, 1392, 1366, 1253, 1163, 1072, 993, 892, 860,
779, 751, 726 cm™. 'H NMR (300 MHz, CD;0D/TMS): § =
821 (t, J = 42 Hz, 3H), 8.05 (d, J = 6.3 Hz, 3H), 7.81 (s, 3H),
7.68 (dd, J = 6.2 Hz, 0.9 Hz, 3H), 7.46 (d, ] = 3.6 Hz, 3H), 6.93
(t, ] = 4.5 Hz 3H), 6.70 (s, 3H), 3.46—3.36 (m, 6H), 3.29—3.20
(m, 6H), 2.13 (s, 9H), 1.40 (s, 27H) ppm. *C NMR (100
MHz, CD;OD/TMS): § = 174.7, 166.9, 165.9, 158.7, 148.3,
143.3, 140.3, 138.0, 137.8, 129.7, 124.0, 123.4, 120.2, 80.1, 41.1,
40.9, 28.8, 20.2 ppm. ESI-MS (m/z) Calcd for C4H,, "' IrN,O,
[M]*: 1256.5177. Found: 1256.5155. Anal. Calcd for
CgoH7,IrNyO,-0.5CHCl: C, 55.25; H, 5.56; N, 9.59%.
Found: C, 54.88; H, 5.64; N, 9.41%.

Ir Complex 14. A yellow solid (49% from 12). Mp 172 °C
(decompose). IR (ATR): v = 3302, 2933, 1692, 1637, 1601,
1517, 1473, 1428, 1393, 1366, 1254, 1167, 1070, 893, 781, 752
cm™’. 'H NMR (300 MHz, CDCl,/TMS): 6 = 7.87 (d, J = 8.2
Hz, 3H), 7.70 (s, 3H), 7.60 (t, ] = 7.1 Hz, 3H), 7.38 (d, ] = 5.1
Hz, 3H), 6.86 (t, ] = 6.4 Hz, 3H), 6.70 (s, 3H), 5.93 (s, 3H),
4.65 (s, 3H), 3.50—3.34 (m, 6H), 3.15 (d, ] = 5.8 Hz, 6H), 2.23
(s, 9H), 1.66 (s, 1SH), 1.43 (s, 27H) ppm. *C NMR (100
MHz, CD,0OD/TMS): § = 174.7, 167.0, 165.7, 158.7, 148.4,
143.4, 140.3, 138.1, 137.6, 130.2, 123.8, 123.4, 120.2, 79.9, 41.0,
40.4, 28.8, 28.5, 27.7, 20.0 ppm. ESI-MS (m/z) Calcd for
Ce6HgNO, ' Ir [M]*: 1337.60275. Found: 1337.59924. Anal.
Calcd for CegHg IrNy,Oy2H,0: C, 57.62; H, 6.45; N, 9.16%.
Found: C, 57.64; H, 6.30; N, 9.10%.

Ir Complex 16. A yellow solid (46% from 12). Mp 135 °C
(decompose). IR (ATR): v = 3297, 2928, 1691, 1634, 1602,
1532, 1472, 1429, 1392, 1365, 1253, 1168, 1070, 781, 749
cm™. 'H NMR (400 MHz, CD;0D/TMS): § = 7.99 (d, ] =
8.3 Hz, 3H), 7.76—7.63 (m, 6H), 7.46 (d, ] = 5.5 Hz, 3H), 6.94
(t, ] = 6.4 Hz, 3H), 6.74 (s, 3H), 3.34—3.26 (m, 6H), 3.00 (t, J
=7.0 Hz, 6H), 2.13 (s, 9H), 1.66—1.52 (m, 6H), 1.51—1.25 (m,
57H) ppm. *C NMR (100 MHz, CD;0D/TMS): § = 174.6,
167.0, 165.6, 158.7, 148.5, 143.4, 140.3, 138.1, 137.6, 130.3,
123.8, 123.5, 120.1, 79.8, 73.0, 41.3, 40.8, 30.9, 30.4, 30.3, 28.8,
28.0, 27.8, 20.0 ppm. ESI-MS (m/z) Calcd for
CygH 0sNgOy'*'IrNa [M + Na]*: 1528.7771. Found:
1528.7768. Anal. Calcd for C,gH, o3 IrNyOy: C, 62.13; H, 7.22;
N, 8.36%. Found: C, 62.39; H, 6.97; N, 8.37%.

Ir Complex 17. A yellow solid (64% from 12). Mp 173 °C
(decompose). IR (ATR): v = 3300, 2925, 2854, 1690, 1631,
1601, 1529, 1472, 1427, 1391, 1365, 1252, 1169, 1070, 891,
781, 748 cm™'. 'TH NMR (400 MHz, CD;0D/TMS): § = 8.00
(d, ] = 8.2 Hz, 3H), 7.80—7.62 (m, 6H), 7.47 (d, ] = 5.3 Hz,
3H), 6.94 (t, ] = 6.4 Hz, 3H), 6.74 (s, 3H), 3.39—3.24 (m, 6H),
2.99 (t, ] = 7.0 Hz, 6H), 2.13 (s, 9H), 1.69—1.51 (m, 6H),
1.51-1.20 (m, 81H) ppm. *C NMR (100 MHz, CD,0D/
TMS): 6 = 174.6, 167.1, 165.6, 158.7, 148.5, 143.4, 140.3,
138.1, 137.6, 130.3, 123.8, 123.5, 120.1, 79.8, 41.4, 40.8, 31.0,
30.7, 30.7, 30.4, 30.4, 28.8, 28.1, 27.8, 20.0 ppm. ESI-MS (m/z)
Calcd for CgoH;3,NgOy"!IrNa [M + Na]*: 1696.9654. Found:
1696.9646. Anal. Calcd for CyoH,3,IrNgOy: C, 64.49; H, 7.94;
N, 7.52%. Found: C, 64.84; H, 8.01; N, 7.72%.

Ir Complex 18. A yellow solid (53% from 12). Mp 130 °C
(decompose). IR (ATR): v = 3281, 2922, 2852, 1723, 1627,
1601, 1536, 1469, 1430, 1368, 1288, 1261, 1126, 1072, 1037,
892, 843, 782, 747, 722 ecm™'. 'H NMR (300 MHz, CDCl,/
TMS): 6 = 7.87 (d, ] = 8.5 Hz, 3H), 7.71 (s, 3H), 7.61 (t, ] =
7.0 Hz, 3H), 7.39 (d, ] = 5.5 Hz, 3H), 6.86 (t, ] = 6.0 Hz, 3H),
6.69 (s, 3H), 5.76 (s, 3H), 4.66—4.38 (m, 3H), 3.51-3.32 (m,
6H), 3.19-2.99 (m, 6H), 2.24 (s, 9H), 1.44 (s, 42H), 1.25 (s,
69H) ppm. *C NMR (100 MHz, CD;0D/TMS): § = 174.7,
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167.1, 165.6, 158.7, 148.5, 143.4, 140.3, 138.1, 137.6, 130.3,
123.8, 123.4, 120.1, 79.8, 41.4, 40.8, 31.0, 30.8, 30.7, 30.4, 28.8,
28.1, 27.9, 20.0 ppm. ESI-MS (m/z) Caled for
Ci0oH 5NgO™'Ir [M + H]*: 1843.1733. Found: 1843.1705.
Anal. Caled for CygoH,IiNoOy: C, 66.42; H, 8.52; N, 6.83%.
Found: C, 66.15; H, 8.61; N, 6.88%.

Ir Complex 6a. A mixture of TMSCI (65 mg, 1.4 mmol) and
Nal (021 g, 1.4 mmol) in CH;CN (3 mL) was added to a
suspension of Boc protected 15 (65 mg, 45 ymol) in CH;CN
(10 mL). The mixture was stirred at room temperature for 10
min and sonicated for 2 min. The insoluble compound was
centrifuged and washed with CH;CN to give 21 as the HI salt.
The product was purified by preparative HPLC (H,O (0.1%
TFA)/CH,CN (0.1% TFA) = 80/20 to 50/50 (30 min), t, =
21 min, 6.0 mL/min), lyophilized to give 21 as a yellow solid
(41 mg, 62% as 3TFA salt). Mp 274 °C (decompose). IR
(ATR): v = 2934, 1675, 1601, 1532, 1473, 1426, 1302, 1264,
1200, 1179, 1129, 1070, 892, 836, 799, 783, 751, 722 cm™'. 'H
NMR (300 MHz, CD,0D/TMS): § = 8.02 (d, ] = 6.0 Hz, 3H),
7.80—7.65 (m, 6H), 7.47 (d, ] = 4.2 Hz, 3H), 6.96 (t, ] = 4.8
Hz, 3H), 6.73 (s, 3H), 3.40—3.25 (m, 6H), 2.91 (t, ] = 5.4 Hz,
6H), 2.13 (s, 9H), 1.75—1.55 (m, 12H), 1.55—1.35 (m, 12H)
ppm. *C NMR (100 MHz, CD;0D/TMS): § = 174.6, 166.8,
165.5, 148.4, 143.3, 140.2, 138.0, 137.5, 130.1, 123.6, 123.4,
120.0, 40.6, 40.5, 30.2, 28.5, 27.4, 27.0, 20.0 ppm. ESI-MS (m/
z) Caled for Co;H,3NO;'Ir [M + HJ]*: 1122.5437. Found:
1122.543S. Anal. Calcd for Cs;H,,IrNy,O5-3CF;CO,H-5.5H,0:
C, 48.36; H, 5.54; N, 8.06%. Found: C, 48.06; H, 5.16; N,
7.86%.

DIEA (8.8 mg, 68 umol), PyBop (35 mg, 68 pmol), and
protected KKGG peptide 25 (9.4 mg, 14 ymol) were added to
a solution of 21 (5.0 mg, 3.4 ymol) in dist. DMF (1 mL). The
reaction mixture was stirred at room temperature for 16 h. It
was then concentrated under reduced pressure and purified by
silica gel column chromatography (CHCl;/MeOH = 20/1 to
10/1) to afford the protected compound (13 mg) as a yellow
powder. A mixture of TMSCI (0.1S5 g, 1.4 mmol) and Nal (0.20
g, 1.4 mmol) in CH;CN (4.5 mL) was added to a mixture of
the protected compound in CH;CN (1.5 mL). The reaction
mixture was stirred at room temperature for 2 h. After
deprotection, the insoluble compound was isolated by
centrifugation and washed with CH;CN. The resulting residue
was purified by preparative HPLC (H,O (0.1% TFA)/CH,CN
(0.1% TFA) = 80/20 to 60/40 (30 min), t, = 23 min, 6.0 mL/
min), Iyophilized to give 6a as a yellow solid (5.0 mg, 29% as
9TFA salt from 15). "H NMR (400 MHz, D,0/TSP): & = 8.06
(d, ] = 8.0 Hz, 3H), 7.83 (t, ] = 8.0 Hz, 3H), 7.79 (s, 3H), 7.70
(d, ] = 5.6 Hz, 3H), 7.10 (t, ] = 6.6 Hz, 3H), 6.59 (s, 3H), 4.37
(t, ] = 6.6 Hz, 3H), 4.01-3.98 (m, 3H), 3.98 (s, 6H), 3.88 (s,
6H), 3.39—-3.36 (m, 6H), 3.26—3.19 (m, 6H), 2.99 (q, ] = 7.6
Hz, 12H), 2.12 (s, 9H), 1.95—1.60 (m, 30H), 1.60—1.30 (m,
30H) ppm. ESI-MS (m/z) Calcd for C,oH;N,,0, Ir [M
+2H]*": 1117.1248. Found: 1117.1248.

Ir complexes 4, S5, 6b—j, 7a—b, 8, and 9 were prepared in a
manner similar to that described for 6a.

Ir Complex 19. A yellow solid (61% as 3TFA salt from 13).
Mp 270 °C (decompose). IR (ATR): v = 2930, 1676, 1600,
1535, 1474, 1426, 1303, 1265, 1200, 1129, 1072, 917, 838, 786,
752,723 em™%. 'H NMR (300 MHz, CD;0D/TMS): § = 8.08
(d, ] = 6.0 Hz, 3H), 7.90 (s, 3H), 7.74 (dd, ] = 6.0 Hz, 0.9 Hz,
3H), 7.50 (d, ] = 3.9 Hz, 3H), 6.99 (t, ] = 4.8 Hz, 3H), 6.71 (s,
3H), 3.68—3.54 (m, 6H), 3.17 (t, ] = 4.5 Hz, 6H), 2.16 (s, 9H)
ppm. *C NMR (100 MHz, CD;0D/TMS): § = 175.3, 166.7,
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166.6, 148.4, 143.6, 140.5, 138.3, 138.1, 128.5, 124.1, 123.6,
1202, 40.9, 38.7, 20.3 ppm. ESI-MS (m/z) Calcd for
CysHys”'IrNgO;Na [M + Na]*: 976.3378. Found: 976.3374.
Anal. Calcd for C,H,3IrNgO;-3CF;CO,H-4.5H,0: C, 44.44;
H, 4.39; N, 9.15%. Found C, 44.04; H, 4.02; N, 8.90%.

Ir Complex 4. A yellow powder (28% as 9TFA salt from 13).
"H NMR (400 MHz, D,O/TSP): 6 = 8.09 (d, ] = 8.8 Hz, 3H),
7.84 (t, ] = 8.8 Hz, 3 H), 7.83 (s, 3H), 7.69 (d, ] = 5.6 Hz, 3H),
7.11 (t, ] = 6.6 Hz), 6.61 (s, 3H), 4.37—4.32 (m, 3H), 4.04 (t, ]
= 6.6 Hz, 3H), 3.95-3.90 (m, 12H), 3.55—-3.49 (m, 12H),
3.55—3.49 (m, 12H), 2.13 (s, 9H), 1.93—1.90 (m, 6H), 1.85—
1.60 (m, 18H), 1.50—1.35 (m, 12H) ppm. ESI-MS (m/z)
Calcd for: Cg3H,,oN,,0 Ir [M+2H]**: 1033.0309. Found:
1033.0304.

Ir Complex 20. A yellow solid (59% as 3TFA salt from 14).
Mp 179 °C (decompose). IR (ATR): v = 2931, 1674, 1601,
1533, 1473, 1426, 1303, 1265, 1199, 1176, 1129, 1070, 893,
837, 799, 783, 751, 722 cm™. '"H NMR (300 MHz, CD;0D/
TMS): 6 = 8.09 (d, J = 8.1 Hz, 3H), 8.02—7.70 (m, 6H), 7.49
(d, J = 5.4 Hz, 3H), 6.99 (t, ] = 6.3 Hz, 3H), 6.72 (s, 3H), 3.40
(d, J = 6.5 Hz, 6H), 3.00 (t, ] = 6.6 Hz, 6H), 2.14 (s, 9H), 1.74
(s, 12H) ppm. *C NMR (100 MHz, CD;OD/TMS): § =
174.7, 166.8, 165.8, 148.4, 143.4, 140.3, 138.1, 1376, 129.8,
123.7, 123.5, 120.1, 40.4, 39.9, 27.5, 26.0, 20.1 ppm. FAB-MS
(m/z) Caled for CqHgNoO;'Ir [M]*: 1037.4425. Found:
1037.4425.

Ir Complex 5. A yellow solid (14% as 9TFA salt from 14).
"H NMR (400 MHz, D,O/TSP): § = 8.07 (d, J = 8.0 Hz, 3H),
7.83 (t, ] = 8.0 Hz, 3 H), 7.79 (s, 3H), 7.69 (d, ] = 5.2 Hz, 3H),
7.10 (t, ] = 6.4 Hz), 6.59 (s, 3H), 4.36 (t, ] = 7.2 Hz, 3H), 4.05
(t, ] = 6.6 Hz, 3H), 3.96 (s, 6H), 3.91 (s, 6H), 3.41—3.36 (m,
6H), 3.32—3.22 (m, 6H), 3.02—2.95 (m, 12H), 2.73 (s, 9H),
1.95—1.80 (m, 6H), 1.80—1.60 (m, 30H), 1.50—1.35 (m, 12H)
ppm. ESI-MS (m/z) Caled for CooH, 5, N,,O ;"' Ir [M+2H]*:
1075.0770. Found: 1075.0778.

Ir Complex 6b. A yellow amorphous (33% as 9TFA salt
from 15). '"H NMR (400 MHz, D,O/TSP): 6 = 8.07 (d, ] = 8.8
Hz, 3H), 7.83 (t, ] = 7.8 Hz, 3H), 7.79 (s, 3H), 7.70 (d, ] = 5.6
Hz, 3H), 7.10 (t, ] = 6.6 Hz, 3H), 6.59 (s, 3H), 4.37 (t, ] = 6.2
Hz, 3H), 4.05 (t, ] = 6.4 Hz, 3H), 3.98 (s, 6H), 3.88 (s, 6H),
3.37 (t, J = 7.0 Hz, 6H), 3.28—3.19 (m, 6H), 3.03—2.97 (m,
12H), 2.12 (s, 9H), 1.95—1.75 (m, 12H), 1.75—1.35 (m, 48H)
ppm. ESI-MS (m/z) Caled for: CosH;4sN,,0'r [M
+3H]**: 745.0856. Found: 745.0858.

Ir Complex 6c¢. A yellow solid (35% as 9TFA salt from 15).
"H NMR (400 MHz, D,O/TSP): § = 8.06 (d, J = 8.0 Hz, 3H),
7.83 (t, ] = 8.0 Hz, 3H), 7.79 (s, 3H), 7.69 (d, ] = 5.6 Hz, 3H),
7.10 (t, ] = 6.6 Hz, 3H), 6.59 (s, 3H), 4.35 (t, ] = 7.2 Hz, 3H),
4.03 (t, ] = 6.4 Hz, 3H), 3.90—3.84 (m, 6H), 3.38—3.36 (m,
6H), 3.26—3.20 (m, 6H), 3.02—2.97 (m, 12H), 2.12 (s, 9H),
1.95—-1.78 (m, 12H), 1.75—-1.63 (m, 18H), 1.59—1.36 (m,
30H) ppm. ESI-MS (m/z) Calcd for: CooH,;5sN,, 01, Tr [M
+2H]*": 1031.5926. Found: 1031.5928.

Ir Complex 6d. A yellow amorphous (13% as 9TFA salt
from 15). '"H NMR (400 MHz, D,0/TSP): 6 = 8.07 (d, ] = 8.0
Hz, 3H), 7.84 (t, ] = 8.0 Hz, 3H), 7.79 (s, 3H), 7.70 (d, J = 5.2
Hz, 3H), 7.10 (t, ] = 6.6 Hz, 3H), 6.60 (s, 3H), 4.35 (t, ] = 6.8
Hz, 3H), 4.30 (t, ] = 7.4 Hz, 3H), 3.87 (s, 6H), 3.87—3.78 (m,
6H), 3.40—3.34 (m, 6H), 3.87 (s, 6H), 3.87—3.78 (m, 6H),
3.40—3.34 (m, 6H), 3.23 (t, ] = 6.6 Hz, 6H), 2.98 (t, ] = 7.6 Hz,
12H), 2.13 (s, 9H), 1.85—1.60 (m, 30H), 1.60—1.35 (m, 30H)
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ppm. ESI-MS (m/z) Caled for: CosH;eN»,0 "' Ir [M
+2H]*": 1117.1248. Found: 1117.1264.

Ir Complex 6e. A yellow solid (25% as 9TFA salt from 15).
'"H NMR (400 MHz, D,0/TSP): 6 = 8.07 (d, ] = 8.4 Hz, 3H),
7.83 (t, ] = 7.0 Hz, 3H), 7.79 (s, 3H), 7.70 (d, ] = 5.2 Hz, 3H),
7.10 (t, ] = 6.2 Hz, 3H), 6.59 (s, 3H), 4.34—4.28 (m, 3H),
4.10—4.05 (m, 9H), 3.84—3.82 (m, 6H), 3.39—3.36 (m, 6H),
322 (t, J = 6.8 Hz, 6H), 3.04—2.96 (m, 12H), 2.12 (s, 9H),
2.00—1.90 (m, 6H), 1.80—1.60 (m, 24H), 1.60—1.32 (m, 30H)
ppm. ESI-MS (m/z) Caled for: CosH;eN,,0 "' Ir [M
+2H]*": 1117.1248. Found: 1117.1264.

Ir Complex 6f. A yellow solid (56% as 6TFA salt from 15).
"H NMR (400 MHz, D,O/TSP): 6 = 8.07 (d, ] = 8.8 Hz, 3H),
7.83 (t, ] = 8.0 Hz, 3H), 7.79 (s, 3H), 7.70 (d, ] = 4.4 Hz, 3H),
7.10 (t, ] = 6.2 Hz, 3H), 6.59 (s, 3H), 4.08 (t, ] = 6.8 Hz, 6H),
4.04 (m, 6H), 3.88 (brs, 6H), 3.37 (t, ] = 6.8 Hz, 6H), 3.23 (t, ]
=7.0 Hz, 6H), 3.01 (t, ] = 7.6 Hz, 6H), 2.12 (s, 9H), 1.96—1.93
(m, 6H), 1.75—1.60 (m, 12H), 1.60—1.30 (m, 24H) ppm. ESI-
MS (m/z) Calcd for: Cg;H;,0N,, 01, Ir [M+3H]**: 616.9906.
Found: 616.9902.

Ir Complex 6g. A yellow amorphous (24% as 12TFA salt
from 15). '"H NMR (400 MHz, D,O/TSP): 6 = 8.06 (d, ] = 8.8
Hz, 3H), 7.83 (t, ] = 8.0 Hz, 3H), 7.79 (s, 3H), 7.69 (d, ] = 5.2
Hz, 3H), 7.10 (t, ] = 6.6 Hz, 3H), 6.59 (s, 3H), 4.36 (t, ] = 7.2
Hz, 3H), 4.31 (brt, ] = 5.0 Hz, 3H), 4.03 (t, ] = 6.6 Hz, 3H),
3.98 (s, 6H), 3.89 (s, 6H), 3.37 (t, ] = 6.8 Hz, 6H), 3.25—3.19
(m, 6H), 3.04—2.98 (m, 18H), 2.12 (s, 9H), 1.95—-1.60 (m,
42H), 1.60—1.30 (m, 36H) ppm. ESI-MS (m/z) Calcd for:
Ci23H,00N3;,0,6' Ir [M+4H]*: 655.1372. Found: 655.1370.

Ir Complex 6h. A yellow solid (35% as 12TFA salt from 15).
"H NMR (300 MHz, D,O/TSP): § = 8.05 (d, J = 8.1 Hz, 3H),
7.82 (t, ] = 7.5 Hz, 3H), 7.78 (s, 3H), 7.69 (d, ] = 5.4 Hz, 3H),
7.09 (t, ] = 6.2 Hz, 3H), 6.59 (s, 3H), 4.34—4.25 (m, 6H), 4.04
(t, J = 6.4 Hz, 3H), 3.94 (m, 6H), 3.86 (s, 6H), 3.39—3.35 (m,
6H), 3.25-3.15 (m, 6H), 3.05—2.80 (m, 27H), 2.12 (s, 9H),
2.00—1.60 (m, 42H), 1.60—1.30 (m, 36H) ppm. ESI-MS (m/z)
Calcd for Cj35H, N30, r [M+2H]**: 1481.8083. Found:
1481.8076.

Ir Complex 6i. A yellow solid (33% as 12TFA salt from 15).
"H NMR (400 MHz, D,O/TSP): § = 8.05 (d, J = 8.0 Hz, 3H),
7.82 (t, ] = 8.0 Hz, 3H), 7.78 (s, 3H), 7.69 (d, ] = 5.2 Hz, 3H),
7.09 (t, ] = 6.6 Hz, 3H), 6.59 (brs, 3H), 4.37 (t, ] = 7.0 Hz,
3H), 4.30—4.26 (m, 3H), 4.04 (t, ] = 6.4 Hz, 3H), 3.93 (m,
6H), 3.85 (s, 6H), 3.40—3.30 (m, 6H), 3.22 (t, ] = 6.8 Hz, 6H),
3.04—2.75 (m, 27H), 2.12 (s, 9H), 1.95—1.60 (m, 42H), 1.55—
1.30 (m, 36H) ppm. ESI-MS (m/z) Caled for
Cy35H,16N360,," % Ir [M+3H]*: 988.2072. Found: 988.2075.

Ir Complex 6j. A yellow solid (16% as 12TFA salt from 15).
"H NMR (300 MHz, D,O/TSP): § = 8.06 (d, J = 8.2 Hz, 3H),
7.82 (t, ] = 8.2 Hz, 3H), 7.79 (s, 3H), 7.69 (d, ] = 5.4 Hz, 3H),
7.09 (t, ] = 6.5 Hz, 3H), 6.59 (s, 3H), 4.37—4.27 (m, 6H), 4.04
(t, J = 6.6 Hz, 3H), 3.94 (s, 6H), 3.86 (s, 6H), 3.40—3.35 (m,
6H), 3.22 (t, ] = 6.6 Hz, 6H), 3.04—2.95 (m, 21H), 2.87—2.82
(m, 6H), 2.12 (s, 9H), 1.95—1.60 (m, 42H), 1.60—1.30 (m,
36H) ppm. ESI-MS (m/z) Caled for Cy3sH,N340,,"'Tr [M
+3H]*": 988.2043. Found: 988.2075.

Ir Complex 22. A yellow solid (54% as 3TFA salt from 16).
Mp 146 °C (decompose). IR (ATR): v = 3284, 3027, 2930,
2859, 1674, 1602, 1532, 1473, 1426, 1302, 1263, 1199, 1178,
1127, 1070, 893, 837, 799, 783, 751, 722 cm™". 'H NMR (300
MHz, CD,0D/TMS): § = 8.06 (d, J = 8.3 Hz, 3H), 7.75 (, ] =
6.9 Hz, 6H), 7.48 (d, ] = 5.5 Hz, 3H), 6.99 (t, ] = 6.4 Hz, 3H),
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6.74 (s, 3H), 3.36 (d, J = 7.1 Hz, 6H), 2.91 (t, ] = 7.6 Hz, 6H),
2.13 (s, 9H), 1.64 (s, 12H), 1.51-1.32 (m, 24H) ppm. BC
NMR (100 MHz, CD;OD/TMS): § = 174.5, 166.8, 165.4,
148.3, 143.2, 140.1, 137.9, 137.3, 130.1, 123.5, 123.3, 119.9,
40.5, 40.5, 30.2, 29.8, 29.8, 28.3, 27.7, 27.1, 19.8 ppm. ESI-MS
(m/z) Caled for CgHgNyO,'Ir [M + H]*: 1206.6354.
Found: 1206.6376.

Ir Complex 7a. A yellow solid (7% as 9TFA salt from 16).
"H NMR (400 MHz, D,O/TSP): § = 8.06 (d, J = 8.0 Hz, 3H),
7.83 (t, ] = 8.0 Hz, 3H), 7.79 (s, 3H), 7.70 (d, ] = 4.8 Hz, 3H),
7.10 (t, ] = 6.8 Hz, 3H), 6.58 (s, 3H), 4.38 (t, ] = 7.2 Hz, 3H),
4.05 (t, ] = 6.4 Hz, 3H), 3.98 (s, 6H), 3.86 (s, 6H), 3.40—3.35
(m, 6H), 3.20—3.15 (m, 6H), 3.03—2.98 (m, 12H), 2.12 (s,
9H), 2.00—1.60 (m, 30H), 1.50—1.33 (m, 42H) ppm. ESI-MS
(m/z) Caled for Cy;H;7N,,0,5"' Ir [M+4H]*: 580.0897.
Found: 580.0895.

Ir Complex 7b. A yellow powder (14% as 12TFA salt from
16). '"H NMR (400 MHz, D,0/TSP): 6 = 8.06 (d, J = 8.0 Hz,
3H), 7.83 (t, ] = 8.0 Hz, 3H), 7.79 (s, 3H), 7.70 (d, ] = 5.2 Hz,
3H), 7.09 (t, ] = 5.8 Hz, 3H), 6.58 (s, 3H), 4.38 (t, ] = 7.2 Hz,
6H), 4.30—4.29 (m, 3H), 4.05 (t, ] = 6.2 Hz, 3H), 3.94 (s, 6H),
3.84 (s, 6H), 3.38—3.35 (m, 6H), 3.20—3.12 (m, 6H), 3.04—
2.77 (m, 27H), 2.12 (s, 9H), 1.95—1.63 (m, 36H), 1.47—1.33
(m, 54H) ppm. ESI-MS (m/z) Calcd for C4HysN340,," " Ir
[M+3H]*": 1016.2370. Found: 1016.2388.

Ir Complex 23. A yellow solid (71% as 3TFA salt from 17).
Mp 112 °C (decompose). IR (ATR): v = 3041, 2927, 2856,
1675, 1602, 1532, 1472, 1428, 1303, 1266, 1201, 1180, 1132,
1071, 896, 838, 799, 783, 752, 723 cm™'. 'H NMR (400 MHz,
CD;OD/TMS): & = 8.01 (d, J = 8.3 Hz, 3H), 7.80—7.64 (m,
6H), 7.46 (d, ] = 5.0 Hz, 3H), 6.95 (t, ] = 6.2 Hz, 3H), 6.72 (s,
3H), 3.39—3.21 (m, 6H), 2.86 (t, ] = 7.6 Hz, 6H), 2.12 (s, 9H),
1.70—1.50 (m, 8H), 1.45—1.23 (m, 48H) ppm. *C NMR (100
MHz, CD,0D/TMS): § = 174.7, 167.0, 165.6, 148.5, 143.4,
140.3, 138.1, 137.5, 130.3, 123.7, 123.5, 120.1, 40.8, 40.7, 30.6,
30.6, 30.5, 30.4, 30.3, 30.2, 28.5, 28.0, 27.4, 20.0 ppm. ESI-MS
(m/z) Caled for C,gH o oN,O,"'Ir [M + H]": 1374.8244.
Found: 1374.8254.

Ir Complex 8. A yellow solid (42% as 9TFA salt from 17).
'"H NMR (300 MHz, CD;0D/TMS): & = 8.03 (d, J = 8.4 Hz,
3H), 7.76—7.71 (m, 3H), 7.73 (s, 3H), 7.47 (d, ] = 5.1 Hz,
3H), 6.97 (t, ] = 6.4 Hz, 3H), 6.72 (s, 3H), 4.36 (t, ] = 6.9 Hz,
3H), 4.02—3.85 (m, 15H), 3.17 (t, ] = 6.9 Hz, 6H), 2.96 (q, ] =
6.8 Hz, 12H), 2.13 (s, 9H), 1.92—1.49 (m, 42H), 1.36—1.30
(m, 54H) ppm. ESI-MS (m/z) Calcd for Cp3H,0,N,,0;5" Ir
[M+4H]*: 622.1362. Found: 622.1364.

Ir Complex 24. A yellow solid (58% as 3TFA salt from 18).
Mp 155 °C (decompose). IR (ATR): v = 3305, 2920, 2852,
1675, 1603, 1527, 1471, 1427, 1299, 1253, 1202, 1184, 1134,
1070, 897, 841, 800, 778, 753, 723 cm™. '"H NMR (300 MHz,
CD,OD/TMS): 6 = 8.02 (d, J = 8.2 Hz, 3H), 7.86—7.61 (m,
6H), 7.47 (d, ] = 5.5 Hz, 3H), 6.96 (t, ] = 6.0 Hz, 3H), 6.73 (s,
3H), 2.89 (t, ] = 7.5 Hz, 6H), 2.65 (s, 6H), 2.13 (s, 9H), 1.72—
149 (m, 12H), 147-1.16 (m, 72H) ppm. ESI-MS (m/z)
Caled for Cg;H3;3NyO;Y ' Ir [M + HJ*: 1543.0157. Found:
1543.0132.

Ir Complex 9. A yellow solid (20% as 9TFA salt from 18).
'"H NMR (300 MHz, CD;0D/TMS): & = 8.03 (d, J = 9.0 Hz,
3H), 7.75=7.72 (m, 3H), 7.72 (s, 3H), 7.47 (d, ] = 5.1 Hz,
3H), 6.96 (t, ] = 6.5 Hz, 3H), 6.72 (s, 3H), 4.35 (t, ] = 7.2 Hz,
3H), 3.99—3.90 (m, 9H), 3.85 (s, 6H), 3.17 (t, ] = 6.9 Hz, 6H),
2.98—2.90 (m, 12H), 2.12 (s, 9H), 1.90—1.86 (m, 12H), 1.78—
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147 (m, 30H), 1.36—1.30 (m, 78H) ppm. ESI-MS (m/z)
Calcd for C,33H,,N,,0,s r [M+3H]*: 885.2418. Found:
885.2421.

Measurements of UV/vis Absorption and Lumines-
cence Spectra. UV/vis spectra were recorded on a JASCO V-
550 UV/vis spectrophotometer and emission spectra were
recorded on a JASCO FP-6200 spectrofluorometer at 25 °C.
Concentrations of all the Ir complexes in stock solutions (PBS:
phosphate buffer saline) were determined based on a molar
extinction coefficient of 380 nm (&35 ,y = (1.08 + 0.07) X 10*
M~ cm™) of 19 and 21 that were characterized by elemental
analysis. Sample aqueous solutions in quartz cuvettes equipped
with Teflon septum screw caps were degassed by Ar bubbling
through the solution for 10 min prior to making the
luminescence measurements. The quantum yields for lumines-
cence (®) were determined by comparison with the integrated
corrected emission spectrum of a quinine sulfate standard,
whose emission quantum yield in 0.1 M H,SO, was assumed to
be 0.55°% (excitation at 366 nm). Equation 1 was used in
calculating the emission quantum yields, in which @, and @,
denote the quantum yields of the sample and reference
compound, #, and 7, are the refractive indexes of the solvents
used for the measurements of the sample and reference, and A
and A, are the absorbance of the sample and the reference, and
I, and I, stand for the integrated areas under the emission
spectra of the sample and reference, respectively (all of the Ir
compounds were excited at 366 nm for luminescence
measurements in this study).

@ = B(7°A,L)/ (n A[lL) 1)

The luminescence lifetimes of sample solutions in degassed
aqueous solutions at 298 K were measured on a TSP1000-M-
PL (Unisoku, Osaka, Japan) instrument by using THG (355
nm) of Nd: YAG laser, Minilite I (Continuum, CA, USA) as
excitation source. The signals were monitored with an R2949
photomultiplier. Data were analyzed using the nonlinear least-
squares procedure.

Dynamic Light-Scattering (DLS) Studies. Measurements
of the size in diameter of Ir complexes were measured at 37 °C
using a Zetasizer Nano ZS (Malvern Instruments) spectrom-
eter. The instrument was equipped with a 4 mW He—Ne laser
operating at 623 nm, and the sample solutions were filtered
through a 0.5 ym filter, they were placed in disposable plastic
cuvettes (ZEN0040).

Cell Culture. Jurkat and Molt-4 cell lines were cultured in
RPMI 1640 medium supplemented with 10% heat-inactivated
fetal calf serum (FCS), L-glutamine, HEPES (2-[4-(2-
hydroxyethyl)-1-piperazinyl]ethanesulfonic acid, pK, = 7.5),
penicillin/streptomycin, and monothioglycerol (MTG) in a
humidified 5% CO, incubator at 37 °C. HeLa-S3 cells, which
were provided by Dr. Tomoko Okada (National Institute of
Advanced Industrial Science and Technology), were grown in
MEM supplemented with 10% FCS L-glutamine, and
penicillin/streptomycin under 5% CO, at 37 °C. AS49 cells
were grown in D-MEM (low glucose) supplemented with 10%
FCS, L-glutamine, and penicillin/streptomycin under 5% CO,
at 37 °C.

MTT Assay.>® Jurkat cells and Molt-4 cells (1.0 x 10° cells/
mL) were incubated in 10% FCS RPMI 1640 medium
containing solution of Ir complexes (0—S0 yM), 10a and
10b (0—50 uM) under 5% CO, at 37 °C for 16 h on 96 well
plates (BD Falcon), 0.5% MTT (3-(4,5-dimethyl-2-thiazolyl)-
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2,5-diphenyl-2H-tetrazolium bromide) reagent in PBS (10 uL)
was then added to the cells. After incubation at 37 °C for 4 h, a
formazan lysis solution (10% SDS in 0.01 N HCI) (100 uL)
was added and the resulting solution incubated for overnight
under the same conditions, followed by measurement of
absorbance at 570 nm with a microplate reader (BIO-RAD).

After HeLa-S3 cells and A549 cells in RPMI 1640 medium
with 10% FCS (1.0 X 10° cells/mL) were seeded into 96 well
plates, and incubated for 24 h, MTT assay of them with Ir
complexes 6a was performed according to the same procedure
described above.

MTT Assay in the Presence of Caspase Inhibitor (z-
VAD-fmKk). Jurkat cells (1.0 X 10° cells/mL) were incubated in
10% FCS RPMI 1640 medium containing a solution of the pan
caspase inhibitor (z-VAD-fmk) (15 M) under 5% CO, at 37
°C for 1 h on 96 well plates (BD Falcon). Then, TRAIL (0, 450
ng/mL) and Ir complex 6a (0, 7S pM) were added. After
incubation under 5% CO, at 37 °C for 16 h, a formazan lysis
solution (10% SDS in 0.01 N HCI) (100 uL) was added and
the resulting solution incubated overnight under the same
conditions, followed by measurement of absorbance at 570 nm
with a microplate reader (BIO-RAD).

MTT Assay in the Presence of Necroptosis Inhibitor
(Necrostatin-1) or ROS Scavenger (IM-54 and NACQ).
Jurkat cells (1.0 X 10° cells/mL) were incubated in 10% FCS
RPMI 1640 medium containing necroptosis inhibitor (necros-
tatin-1) (30 M) or ROS scavenger (IM-54) (10 M) for 4 h,
or NAC (1 mM) for 1 h under 5% CO, at 37 °C on 96 well
plates. The Ir complex 6a (0, 7S uM) was then added and
subsequent procedures were the same as that for the MTT
assay in the presence of the caspase inhibitor.

Fluorescent Microscopy Studies of Jurkat Cells with Ir
Complexes. Jurkat cells (1.0 X 10° cells/mL) were incubated,
in the absence or the presence of Ir complexes (S0 gM or 75
uM), in RPMI 1640 medium with 10% FCS for 1 h under 5%
CO, at 37 °C. After incubation, the cells were washed twice
with ice-cold PBS with 0.1% NaN; and 0.5% FCS, and
observed on fluorescent microscopy (Biorevo, BZ-9000,
Keyence) by using Greiner CELLview Petri dish (35 X 10
mm).

Fluorescent Microscopy Studies of Jurkat Cells with Ir
Complexes in the Presence of Inhibitors. Jurkat cells (1.0
X 10° cells/ mL) in RPMI 1640 medium with 10% FCS were
pretreated with inhibitors under 5% CO, at 37 °C for 30 min
and then Ir complexes (50 uM) were added into the cells. After
incubation at 37 °C for 1 h, cells were washed twice with ice-
cold PBS containing 0.5% FCS and 0.1% NaNj, and observed
by fluorescent microscopy (excitation 377 nm, emission 520
nm, FFO1 filter) by using Greiner CELLview Petri dish (35 X
10 mm). An FCS free medium was used for spermidine and
both FCS and a glucose free medium was used for oligomycin.

Pl Staining Assay. Jurkat cells and normal mouse
lymphocytes (3 X 10° cells/mL) obtained from Iymph nodes
of a Balb/c mouse were incubated with the Ir complex (0, 12.5,
25, 50 uM) in RPMI 1640 medium with 10% FCS at 37 °C for
1 h under 5% CO, on 96 well plates. The PI was then added
and the suspension was further incubated for S min at room
temperature in the dark, and then observed by fluorescent
microscopy (excitation 540 nm, emission 605 nm, TRITC
filter). After HeLa-S3 cells (1.0 X 10° cells/mL) in RPMI 1640
medium with 10% FCS were seeded in to 96 well plates, and
incubated for 24 h, cells were treated with 6a, and stained by PI
according to the same procedure described above. Cell viability
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was evaluated by the number of cells, which were not stained by
PL

Mitochondrial Membrane Potential Measurements.
After treatment of Jurkat cells (3.0 X 10° cells/mL) treated with
6a (0, 6.3, 12.5, 25 uM) in 10% FCS RPMI 1640 medium,
TMRM (50 nM) was added and incubated for 10 min at 37 °C.
The resulting cells were washed twice with ice-cold PBS
containing 0.5% FCS and 0.1% NaNj, and analyzed by Gallios
flow cytometer (Beckman Coulter).

Zeta Potential Measurements of Jurkat Cells. Measure-
ments of the { potential of Jurkat cells (3 X 10° cells/mL) were
measured at 37 °C using a Zetasizer Nano ZS (Malvern
Instruments) spectrometer with a constant voltage of 40 V,
according to a previously reported procedure.™ Jurkat cells (3
X 10° cells/mL) were washed with PBS (10 mM, pH 7.4)
filtered through a membrane filter (0.4S um). The cellular
suspensions with or without Ir complexes were dispensed into
the disposal { cells with gold electrodes (DTS1070), and the
resulting suspension was equilibrated for 10 min at 37 °C and
the potential was measured.

Preparation of Giant Liposomes. Giant liposomes were
prepared from lecithin from egg yolk (WAKO) according to a
literature report.®® The lipids (1.5 mg) dissolved in CHCI; (1
mL) were added to the 50 mL round-bottom flask. After the
addition of MeOH (0.15 mL), 10 mM HEPES buffer (pH 7.4)
(7 mL) was then carefully added along the flask walls. The
organic solvent was removed by rotary evaporation with slow
rotation under reduced pressure at 40 °C. After evaporation, an
aqueous suspension (ca. 6 mL) of giant liposomes was
obtained. The resulting solution of the giant liposome (50
uL) was added to the 96 well plate and allowed to stand for 1 h,
then observed on fluorescent microscopy (Biorevo, BZ-9000
(Keyence).

Cell Cycle Synchronization.*® Jurkat cells treated with 1
mM thymidine (to arrest cells in G,/S phase) or 0.15 yg/mL
nocodazole (to arrest cells in G,/M phase) were incubated in
10% FCS RPMI 1640 medium for 16 h at 37 °C. After removal
of medium, the cells were retreated with 1 mM thymidine or
0.15 pug/mL nocodazole for 8 h at 37 °C, and then washed by
PBS. Cell cycle analysis was performed on harvested cell pellets
treated with 0.2% Triton X-100 in PBS, RNase A (100 xg/mL),
then PI (50 pg/mL). The resulting mixture was analyzed by
means of a Gallios flow cytometer (Beckman Coulter).

Ca?* Measurement. To measure the cytoplasmic Ca*
concentration, Jurkat cells (1 X 10° cells/mL) were incubated
with Rhod-4/AM (S uM) in Ca free RPMI 1640-based buffer
containing 103 mM NaCl, 5.4 mM KCI, 0.41 mM MgSO,, 24
mM NaHCO;, 5.6 mM Na,HPO,, 11 mM glucose, 10 mM
HEPES-NaOH (pH 7.4) for 30 min at 37 °C, then washed with
the same buffer twice, and replaced with RPMI 1640-based
buffer containing 0.42 mM CaCl,, 103 mM NaCl, 5.4 mM KCl,
041 mM MgSO,, 24 mM NaHCO,, 5.6 mM Na,HPO,, 11
mM glucose, 10 mM HEPES-NaOH (pH 7.4). The loaded cells
were plated on 96 well plates at 37 °C for 10 min and the
change in the fluorescent intensity of Rhod-4 after treatment
with Ir complex (50 yM) was then observed by fluorescent
microscopy (excitation S40 nm, emission 605 nm, TRITC
filter). Fluorescence intensity of Rhod-4 was analyzed by BZ
analyzer II (Keyence).
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