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ABSTRACT: Cyclometalated iridium(III) complexes have received considerable attention and are important candidates for use
as luminescent probes for cellular imaging because of their potential photophysical properties. We previously reported that fac-
Ir(atpy); 4 (atpy = 2-(5’-amino-4'-tolyl)pyridine) containing three amino groups at the $'-position of the atpy ligand shows a
maximum red emission (at around 600 nm) under neutral and basic conditions and a green emission (at 531 nm) at acidic pH
(pH 3—4). In this Article, we report on the design and synthesis of a new pH-sensitive cyclometalated Ir(III) complex containing
a 2-(5'-N,N-diethylamino-4'-tolyl)pyridine (deatpy) ligand, fac-Ir(deatpy); 5. The complex exhibits a considerable change in
emission intensity between neutral and slightly acidic pH (pH 6.5—7.4). Luminescence microscopic studies using HeLa-S3 cells
indicate that § can be used to selectively stain lysosome, an acidic organelle in cells. Moreover, complex 5 is capable of generating
singlet oxygen in a pH-dependent manner and inducing the death of HeLa-S3 cells upon photoirradiation at 377 or 470 nm.

B INTRODUCTION

The pH-responsive probes have played important roles in
bioimaging studies of organelles, cells, and tissues. It is well-
known that the pH of some organelles such as the golgi
apparatus, endosomes, and lysosomes are 6.7, 6.5, and S.5,
values' that are lower than the pH of the cytosol and
mitochondria (7.2—7.5) in normal cells.” In addition, it has
been reported that the pH of some types of cancer tissues are in
the slightly acidic range, that is, below 7.> Many examples of
intracellular pH probes have been reported to date.* For
example, LysoSensor, Blue DND-167, and SNARF-SF are
commercially available for pH probes.”> However, there are a
few examples of reversible on—off pH-probes that respond to
changes in intracellular pH. Urano’s group and Overkleeft’s
group reported on pH-dependent on—off fluorescent probes
that contain aniline moieties at the meso position of BODIPY,
the pK, values of which can be tuned by inserting the
appropriate alkyl substituents on the aniline nitrogen.é
Phosphorescent heavy-metal complexes have been subjects
of considerable attention because of their unique photophysical
properties. High-luminescence quantum vyields offer high
sensitivity, relatively long lifetimes (¢ ~pus) that eliminate the
short-lived autofluorescence (7 ~ns) from biological samples,”
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and significant Stokes shift that minimize the self-quenching
process. Cyclometalated iridium(IIT) complexes® such as fac-
Ir(ppy); 1 (ppy = 2-phenylpyridine) and fac-Ir(tpy); 2 (tpy =
2-(4'-tolylpyridine), (Chart 1) are representative scaffolds for
phosphorescent emitters in organic light-emitting diodes
(OLEDS),9 oxygen sensors,10 chemosensors,11 and luminescent
probes for biological systems'” including proteins,"> and
DNA."* Moreover, several cyclometalated iridium(III) com-

plexes have been reported as cellular imaging probes for the

Chart 1

R!

NN

Ir. Ir:
i - ‘N \'gj
LA /s ~/2 L

1:R!=H (fac-Ir(ppy)s)

Williams's Ir complex
2: R! = Me (fae-Ir(ipy)s)

3: Ir(ppy)2(pybz)

Received: June 20, 2012
Published: November 12, 2012

dx.doi.org/10.1021/ic301310q | Inorg. Chem. 2012, 51, 12697—12706


pubs.acs.org/IC

Inorganic Chemistry

detection of nucleoli,"*"* golgi apparatus,"*® cytoplasm,'®

perinuclear materials,'” lysosomes,18 intracellular metal ions,"
and low oxygen concentration regions of tumor tissues.””>!
Regarding pH probes that are sensitive to a change in
intracellular pH, an Ir complex having a 2-pyridyl-benzimida-
zole ligand (Ir(ppy),(pybz) 3 (Chart 1)), when protonated,
undergoes a change in its emission wavelength (a change of ca.
80 nm), which permits it to be used to selectively stain
lysosomes.'**

Meanwhile, photodynamic therapy (PDT)*” is one of the
potent methodologies for the treatment of various tumors by
singlet oxygen ('O,) that is generated from triplet oxygen
(*0,) by the photoactivation of photosensitizers such as
porghyrins, phthalocyanines, methylene blue, BODIPY, and so
on.”” Regarding such Ir complexes, several groups reported that
bis- and tris-cyclometalated Ir(III) comflexes can function as
efficient sensitizers for producing '0,.>* It has been reported
that the efficiency of 'O, generation of some photosensitizers
such as methylene blue are dependent on the pH of the
solution.”® Despite these efforts, to the best of our knowledge,
metal complexes that have dual functions as luminescence pH-
sensors and pH-dependent photosensitizers in living cells have
not been developed.

We recently reported the regioselective halogenation,
nitration, and formylation of 1 and 2 at the S'-position (para
to the C—Ir bond) of the phenyl ring, and their subsequent
conversion to formyl, cyano, sulfonyl, and amino groups, which
afford unique Ir complexes.”* ** As shown in Chart 2, acid-free
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fac-Ir(atpy); 4 (atpy = 2-(5'-amino-4'-tolyl)pyridine), which
contains three amino groups at the 5’-position exhibits a weak
red colored luminescence emission at 613 nm in dimethylsulf-
oxide (DMSO), which is a much longer wavelength than that of
2 (green emission at 513 nm), and the emission color of 4 in
aqueous solution is dependent on the pH of the solution.>® The
red colored emission of 4 (at around 600 nm) under
neutral~basic conditions changes to a green emission (at
around 530 nm) under acidic conditions (at pH 3—4), because
its electron-donating NH, group becomes an electron-with-
drawing (NH,)* group upon protonation.

In this Article, we report on the preparation of a new pH-
sensitive Ir(III) complex that contains three N,N-diethylamino
groups, fac-Ir(deatpy); S (deatpy = 2-(5’-N,N-diethylamino-4'-
tolyl)pyridine) (Chart 2). Prior to the synthesis of 5, its pK,
values were predicted to be about 7 based on the pK, values of
known N,N-dialkylaniline derivatives. As expected, the emission
of 5 was almost silent at pH 7.4, and a strong green
luminescence emission was observed at pH <7, due to the
protonation of diethylamino groups in aqueous solution. The
co-staining of HeLa-S3 cells with § and LysoTracker disclosed
that S is capable of staining lysosome, an acidic organelle in

cells. Finally, the pH-dependent generation of 'O, and necrosis-
like cell death of HeLa-S3 cells as the result of the
photoirradiation of § are also reported.

B EXPERIMENTAL SECTION

General Information. IrCl;-3H,0 and ethyl iodide were
purchased from KANTO CHEMICAL Co. 1,3-Diphenylisobenzofuran
(DPBF), carbonyl cyanide 3-chlorophenylhydrazone (CCCP), and
concanamycin A was purchased from SIGMA-Aldrich. Propidium
iodide (PI), 3-(4,5-dimethyl-2-thiazolyl)-2,5-diphenyl-2H-tetrazolium
bromide (MTT), and organic solvent for spectroscopic analysis were
purchased from WAKO CHEMICALS Co., Ltd. MEM (GIBCO
Minimum Essential Medium), MitoTracker Red CMXRos, and
LysoTracker Red DND-99 were purchased from Invitrogen. Annexin
V-Cy3 was purchased from BioVision, Inc. All aqueous solutions were
prepared using deionized water. Ir(tpy); 2 and Ir(atpy); 4 were
prepared according to our previous paper.” Melting points were
measured on a YANACO MP-33 Micro Melting Point Apparatus and
are uncorrected. For measurement of UV—vis and luminescence
spectra in aqueous solution at given pHs, buffer solutions (CHES, pH
10.0 and 9.0; EPPS, pH 8.0; HEPES, pH 7.4 and 7.0; MES, pH 6.5,
6.0, 5.0 and 4.0) were used. The Good’s buffer reagents (Dojindo)
were obtained from commercial sources: MES (2-morpholinoethane-
sulfonic acid, pK, = 4.8), HEPES (2-[4-(2-hydroxyethyl)-1-
piperazinyl]ethanesulfonic acid, pK, = 7.5), EPPS (3-[4-(2-hydrox-
yethyl)-1-piperazinyl]propanesulfonic acid, pK, = 8.0), CHES (2-
(cyclohexylamino)ethanesulfonic acid, pK, = 9.5). IR spectra were
recorded on a Perkin-Elmer FTIR-Spectrum 100 (ATR). '"H NMR
(300 MHz) was recorded on a JEOL Always 300 spectrometer.
Elemental analysis was performed on a Perkin-Elmer CHN 2400
analyzer. Thin-layer chromatography (TLC) was performed using
TLC aluminum oxide 60 F,g, basic (Merck). Alumina column
chromatography was performed using Merck aluminum oxide 90
active neutral. Luminescence imaging was performed using a
fluorescence microscope (BIOREVO BZ-9000, Keyence). Confocal
microscope imaging was performed using a confocal microscope
(Leica TCS SP2, Leica). Emission lifetimes were determined using a
TSP-1000 (Unisoku Co., Ltd.). Inductively coupled plasma atomic
emission spectrometry (ICP—AES) measurements were performed on
a Shimadzu ICPE-9000. Density functional theory (DFT) calculations
were also carried out using the Gaussian03 program (B3LYP, the
LanL2DZ basis set for a Ir atom, and the 6-31G basis set for H, C, N
atoms).>”*® The highest occupied molecular orbital (HOMO) and
lowest unoccupied molecular orbital (LUMO) energies were obtained
by single point calculation for the optimized structures of the Ir
complexes.

fac-Tris[2-(5'-N,N-diethylamino-4’-tolyl)pyridine]iridium(lll)
(5). A mixture of racemic 4 (149 mg, 0216 mmol),26 ethyl iodide
(3.12 g, 20.0 mmol), and Cs,CO; (652 mg, 2.00 mmol) in MeCN
(7.20 mL) was stirred at room temperature for 16 h, and the insoluble
materials were isolated on a filter and washed with CHCl,. The filtrate
was concentrated under the reduced pressure, and diluted with CHCI,.
The resulting CHCI; solution was washed with 2N NaOH agq. and the
combined organic layer was dried over Na,SO,, filtered, and
concentrated under the reduced pressure. The resulting residue was
purified by alumina column chromatography (CHCL;) and the eluted
CHCI; solution containing 5 was washed with 2N NaOH aq. and
concentrated (this manipulation is necessary to obtain clear 'H NMR
spectra). The resulting material was recrystallized from CHCl;/hexane
to afford § (as a racemic mixture) as a brown powder (36 mg, 20%
from 4). Mp >300 °C. IR (ATR): v = 2966, 2926, 2868, 2809, 2023,
1692, 1600, 1467, 1427, 1373, 1256, 1227, 1156, 1123, 1066, 778, 748
cm™!. '"H NMR (300 MHz, DMSO-d;/TMS): 6 = 8.06 (d, ] = 7.8 Hz,
3H), 7.72 (t, ] = 7.8 Hz, 3H), 7.51 (m, 6H), 7.06 (t, ] = 7.8 Hz, 3H),
6.30 (s, 3H), 2.89 (q, ] = 6.9 Hz, 12H), 1.89 (s, 3H), 0,84 (t, ] = 6.9
Hz, 18H) ppm. ESI-MS (m/z). Caled for C,gHgItNg (M+2H)*:
455.2198, Found: 455.2192. Anal. Calcd for C,4H;,IrN4-0.SCHCl;: C,
60.06; H, 5.98; N, 8.66. Found: C, 60.25; H, 5.76; N, 8.47.
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Measurements of UV—vis Absorption and Luminescence
Spectra. UV/vis absorption spectra were recorded on a JASCO V-550
and V-630BIO UV—vis spectrophotometer and emission spectra were
recorded on a JASCO FP-6200 spectrofluorometer, respectively, at
25.0 + 0.1 °C. Solution samples were degassed for 10 min by Ar
bubbling through the solution prior to the luminescence measure-
ments. The quantum yields for luminescence (@) 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). The following
equation was used to calculate emission quantum yields, in which ®
and @, depict the quantum yields of the sample and reference
compound, 7, and 7, are the refractive indexes of the solvents used for
the measurements of the sample and reference, 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 Ir compounds for luminescence measure-
ments were excited at 366 nm in this study). For the determination of
@, in mixed solvent systems, the 7 values of the main solvents were
used for the calculation.

@ = (1 A1)/ (1 Al)

Cell Culture and Luminescence Imaging. 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 (fetal calf serum) under 5% CO, at 37
°C. HeLa-S3 cells (2.0 X 10° cells/mL) were plated in 0.5 mL of MEM
on 12 well plates (IWAKI) under the same conditions and allowed to
adhere for 24 h. Subsequently, 0.5 mL of MEM containing 5 (20 xM)
in MEM/DMSO (49/1) was added, and the samples in MEM/DMSO
(99/1, v/v) were incubated at 37 °C under 5% CO, for 30 min. The
culture medium was then removed and washed twice with PBS
(phosphate buffered saline). Finally, 0.5 mL of MEM was added for
luminescence imaging by fluorescence microscopy of the Ir complexes
with excitation at 377 nm (FFO01 filter (377 + 50) nm was used for
excitation to obtain emission images from Ir complexes). Co-staining
with 10 uM § and 10 nM MitoTracker, and with 10 #M § and 100 nM
LysoTracker was carried out with excitation at 540 nm for
MitoTracker and LysoTracker.

Confocal Imaging. HeLa-S3 cells were grown on 12 mm
microscope cover glasses that were put in a 24 well plate and
pretreated with 0.01% poly-L-lysine solution in H,O for 30 min. The
sample preparation was similar to that of the luminescence imaging.
After washing with PBS, the microscope cover glasses were mounted
onto slides for measurements. Imaging was performed using a confocal
microscope (Leica TCS SP2, Leica) with excitation wavelength at 350
and 360 nm for Ir complexes and 568 nm for MitoTracker and
LysoTracker. The emission of Ir complexes was measured at 490—550
nm and that of MitoTracker and LysoTracker was measured at 590—
620 nm by using a prism spectrometer.

Inductively Coupled Plasma—Atomic Emission Spectrome-
try (ICP—AES) experiments. HeLa-S3 cells were incubated in 100
mm-coating dishes under an atmosphere of 5% CO, at 37 °C for 72 h.
The culture medium was removed, and the cells were washed gently
with PBS (S mL). The cell layer was then trypsinized under an
atmosphere of 5% CO, at 37 °C. The numbers of HeLa-S3 cells were
counted (ca. 1.3 X 10 cells), and these cells were incubated in MEM/
DMSO (99/1, v/v) with 2 (10 uM), 4 (10 uM), and 5 (10 uM),
respectively, under an atmosphere of 5% CO, at 37 °C for 30 min.
The culture medium and trypsinized medium solution were
transferred into S0 mL centrifuge tubes and centrifuged at 4 °C
(1400 rpm for 7 min). The medium was removed and HeLa-S3 cells
transferred to a 15 mL centrifuge tube with MEM (S mL X 2). After
centrifugation at 1400 rpm and 4 °C for 7 min, the medium solution
was removed. After transferring the HeLa-S3 cells to a 1.5 mL
eppendorf tube with MEM (0.45 mL X 2), they were centrifuged at
2000 rpm and 4 °C for 10 min, and the medium solution was
removed. RIPA (Radio-Immunoprecipitation Assay) buffers (500 uL)
were then added, and the sample was allowed to stand at 0 °C for 30
min. The solution was centrifuged at 15000 rpm and 4 °C for 10 min,

and the supernatant liquid (400 yL) was diluted with $% HCI aq. to
give a final volume of 10 mL. The solution was centrifugated at 3000
rpm and 4 °C for 10 min for ICP-AES analysis on a Shimadzu ICPE-
9000.

Singlet Oxygen Trapping Experiments in DMSO/H,0 (3/2).
Solutions of Ir complexes (12 uM) in DMSO/H,0 (1.3/1.2,v/v) (2.5
mL) were aerated for 10 min, to which a solution of 300 uM 1,3-
diphenylisobenzofuran (DPBF) in DMSO (500 uL) was added. The
resulting solutions containing 10 M Ir complex and 50 M DPBF in
DMSO/H,0 (3/2) were photoirradiated at 366 nm at 25 °C, and
changes in the UV/vis spectra of DPBF were recorded.

Annexin V-Cy3 and PI Staining. HeLa-S3 cells were incubated in
MEM/DMSO (99/1, v/v) containing Ir complexes (10 uM) for 30
min and etoposide (100 M) for 6 h at 37 °C, and washed twice with
PBS. After incubation with Annexin V-Cy3 for 10 min at room
temperature and PI for 1 h at 37 °C,*® respectively, the sample was
washed twice with PBS. Similarly, Ir complexes were induced in HeLa-
S3 cells under the same conditions, and successive photoirradiation at
377 nm was carried out for 1 h at 25 °C. Swollen membranes of cells
were stained with Annexin V-Cy3 and PI under the same conditions,
and washed twice with PBS. The treated HeLa-S3 cells were observed
by BIOREVO BZ-9000 (excitation at 540 nm for Annexin V-Cy3 and
PI).

B RESULTS AND DISCUSSION

Design of Ir(deatpy); 5. Prior to the design of the new
Ir(1II) complexes, we predicted the pK, values of the tris(N,N-
dialkylamino) derivatives of 2 based on the values for known
aniline derivatives that contain N,N-dialkylamino groups. The
pK, values of N,N-dialkylanilines (6a—e, 7a-e, and 8a-e) (Chart
3) determined by potentiometric pH titrations and those cited

Chart 3
R4
@f "

R5
6a R3=H
6b R3=Me
6c R3 =FEt R*=R’=H
6d R3 =n-Pr
6¢e R’ =#»-Bu
Ta R¥=H
7b R?=Me
Te R? = Et R*=Me, R°=H

7d R?=n-Pr
Te R?=7n-Bu

8a R*=H
8b R’ =Me
8¢ R? =Et R*=Me, R’ =0OMe

8d R?=n-Pr
8e R3=7n-Bu

from the SciFinder database (numbers in parentheses) are
summarized in Table S1 in the Supporting Information. The
pK, values of N,N-diethylaniline 6c (R*® = Et, R* = R® = H),
N,N-diethyltoluidine 7c (R* = Et, R* = Me, R® = H), and N,N-
diethyl-4-methoxytoluidine 8c (R* = Et, R* = Me, R® = OMe)
were determined to be 6.5 + 0.1, 7.2 + 0.1, and 7.6 + 0.1,
respectively, by potentiometric pH titration, implying that the
pK, values of the diethylated aniline derivatives are about 2.0—
2.9 (pK,) units greater than those of the corresponding
nonalkylated anilines, 6a, 7a, and 8a (R® = H). From our
previous work,?® it was assumed that the C—Ir bonds in 2, 4,
and $ are electron donating, similar to a methoxy group. Thus,
we chose the aniline derivatives having methyl and methoxy
groups, 7a-e and 8a-e at the para position to the amino groups.
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The numbers in parentheses are the estimated pK, values cited
from the SciFinder database, and are very close to those
obtained by potentiometric pH titrations and reported
previously. The pK, values of N,N-dipropylanilines, 6d, 7d,
8d (R = n-Pr) and N,N-dibutylanilines, 6e, 7e, 8e (R® = n-Bu)
were only predicted by the database, because of their low
solubility in aqueous solution. These results allowed us to
predict that the pK, of the tris(N,N-diethylamino) derivative of
Ir(tpy), at the ground state would be around 7.

Synthesis and Luminescence Emission Spectra of
Ir(deatpy)s 5. On the basis of the aforementioned predictions,
Ir(deatpy); 5 was prepared as a racemic mixture (a mixture of
A and A forms) from 4 with ethyl iodide and Cs,COj; in 20%
yield. Acid-free S exhibits an orange-colored emission at 554
nm in degassed DMSO, which is about 60 nm shorter than that
of 4 (emission at 613 nm), as shown in Figure 1a.! The
addition of H* to S induced a considerable enhancement in
emission at 497 nm (green color emission), possibly because of
the protonation of the three amino groups.

(a) 130+ (ii) (i) + 20 pL of 1 M HCI
a— (V) (iii) + 20 pL of 1 M HCI
3 1004 (vi) (v) + 20 uL of 1 M HCI
=
Z 75
é (i)5
) | (iii) (ii) + 20 uL of 1 M DBU
2 \(V) (iv) +20 pL of 1 M DBU
é 25
0 | ] t_
450 500 550 600 650
Wavelength (nm)
b) - . . .
(b 130 (i@ i) @ (vi)
2
75 100
=
- B i«
o 75 -~
S~ =
2250
5 =
25 o
0
(i) I (i |

Figure 1. (a) Change in luminescence emission spectra of § (10 uM)
in degassed DMSO at 25 °C (excitation at 366 nm) upon the repeated
addition of acid (1 M HCl in 1,4-dioxane) and base (1 M DBU in 1,4-
dioxane). (i) 5, (i) (i) + HCL (iii) (ii) + DBU, (iv) (iii) + HCL, (v)
(iv) + DBU, and (vi) (v) + HCL A.u. is in arbitrary units. (b) Change
in emission intensity of 5 at 497 nm caused by the repeated addition of
HCI and DBU.

When DBU (1,8-diazabicyclo[5.4.0]undec-7-ene) was added
as a base, the orange-colored emission was recovered and a
reversible change in the emission intensity and wavelength were
observed by repeated addition of acid and a base, as presented
in Figure 1b. This reversibility of the protonated and acid-free
species was also confirmed by '"H NMR spectra measurement
(Figure S3 in the Supporting Information).

Luminescence spectra of § (1 4uM) in degassed DMSO/100
mM buffer (from pH 4 to 10) (1/4) at 298 K are shown in
Figure 2a. Complex § exhibits a strong green emission (494
nm) at pH 4—6.5. The quantum yield (¢) and lifetime (7"/%) of
H;-5 in DMSO were determined to be 0.29 and 1.5 us,
respectively, which are not so different from the ¢ (0.23) and
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Figure 2. (a) Change in the emission spectra of S (1 #M) in degassed
DMSO/100 mM buffer (from pH 4 to 10) (1/4) at 25 °C. (b) pH-
Dependent emission intensity of 5 (1 4uM) at 494 nm (closed circle) in
degassed DMSO/100 mM Good’s buffer (1/4) and that of 4 (100
uM) at 531 nm (open circle) in deggased DMSO/100 mM Good’s
buffer (1/6). This relative emission intensity of 4 and § was calculated
based on 1 at pH 4. Excitation at 366 nm. A.u. is in arbitrary units.

72 (0.4 us) values of Hy-4 under the same conditions.>>*?

Very interestingly, the emission of $ was very weak at pH >7.
As shown in Figures 2b and 3, the threshold of emission
intensity is shifted from pH 3—4 (for 4)* to pH 7-7.4 (for §)
when two ethyl groups are introduced to all three amino groups
(Figure 2b), as predicted.

Both the pH-dependent change in UV/vis absorbance at 277
nm (Figure S2 in the Supporting Information) and the
emission intensity at 494 nm of S (Figure 2) suggests that
the pK, values of $ in the ground state and excited state are
nearly identical (Figure S6a in the Supporting Information).
Similar phenomena were observed in the case of Ir(atpy); 4 in
our previous study.”® More careful emission titration of 5 was
performed from pH 8 to pH 4 (pH of a solution of § in
DMSO/100 M MES bufter was changed from pH 8 to 4 by
addition of 10 mM HCI aq. and emission spectra of the
solution were measured at each step), and its result is shown in
Figure S6b in the Supporting Information. On the basis of
Figure S2 (inset) and S6b, it is likely that the first and second
protonation occurs at pH 5—7 and the third protonation
proceeds at pH <S5, the values that are somewhat lower than the
expected pK, value.

Figure 4 shows the emission spectra of § in the presence of 1,
2, and 3 equiv of HCl in DMSO. The luminescence emission
exhibited a blue-shift from 554 to 493 nm upon the addition of
1 equiv of H', and a second and third protonation induced an
enhancement in the emission intensity at almost the same
wavelength, suggesting that the blue-shift in the emission of § is
induced by monoprotonation and the second and third
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Inorganic Chemistry

5

(a) pH 4

(b) pH 4

Figure 3. Photograph showing solutions of (a) 4 (100 #M) and (b) §
(1 uM) in degassed DMSO/100 mM buffer (from pH 4 to 8) at 25
°C. Excitation at 365 nm.

45

3 40 - L (@) 5+3 eq. H' (Apq = 497 nm)
=
2 30 A (b) 5+ 2 eq. HY (Aa = 497 nm)
5
-
§ (©) 5+ 1 eq. H" (Apax = 493 nm)
4 10 4
& (d) 5 (Apyg, = 554 nm)

0 T T T T

450 500 550 600 650

Wavelength (nm)

Figure 4. Emission spectra of § (100 M) in DMSO in the presence
of (a) 300 uM HC], (b) 200 xuM HC], (c) 100 uM HCl and (d) 0 uM
HCI at 25 °C. Excitation at 366 nm. A.u. is in arbitrary units.

protonation contribute to the enhancement in luminescence at
about 500 nm. These results indicate Ir complex $ is a useful
on—off pH probe. It is known that emission of Ir complex is
quenched by molecular oxygen, resulting in the generation of
'0,29** The same phenomena were observed for HjS§
(Figure S7 in the Supporting Information).

Density functional theory (DFT) calculations were carried
out for 2, 4, Hy4, 5, and H;-S using the Gaussian03 program
(B3LYP, LanL2DZ basis set for an Ir atom and the 6-31G basis
set for H, C, N atoms). The HOMO and LUMO energies were
obtained by single point calculation of the optimized Ir
complexes. As shown in Figure S8 in the Supporting
Information, the protonation of three amino groups of 4 and
S induces the increase in HOMO—LUMO gap, supporting the
considerable blue shift of emission wavelength of these Ir
complexes. Time-dependent DFT (TD-DFT) calculations also
support the intraligand charge transfer (*ILCT) character from
amino group to tpy ligand of S, and a thermally accessible
ILCT state may explain the low quantum yield of acid-free S.
The triprotonated form does not exhibit the *ILCT state
anymore, resulting in strong emission from *MLCT and °LC
state.”™

12701

Live Cell Imaging Using 5 with MitoTracker and
LysoTracker. The aforementioned photochemical properties
of § prompted us to use it in the staining of living cells. After
incubation HeLa-S3 cells in MEM/DMSO (pH 7.4, 99/1, v/v)
with 2, 4, and § (10 M) for 30 min at 37 °C and washing with
PBS, the cells were observed by a fluorescent microscopy
(BIOREVO BZ-9000, Keyence).> It was of interest that clear
luminescent images were obtained in the presence of 2 and §
(Figure Sb and Sh). The emission of 2 is delocalized in the

Stained with 2
(a) Brightfield

(c) Overlay

Stained with 4
(d} Brightfield

Stained with 5

(2) Brichffield  (h) Ir(deatpy): (

Figure S. Luminescence microscopic images (x40) (BIOREVO BZ-
9000, Keyence, excitation at 377 nm) of HeLa-S3 cells after incubation
with 2 (10 uM), 4 (10 uM), and § (10 uM) in MEM/DMSO (99/1,
v/v) at 37 °C for 30 min respectively. (a) Brightfield image of HeLa-
S3 with 2, (b) emission image with 2, (c) overlay image of (a) + (b),
(d) brightfield image with 4, (e) emission image with 4, (f) overlay
image of (d) + (e), (g) brightfield image with 5, (h) emission image
with §, (i) overlay image of (g) + (h).

cytosol of HeLa-S3 cells (Figure Sb and Sc), rather than nuclei.
For comparison, Figure Sd—f showed negligible emission from
4. On the other hand, the luminescence image of § exhibits a
strong emission at a specific area in cells, as shown in Figure Sh
and 5i. Moreover, luminescence microscopic observations of
HeLa-S3 cells with on—off probe 5 does not require washing
with PBS buffer, while 2 emits in both cells and the background
solution under the same conditions (Figure S11 in the
Supporting Information).

The intracellular concentrations of 2, 4, and § in HeLa-S3
cells were investigated by ICP-AES measurements. As
summarized in Table 1, the concentration of the cellular
uptake of 2, 4, and S were determined to be 0.27, 0.25, and 0.20
fmol/cell, respectively, indicating these three Ir complexes are
transferred into cells at nearly the same extent. It should be
noted that the almost same cellular uptake phenomena of 2, 4,
and S were also observed at 4 °C (Figure S12 in the Supporting
Information),'>*7*8° suggesting that these complexes were
taken up by living cells by passive transport.

It is reported that CCCP (carbonyl cyanide 3-chlorophe-
nylhydrazone) inhibits oxidative phosphorylation, decreases
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Table 1. Amount of Ir Complexes (2, 4, and 5) in HeLa-S3
Cells Determined by ICP-AES Measurement after
Incubation with 2 (10 uM), 4 (10 gM), and 5 (10 uM) at 37
°C for 30 min

complex mols per cell (fmol/cell)
2 (Ir(tpy)s) 0.27
4 (Ir(atpy),) 0.25
S (Ir(deatpy)s) 0.20

ATP production, and lowers metabolic rate, resulting in the
suppression of active transport. For instance, Lo and co-
workers explained cellular uptake mechanism of bis-cyclo-
metalated Ir(IlI) complexes by using CCCP."** Incubation of
HeLa-S3 cells with CCCP (20 uM) at 37 °C for 30 min in
MEM/DMSO (990/5) and then staining with 2 (10 4uM) and
5 (10 uM) gave similar emission images (Figure S13 in the
Supporting Information) as those in Figure S. These results
together with aforementioned results of the cellular uptake at 4
°C support passive transport of 2 and $ into the cells. Careful
observation of HeLa-S3 cells treated with CCCP and then §
suggests that emission of § is distributed not only to lysosome,
but also other organelles, possibly because pH values of some
organelles are compromised by CCCP.***”

/

CN

H
CI\©/N\N/)\CN

pK, = 6.0 in 57% EtOH (Ref. 37)

CcCCp

Concanamycin A

In the next experiments, co-staining studies of 2 or 5 with a
lysosomal dye (LysoTracker) and a mitochondrial dye
(MitoTracker) were conducted, because it is known that the
pH of lysosomes is lower than 5.5" and the pH of mitochondria
is about 7.5. Figure 6a—d display a typical brightfield image
(Figure 6a), a luminescent image of 2 (Figure 6b), a
luminescent image of MitoTracker (Figure 6¢), and a merged
image of Figure 6b and 6¢ (Figure 6d). It is likely that the area
stained by 2 and MitoTracker are largely overlapped. Figure
6e—h show the results for the co-staining of HeLa-S3 cells with
2 and LysoTracker. Merged images of Figures 6d and 6h show
wide yellow regions, indicating that 2 is delocalized in
mitochondria and lysosomes as well as the cytosol.

The typical brightfield image, luminescent image with § and
MitoTracker and their merged image (Figure 6i—1) indicate
that 5 is negligibly overlapped with MitoTracker. On the other
hand, the luminescent overlay image (Figure 6p) of 5 (Figure
6n) and LysoTracker (Figure 60) clearly shows some yellow
regions, indicating that S and LysoTracker stained the same
organelles.”®” These results suggest that acid-free § exhibits
negligible emission in neutral~basic organelles such as
mitochondria, and the protonation of diethylamino groups of
S induces a strong green emission in acidic organelles such as
lysosomes. These results are consistent with the luminescent

Co-staining with 2 and MitoTracker

() Brightfield (b) Ir(tpy)y (¢} MitoTracker  (d) Overlay of (b} and (¢)

A
P

Co-staining with 2 and Lysolracker
(e) Brighttield (f) Irltpy);

(2) LysoTracker (h) Overlay of (f)and (g)

it
= N
Co-stainig with 5 and MitoTracker

(1) Irtdeatpy),

(k) Mito'I'racker (1} Overlay of (j) and (k)

(o) LysoTracker (p) Overlay of (n) and (o)

Figure 6. Luminescence microscope images (BIOREVO BZ-9000,
Keyence) of HeLa-S3 cells ( X 40) stained with Ir complexes (10 zM),
MitoTracker (10 nM), or LysoTracker (100 nM) in MEM/DMSO
(99/1, v/v) at 37 °C for 30 min. (a), (e), (i), and (m) brightfield
images of HeLa-S3, (b) and (f) emission images of 2, (j) and (n)
emission images of 5, (c) and (k) emission images of MitoTracker, (g)
and (o) emission images of LysoTracker, (d) overlay image of (a), (b)
and (c), (h) overlay image of (e), (f), and (g), (1) overlay image (i),
(j), and (k), (p) overlay image (m), (n), and (o). Excitation at 377 nm
for Ir complexes and excitation at 540 nm for MitoTracker and
LysoTracker.

(1) Brightfield

Co-staining with 5 and LysoTracker

(m) Brighefield (n) Ir{deatpy);

behaviors of § in the aqueous solution shown in Figures 2 and
3.

It is reported that concanamycin A inhibits V-ATPase, and
decreases proton transfer in organelles such as endosomes and
lysosomes, resulting in the suppression acidification of
organelles.*>*! Incubation of HeLa-S3 cells with concanamycin
A (500 nM) at 37 °C for 60 min in MEM/DMSO (990/5),
before incubation with 5 (10 uM) and LysoTracker (100 nM),
led to a considerable decrease of emission intensity (Figure S15
in the Supporting Information). These data support emission of
5 is considerably enhanced in acidic organelles.

Generation of Singlet Oxygen by the Photoirradia-
tion of Ir Complexes. The generation of singlet oxygen
(*0,)* by Ir complexes or methylene blue (10 xM) in
DMSO/H,0 (3/2) upon photoirradiation at 366 nm for Ir
complexes and 575 nm for methylene blue was measured by
change in UV/vis spectra of 1,3-diphenylisobenzofuran
(DPBF),*%****® whose absorbance at 415 nm decreases by
the reaction with 'O,. In Figure 7, 'O, generation of Ir
complexes were compared with that of methylene blue, which is
a well-known pH sensitive photosensitizer and induces
apoptosis-like cell death via a mitochondria-dependent
pathway.”**** Generation of 'O, by photoirradiated 2 (Figure
7c) was similar to that of methylene blue (Figure 7d). On the
other hand, it was found that generation of 'O, by 4, H;-4, and
5 were equal to that of blank (Figure 7a). Interestingly, 'O,
generation activity of § is restored by protonation of the
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Figure 7. Comparative photooxidation of 1,3-diphenylisobenzofuran (DPBF) (50 uM) in DMSO/H,O (3/2), (a) 4, Hy-4, 5 (10 uM), and blank in
DMSO/H,0 (3/2) (open squares), (b) 5 (10 uM) and HCI (50 4uM) in DMSO/H,O (3/2) (open circles), (c) 2 (10 uM) in DMSO/H,0 (3/2)
(closed squares), (d) methylene blue (10 M) in DMSO/H,0 (3/2) (open triangles). Excitation at 366 nm (Ir complexes) and 575 nm (methylene
blue), at which absorbance of methylene blue (at 575 nm) and § at (366 nm) are almost identical at 10 yM.

diethylamino groups (Figure 7b). This property is similar to
that of O’shea’s BF,-chelated azadipyrromethene derivative,”>
and is opposite to the characteristics of methylene blue.”®
DPBF was negligibly decomposed without photoirradiation
even in the presence of 2 (data not shown). In addition, its
decomposition was suppressed in the presence of 2 (10 uM)
with photoirradiation in degassed by Ar (Figure S16 in the
Supporting Information). These results strongly suggest
negligible direct photoreaction between Ir complexes and
DPBE.

Induction of Cell Death of Hela-S3 Cells upon
Photoirradiation in the Presence of Ir Complexes. We
were interested in whether photoirradiation of § would be able
to generate 'O, enough to induce cell death under the
intracellular environment, in which clear emission is observed
from §, possibly because of rather low O, concentration. Figure
8 shows timelapse images of HeLa-S3 cells with § (10 4uM) and

a

ho

he

Figure 8. Luminescence microscope images (BIOREVO BZ-9000,
Keyence) showing membrane swelling of HeLa-S3 cells ( X 40) upon
photoirradiation at 377 nm in the presence of 5 (10 uM).

photoirradiation at 377 nm for 30 min. After photoirradiation
for 5 min, the membranes of HeLa-S3 cells began to swell and
this swelling continued during the period of photoirradiation.
The same phenomena were also observed in the case of 2
under the same conditions. In addition, similar results were
obtained by photoirradiation at 470 nm, which would be
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expected to exhibit lower damage to living cells (Table S3 in
the Supporting Information). On the other hand, negligible
membrane swelling was observed by photoirradiation without §
or no photoirradiation in the presence of 5. These results
indicate that the swelling of the cell membrane was caused by
the photoirradiation of Ir complexes 2 and 5.** Interestingly,
the swelling of cell membranes by 4 was negligible when the
sample was subjected to photoirradiation at 377 nm for 60 min
(Table S3 in the Supporting Information). Consideration of
these phenomena, together with the results of the photo-
chemical generation of 'O, by 2, 4, and § shown in Figure 7,
indicate that the cell death of HeLa-S3 cells is caused by 'O,.

We asked ourselves whether this photoinduced cell death of
HeLa-S3 cells is apoptosis or necrosis (or necrosis-like*)? To
answer this question, we performed co-staining of HeLa-S3
with § and Annexin V-Cy3 (Figure 9) ,% since Annexin V binds
to negatively charged phosphatidyl serine residues on the
membranes of apoptotic cells as well as necrotic cells, and
fluorescein isothiocynate (Cy-3)-labeled annexin V is a good
indicator of apoptotic and necrotic cells. On the other hand,
propidium iodide (PI) stains necrotic cells rather than
apoptotic cells.

Figure 9a—c show a brightfield image (Figure 9a), Annexin
V-Cy3 emission image (Figure 9b), and a PI emission image
(Figure 9c) in the presence of 2 without photoirradiation,
showing a negligible red emission of Annexin V-Cy3 and PL
Figure 9d—f displays a brightfield image, an Annexin V-Cy3
emission image, and a PI emission image after photoirradiation
at 377 nm in the presence of 2 (10 uM). Cell membrane
swelling was observed in Figure 9d and Annexin V-Cy3
emission on the cell membrane (Figure 9e) and PI emission in
the cells (Figure 9f) were observed. Similar images were
observed in the case of 5 under the same conditions (Figure
9g—i). Furthermore, these images were compared with cell
death induced by etoposide, which is an inducer of apoptosis in
cancer cells. Indeed, Annexin V-Cy3 emission was observed in
Figure 9k and PI emission was negligible in Figure 91. These
experimental data suggest that the photoirradiation of Ir
complexes 2 or § mainly induces necrosis-like cell death in
HeLa-S3 cells. The difference of mechanisms in a cell death of
HeLa-S3 cells treated with S + photoirradiation and those
treated with etoposide is supported by comparison of these
morphological features. Figure 10 shows results of cell viability

dx.doi.org/10.1021/ic301310q | Inorg. Chem. 2012, 51, 12697—12706



Inorganic Chemistry

Initpyi; 2
(a) Bughtfield (b} Annexan V-C'y3 (c)PI

[i(tpyvi; 2+ he
() Bughtfield  {2) Annexan V-C'yv3

|‘{_‘ - "‘. “
Ty, A

*r,_.-:l,‘- i“" Sl B
aTy A fihe WY

P ira
L J
E
<

PR
f-:‘? o
Ir(deatpyyy 5+ he

(z) Bughtfield () Annexan V-Cyv3 (1) PI

Etoposide
eld (k) Annexan V-C'v3 (1) PI

Figure 9. Fluorescence microscope images (BIOREVO BZ-9000,
Keyence) of HeLa-S3 cells (X40) irradiated at 377 nm (except (a),
(b), (), (j), (k), and (1)) for 1 h after preincubation with 2 (10 uM), §
(10 uM), and etoposide (100 M), and stained with Annexin V-Cy3,
and PI (30 uM). Excitation at 540 nm to observe Annexin V-Cy3 and
PL (a), (d), (g), and (j) brightfield images of HeLa-S3, (b), (e), (h),
and (k) emission images of Annexin V-Cy3, (c), (f), (i), and (1)
emission images of PI.
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Figure 10. Change in cell viability of HeLa-S3 cells monitored by PI-
staining upon photoirradiation at 377 nm in the absence (closed
circles), and presence of 2 (10 uM) (open circles) and (c) 5 (10 uM)
(open squares) in MEM/DMSO (99/1). Cell viability (%) = (number
of cells which were not stained by PI/number of all cells) X 100.

of HeLa-S3 cells after photoirradiation at 377 nm in the
absence (closed circles) and in the presence of 2 (10 uM)
(open circles) and 5 (10 uM) (open squares) by PI staining.
These results afforded further evidence for the necrosis-like cell
death promoted by photoactivation of Ir complexes.

It has been reported that massive lysosomal breakdown by
reactive oxygen species such as 'O, induces cellular necrosis-
like cell death, while a partial and selective lysosomal
breakdown is associated with induction of apoptosis.*®
Consideration of this collective information, together with
our results showing that $ is possibly protonated in lysosomes
and the protonated forms of 5 generate 'O, more effectively
than acid-free 5, may explain the photoinduced necrosis-like
cell death of HeLa-S3 cells.

B CONCLUSIONS

In summary, we report on the synthesis, characterization,
photochemical properties, cellular imaging, and photosensitizer
activity of a new pH-sensitive Ir(IlI) complex S that contains
three N,N-diethylamino groups, whose pK, value was predicted
from the pK, values of some known N,N-dialkyl aniline
derivatives. The luminescence emission of § in DMSO was
found to be orange colored at 554 nm, and was at a wavelength
about 60 nm shorter than that of 4. The addition of H' to §
induced a considerable enhancement in green color at 497 nm
because of the protonation of the three amino groups. In
aqueous solutions, the emission intensity of 5 at 494 nm is very
weak at pH >7.4 and is considerably enhanced at pH <7. A
cellular imaging study of HeLa-S3 cells with S, LysoTracker,
and MitoTracker provides effective evidence that emission of §
is considerably enhanced in lysosomes. Photoirradiation of §
induces the generation of 'O, under acidic conditions rather
than basic conditions. The photoirradiation of 2 or § induces
the cell death of HeLa-S3 cells, mainly via necrosis-like cell
death. It is intriguing that, to the best of our knowledge,
complex § is a first example of a cyclometalated Ir(III) complex
that functions as a phosphorescent on—off pH-probe and a pH-
dependent 'O, generator for inducing necrosis-like cell death.
Our results provide a useful strategy for the future design and
synthesis of phosphorescent on—off pH probe based on Ir
complex and biologically active compounds for the diagnosis
and treatment of various types of cancer and related
diseases.*”*
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