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Luminescent Dendritic Cyclometalated Iridium(lll) Polypyridine Complexes:
Synthesis, Emission Behavior, and Biological Properties
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Luminescent dendritic cyclometalated iridium(lIl) polypyridine complexes [{Ir(N"C),}(bpy-n)](PFs), (HN"C =
2-phenylpyridine, Hppy, n =8 (ppy-8), 4 (ppy-4), 3 (ppy-3); HN"C = 2-phenylquinoline, Hpg, n = 8 (pg-8), 4 (pg-4),
3 (pg-3)) have been designed and synthesized. The properties of these dendrimers have been compared to those of
their monomeric counterparts [Ir(N"C),(bpy-1)](PFs) (HN"C = Hppy (ppy-1), Hpg (pg-1)). Cyclic voltammetric
studies revealed that the iridium(IV/Ill) oxidation and bpy-based reduction occurred at about +1.24 to +1.29 V and
—1.21to —1.27 V versus SCE, respectively, for all the complexes. The molar absorptivity of the dendritic iridium(lIl)
complexes is approximately proportional to the number of [Ir(N"C),(N"N)] moieties in one complex molecule.
However, the emission lifetimes and quantum yields are relatively independent of the number of [If(N"C)>(N"N)]
units, suggesting negligible electronic communications between these units. Upon photoexcitation, the complexes
displayed triplet metal-to-ligand charge-transfer (*MLCT) (dsz(Ir) —zz*(bpy-n)) emission. The interaction of these
complexes with plasmid DNA has been investigated by agarose gel retardation assays. The results showed that the
dendritic iridium(l1l) complexes, unlike their monomeric counterparts, bound to the plasmid, and the interaction was
electrostatic in nature. The lipophilicity of all the complexes has been determined by reversed-phase high-performance
liquid chromatography (HPLC). Additionally, the cellular uptake of the complexes by the human cervix epithelioid
carcinoma (HeLa) cell line has been examined by inductively coupled plasma mass spectrometry (ICP-MS), laser-
scanning confocal microscopy, and flow cytometry. Upon internalization, all the complexes were localized in the
perinuclear region, forming very sharp luminescent rings surrounding the nuclei. Interestingly, in addition to these
rings, HeLa cells treated with the dendritic iridium(lIl) complexes showed specific labeled compartments, which have
been identified to be the Golgi apparatus. Furthermore, the cytotoxicity of these iridium(lll) complexes has been
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evaluated by the 3-(4,5-dimethyl-2-thiazolyl)-2,5-diphenyltetrazolium bromide (MTT) assay.

Introduction

The role of dendrimers in biomedical applications has
attracted increasing interest.' * They have been used as
transfection agents for gene therapy (GT),>° contrast agents
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for magnetic resonance imaging (MRI),”” reagents in boron
neutron capture therapy (BNCT) for cancer treatment,””
and carriers for selective drug delivery.*!" Their hyper-
branched structures usually lead to a desired motif in a
multivalent fashion, giving synergistic enhancement of a
particular function. To trail the localization and distribution
of these dendrimers in live cells and organisms, various labels
such as organic fluorophores have been linked to the termini
to give detectable signals.>'>~1*

Luminescent transition metal complexes have been intro-
duced to dendritic systems because of their favorable properties
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such as high photostability, long emission lifetimes, and large
Stokes’ shifts.'”>"* In this context, luminescent dendrimers
with an iridium(I1I) complex core have been desi%ned in the
development of organic light-emitting diodes**" and elec-
trophosphorescent light-emitting devices.*>** Despite these
studies, the possibility of applying luminescent dendrimers
containing iridium(III) polypyridine complexes in biological
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work has not been explored.* In view of the interesting emissive
behavior of iridium(III) polypyridine complexes,” * and our
recent work on the mononuclear complexes of this type in
biological studies,*> we believe that it will be interesting to
investigate the potential applications of polynuclear com-
plexes or dendrimers modified with luminescent cyclometa-
lated iridium(III) polypyridine complexes as new probes for
biological molecules and live cells. The objectives of this work
are based on the following considerations: (1) an increasing
number of luminescent units in a macromolecular probe may
alter its photophysical properties which could offer new
biological sensing possibilities; (2) an increase of formal
charge of a dendrimer because of the addition of cationic
[Ir(N"C),(N"N)]" units is expected to change the biological
behavior of the resultant adduct; (3) while a change of the
ligand and hence the lipophilicity of the mononuclear com-
plex [Ir(N"C),(N"N)]* has been found to significantly per-
turb its biomolecular binding, cellular uptake, and cytotoxic
properties, &0l it will be interesting to investigate
whether these effects will still be observed when the complexes
are linked together by a dendritic skeleton; and (4) most
importantly, while the biological and cellular uptake proper-
ties of mononuclear cyclometalated iridium(III) polypyri-
dine complexes modified with various biologically relevant
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Chart 1. Structures of Polypyridine Ligands
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units are well documented, related studies on multinuclear
complexes have not been explored. All these reasons have
prompted us to design new luminescent dendritic cyclometa-
lated iridium(III) polypyridine complexes and investigate their
photophysical and biological properties. In particular, the
effects of the lipophilicity, formal charge, and molecular size
on the biological and cellular uptake properties of these
complexes, and a comparison with their mononuclear coun-
terparts are of much interest.

In this work, we report the synthesis and characteriza-
tion of a series of luminescent dendritic cyclometalated
iridium(I11) polypyridine complexes [{Ir(N"C),},(bpy-n)]-
(PF¢),, (HN"C = 2-phenylpyridine, Hppy, n = 8 (ppy-8), 4
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(ppy-4), 3 (ppy-3); HN"C = 2-phenylquinoline, Hpq, n =8
(pq-8), 4 (pg-4), 3 (pq-3)). The structures of the polypyridine
ligands are shown in Chart 1. The properties of these dendri-
mers have been compared to those of their monomeric counter-
parts [Ir(N"C),(bpy-1)](PFs) (HN"C = Hppy (ppy-1), Hpq
(pg-1)).**¢ The interaction of these complexes with plasmid
DNA has been investigated by agarose gel retardation assays.
The lipophilicity of all the complexes has been determined
by reversed-phase high-performance liquid chromatography
(HPLC). Additionally, the cellular uptake of the complexes by
the human cervix epithelioid carcinoma (HeLa) cell line has
been examined by inductively coupled plasma mass spectro-
metry (ICP-MS), laser-scanning confocal microscopy, and flow
cytometry. Furthermore, the cytotoxicity of these iridium(III)
complexes has been evaluated by the 3-(4,5-dimethyl-2-
thiazolyl)-2,5-diphenyltetrazolium bromide (MTT) assay.
The most important results are that the dendritic complexes
showed interesting DNA-binding capabilities and a cellular
uptake pathway that is different to their mononuclear coun-
terparts. Also, these dendritic complexes bound to specific
cellular compartments in HeLa cells, which has not been
observed in the cellular uptake studies of related luminescent
inorganic and organometallic transition metal complexes.

Results and Discussion

Synthesis. The bpy-terminated dendritic ligands bpy-n
(n = 8,4, 3) (Chart 1) were obtained from the reaction of
amine-terminated dendrimers with bpy-NHS (1.5 equiv
per terminal primary amine moiety) and triethylamine
(1.5 equiv per terminal primary amine moiety) in dried
N,N-dimethylformamide (DMF) at room temperature
for 18 h. These ligands were purified by silica gel column
chromatography and characterized by '"H NMR spec-
troscopy and positive-ion electrospray ionization mass
spectrometry (ESI-MS). The preparation of the dendritic
iridium(IIl) complexes ppy-n and pq-n (n = 8, 4, 3) was
accomplished by reacting the bpy-terminated dendritic li-
gands bpy-n (n = 8, 4, 3) with [Ir,(ppy)4Cly] or [Ir2(pq)4Cly]
(0.5 equiv per terminal bpy moiety) in refluxing CH,Cl,/
MeOH, followed by metathesis with KPFs. The com-
plexes were purified by silica gel column chromatography
and recrystallized from CH,Cl,/diethyl ether to yield yellow
to orange crystals. All the iridium(IIl) complexes were char-
acterized by 'H NMR spectroscopy, positive-ion ESI-MS, IR
spectroscopy, and elemental analysis. Positive-ion ESI-MS
was very useful in confirming the structures of these com-
plexes. Consecutive loss of PF ~ units and addition of H' were
observed in all the spectra of the dendritic iridium(IIl) com-
plexes. For example, the spectrum of complex pq-4 was
dominated by four peaks corresponding to {M + H" —
PFs }*T, (M — 2 x PFg }*", (M + H" — 2 x PFs }*T,
and {M — 3 x PFs }*>" ions. All the dendritic iridium(III)
complexes were very soluble in common organic solvents such
as CH,Cl, and CH3CN, and aqueous DMSO solution. How-
ever, they were only sparingly soluble in aqueous buffers.

Electrochemical Properties. The electrochemical proper-
ties of all the complexes have been studied by cyclic voltam-
metry. The electrochemical data are listed in Table 1.
Similar to the monomeric complexes ppy-1 and pq-1 that
showed a reversible iridium(IV/III) oxidation couple at
about +1.27 V and a bipyridine-based reduction couple at
about —1.28 V versus SCE, the dendritic complexes ppy-»
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and pq-n (n = 8, 4, 3) exhibited reversible couples at
about +1.24to +1.29 Vand —1.21 to —1.27 V. These data
indicate that there are negligible electronic communica-
tions between the [Ir(N"C),(N"N)] moieties in the same
dendritic molecule. The reduction waves at potentials more
negative than —1.7 V are quasi-reversible or highly irre-
versible in nature, and have been assigned to the reduction
of the bipyridine and the cyclometalating ligands.

Electronic Absorption and Luminescence Properties.
Theelectronic absorption spectral data of all the complexes
are listed in Table 2. The electronic absorption spectra of
complexes pq-n (n = 8, 4, 3, 1) in CH3CN at 298 K are
shown in Figure 1. All the complexes displayed intense
absorption bands and shoulders at about 253—344 nm
(¢ on the order of 10% to 10° dm® mol ' em ™), which have
been assigned to spin-allowed intraligand ('IL) (7 — r*)
(bpy-n and N"C) transitions. The less intense shoulders
at > about 350 nm have been assigned to spin-allowed
metal-to-ligand charge-transfer (‘MLCT) (dz(Ir) — m*-
(bpy-n and N"C)) transitions. The weak absorption tailing
at about 475—550 nm has been assigned to spin-forbidden
SMLCT (dn(Ir) — z*(bpy-n and N"C)) transitions. As
expected, the molar absorptivity of the dendritic iridium-
(IIT) complexes is approximately proportional to the num-
ber of [Ir(N"C),(N"N)] moieties in the complex molecule.
The absorption profiles of the complexes containing the
same N”C ligand are highly similar, further indicating
that there are no electronic communications between the
[Ir(N"C),(N"N)] moieties in the same dendritic complex
molecule.

Table 1. Electrochemical Data of the Iridium(III) Complexes®

complex oxidation, E, »/V reduction, E, » or E./V
ppy-8 +1.24 —1.27, —1.87.) =2.25,° —2.47°
ppy-4 +1.28 —1.26, —1.83,” —2.25.C —2.48¢
pPY-3 +1.26 —1.27, —1.77,L =2.24.¢ —2.51¢
ppy-1¢ +1.26 —1.28, —1.84,> —2.27,> —2.48"
pg-8 +1.25 —1.22,-1.79, —1.92,c —2.21¢
pg-4 +1.28 —1.21, -1.72,> =1.90,¢ —2.21¢
pg-3 +1.29 —1.22,-1.77.) —1.97,° —2.20¢
pg-1¢ +1.28 —1.28,—1.72,> —1.93,> —2.22"

“In CH;CN (0.1 mol dm™® "BuyNPFg) at 298 K, glassy carbon
electrode, sweep rate 100 mV s ', all potentials versus SCE. ® Quasi-
reversible couples. ¢ Irreversible waves. ¢ From reference 43g.

Table 2. Electronic Absorption Spectral Data of the Iridium(IIT) Complexes at 298 K
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Upon photoexcitation, all the complexes displayed
intense and long-lived greenish-yellow to orange lumines-
cence in fluid solutions under ambient conditions and in
low-temperature glass. The photophysical data are sum-
marized in Table 3. The emission spectra of complexes
ppy-8 and pq-8 in CH;CN at 298 K are shown in Figure 2.
For the ppy complexes, on going from relatively nonpolar
CH,Cl, to polar MeOH, they exhibited longer emission
wavelengths, shorter emission lifetimes, and lower lumi-
nescence quantum yields (Table 3). Thus, the emission
has been tentatively assigned to an excited state of
MLCT (dn(Ir) — z*(bpy-n)) character. Their emission
maxima also displayed significant blue-shifts upon cool-
ing the samples from room temperature to 77 K (Table 3),
which is a common feature for cyclometalated iridium(III)
polypyridine *MLCT emitters. Interestingly, in aqueous
buffer at 298 K, the dendritic complexes ppy-n (n =
8, 4, 3) showed an unexpected shorter emission wave-
length (Aem, = 588 to 594 nm) which is in contrast to the
mononuclear complex ppy-1 (A = 625 nm). We have
ascribed this to a more nonpolar local environment for
the polynuclear complexes offered by the dendritic cores.
The emission quantum yields in buffer followed the order:
ppy-1 < ppy-3 =~ ppy-8 < ppy-4, which is in line with the
trend of the emission wavelengths (Table 3). The more
highly branched dendritic skeleton of complex ppy-8
increases the flexibility of the complex, which may account
for a lower quantum yield compared to that of complex

30 T T T T T

3 & B8 B

£x 10%dm® mol”" cm”

w

—

0|
250 300 350 400 450 500 550

Wavelength/nm

Figure 1. Electronic absorption spectra of complexes pq-8 (red), pq-4
(orange), pq-3 (green), and pg-1 (blue) in CH3CN at 298 K.

complex solvent Aabs/NM (e/dm3 mol ' em™1)
ppy-8 CH,Cl, 257 (388,410), 267 sh (368,135), 356 sh (68,030), 382 sh (59,890), 467 (8,150)
CH;CN 255 (347,240), 267 sh (323,130), 360 sh (57,210), 381 sh (49,860), 466 (6,840)
ppy-4 CH,Cl, 257 (197,740), 267 sh (185,170), 358 sh (33,705), 382 sh (30,345), 468 (3,975)
CH;CN 255 (174,720), 267 sh (160,105), 360 sh (29,365), 381 sh (25,930), 466 (3,460)
ppy-3 CH,Cl, 257 (146,095), 268 sh (136,135), 355 sh (35,865), 382 sh (31,930), 468 (4,150)
CH;CN 255 (123,735), 264 sh (115,075), 350 sh (22,665), 381 sh (18,585), 466 (2,490)
ppy-1¢ CH-Cl, 256 (66,075), 271 sh (58,420), 320 sh (21,640), 339 sh (12,130), 361 sh (10,105), 384 (9,240), 413 sh (5,990), 464 sh (1,205)
CH;CN 253 (57,730), 268 sh (52,710), 318 sh (20,440), 336 sh (11,505), 358 sh (9,610), 381 (8,190), 416 sh (3,670), 476 sh (1,215)
pq-8 CH,Cl, 263 (336,940), 267 sh (335,585), 282 sh (334,480), 313 sh (160,780), 342 sh (150,970), 438 (35,230)
CH;CN 263 (277,455), 267 sh (275,025), 278 sh (273,875), 317 sh (126,135), 340 sh (119,150), 436 (25,910)
pq-4 CH,Cl, 263 (175,165), 267 sh (174,455), 278 sh (174,035), 313 sh (78,190), 342 sh (54,190), 438 (18,250)
CH;CN 263 (126,440), 267 sh (125,600), 278 sh (125,300), 317 sh (59,135), 339 sh (55,880), 434 (12,835)
pg-3 CH,Cl, 263 (139,185), 267 sh (138,715), 281 sh (139,100), 313 sh (67,030), 342 sh (63,200), 438 (14,465)
CH;CN 263 (99,750), 267 sh (99,285), 281 sh (97,215), 313 sh (47,425), 339 sh (44,155), 435 (10,050)
pg-1 CH,Cl, 260 (56,110), 281 (54,440), 318 (24,090), 343 (23,300), 394 (5,700), 437 (5,510), 464 sh (3,620)
CH;CN 259 (46,610), 281 (45,490), 314 sh (21,680), 344 (19,470), 393 sh (4,860), 435 (4,800), 455 sh (3,600)

“From reference 43g.
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Table 3. Photophysical Data of the Iridium(IIT) Complexes

complex medium (77K) Aem/NM To/Us Dy

ppy-8 CH,Cl, (298) 599 0.33 0.10
CH;CN (298) 613 0.18 0.036
MeOH (298) 623 0.065  0.011
buffer (298) 592 0.14 0.0067
glass” (77) 541, 580 sh 4.53

ppy-4 CH,Cl, (298) 603 0.26 0.081
CH;CN (298) 614 0.14 0.037
MeOH (298) 620 0.061 0.023
buffer” (298) 588 0.16 0.011
glass® (77) 540, 576 sh 4.69

ppY-3 CH,Cl, (298) 597 0.34 0.10
CH;CN (298) 611 0.20 0.036
MeOH (298) 620 0.066  0.015
buffer (298) 594 0.13 0.0061
glass® (77) 541, 572 sh 4.75

ppy-1 CH,Cly¢ (298) 609 0.40 0.13
CH;CN¢(298) 613 0.23 0.058
MeOH (298) 619 0.10 0.015
buffer? (298) 625 0.34 0.0023
glass®.¢ (77) 541, 569 sh 4.80

pg-8 CH,Cl, (298) 554 sh, 587 0.45 0.11
CH;CN (298) 562, 592 sh 0.40 0.077
MeOH (298) 557 sh, 608 0.11 0.019
buffer® (298) 572, 601 sh 0.11 0.011
glass” (77) 543 (max), 587  4.27

pq-4 CH,Cl, (298) 560 sh, 587 0.46 0.11
CH,CN (298) 560 sh, 587 0.34 0.096
MeOH (298) 551 sh, 603 0.11 0.018
buffer (298) 567 sh, 597 0.10 0.0056
glass” (77) 543 (max), 583 4.88

pg-3 CH,Cl, (298) 557, 599 sh 0.83 0.16
CH;CN (298) 557, 600 sh 0.46 0.078
MeOH (298) 557,599 sh 0.12 0.030
buffer” (298) 563 sh, 597 0.13 0.0034
glass® (77) 542 (max), 583 4.76

pg-1 CH,Cl,° (298) 557 sh, 592 0.67 0.18
CH;CN¢ (298) 566, 606 sh 0.54 0.14
MeOH (298) 570, 600 sh 0.22 0.026
buffer? (298) 574,596 sh 0.17 0.013

glass®,¢ (77) 543 (max), 585 4.69

“50 mM potassium phosphate buffer pH 7.4/MeOH (9:1, v/v).
®EtOH/MeOH (4:1, v/v). € From reference 43g.

ppy-4. The pq complexes showed two emission features at
about 551—574 and 587—608 nm, respectively, in fluid
solutions at 298 K (Table 3). Their emission maxima
underwent a much smaller blue-shift upon cooling to 77
K compared to the ppy complexes, which is possibly a
result of the mixing of some *IL (7 — 7*) (pq) character
into their emissive state.****&"3! [n general, the dendritic
complexes ppy-» and pq-n (n = 8, 4, 3) showed rather similar
emission energies, quantum yields, and emission lifetimes at
room temperature or 77 K compared to their monomeric counter-
parts ppy-1 and pq-1, respectively, further supporting that the
[Ir(C"N)»(N"N)] units exhibit negligible electronic commu-
nications.

The emission quantum yields of these complexes in
aqueous buffer were only moderate (Table 3), which is a
typical feature for cyclometalated iridium(I11) bipyridine-
based *MLCT emitters.***¢ ! However, this is not con-
sidered a disadvantage as the most important require-
ment for luminescent probes in biological recognition and
sensing applications is that they show strongly environ-
ment-sensitive emission. For example, the weak emission
of ruthenium(Il) and iridium(IIl) dppz and dpq com-

(44) (a) Puckett, C. A.; Barton, J. K. J. Am. Chem. Soc. 2007, 129, 46-47.
(b) Puckett, C. A.; Barton, J. K. Biochemistry 2008, 47, 11711-11716.
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Figure 2. Emission spectra of complexes ppy-8 (solid) and pq-8 (dashed)
in CH;CN at 298 K.

plexes in aqueous solution does not hamper their inter-
esting DNA and cellular sensing capabilities.***** In this
work, there is a large difference between the emission
quantum yields of the complexes in solvents of different
polarity. Indeed, intracellular location of the complexes
can be readily detected by laser-scanning confocal micro-
scopy (see below), and thus, the low emission quantum
yields in aqueous buffer are not a limitation for these
iridium(IIT) complexes.

DNA Interaction. Cationic dendrimers usually show
good DNA condensation ability, and the association of
these dendrimers with DNA results in the formation of
dendriplexes.**~*” We have studied the possible interaction
of the iridium(IIT) complexes with DNA. Although addi-
tion of double-stranded calf thymus DNA to a solution of
the complex in Tris-Cl buffer (50 mM, pH 7.4) did not cause
any change to the absorption and emission spectra, the
condensation of plasmid DNA (pDNA) by the complexes
has been demonstrated by agarose gel retardation assays
(Figure 3). It can be seen that complexes ppy-8 and pq-8
effectively formed dendriplexes with pDNA (1 ug) at [Ir]
(concentration with respect to iridium) being as low as
12.5 nM whereas complexes ppy-4, pq-4 and ppy-3, pq-3
were slightly less potent and could only inhibit the migra-
tion of pDNA at [Ir] = 25 and 100 nM, respectively. This
implies that the interaction of these dendritic complexes
with pDNA originates from electrostatic attraction. An-
other possible reason is the interaction of the dendritic
motifs of the complexes with the biopolymer. In contrast,
for the monomeric complexes ppy-1 and pq-1, no obvious
pDNA condensation was observed even at [Ir] = 400 nM,
which is probably due to their lower cationic charge and the
lack of dendritic skeleton.

Lipophilicity. The lipophilicity of a compound refers to
its ability to dissolve in fats, oils, lipids, and nonpolar
solvents, and is highly related to its efficiency to permeate
biological membranes.*® It is commonly estimated by the
partition coefficient (Pgy) in n-octanol/water.*” The
lipophilicity (log P,) of the complexes in this work has

(45) Navarro, G.; de ILarduya, C. T. Nanomedicine 2009, 5, 287-297.

(46) Mintzer, M. A.; Merkel, O. M.; Kissel, T.; Simanek, E. E. New J.
Chem. 2009, 33, 1918-1925.

(47) Merkel, O. M.; Mintzer, M. A.; Sitterberg, J.; Bakowsky, U.;
Simanek, E. E.; Kissel, T. Bioconjugate Chem. 2009, 20, 1799-1806.

(48) VanBrocklin, H. F.; Liu, A.; Welch, M. J.; O’Neil, J. P.; Katzenellenbogen,
J. A. Steroids 1994, 59, 34-45.

(49) Minick, D. J.; Frenz, J. H.; Patrick, M. A.; Brent, D. A. J. Med.
Chem. 1988, 31, 1923-1933.
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Figure 3. Results of agarose gel retardation assays of the iridium(I1I) complexes and plasmid DNA in PBS/DMSO (10 uL, 7:3, v/v). Lane 1: DNA (1 ug)
only. Lane 2: the iridium(III) complex only. Lanes 3—8: DNA (1 ug) and the iridium(I1I) complex ([Ir] = 12.5, 25, 50, 100, 200, and 400 nM, respectively).

Table 4. Lipophilicity (log P,) of the Iridium(IIT) Complexes

complex log Py
ppy-8 1.66
ppy-4 2.06
ppy-3 1.87
ppy-1° 0.44
Pqg-8 2.61
pg-4 3.40
pq-3 2.93
pg-1¢ 2.01

“From reference 43g.

been determined by reversed-phase HPLC, and the re-
sults are listed in Table 4. The log P, values of the pq
complexes are larger than those of their corresponding
ppy counterparts, resulting from the additional fused
phenyl ring of the pq ligand. Interestingly, the lipophili-
city of the dendritic complexes ppy-n (n =38, 4, 3) (log Py, =
1.66—2.06) and pq-n (n=8, 4, 3) (log Py =2.61—3.40) s
substantially higher than that of the monomeric com-
plexes ppy-1 (log P, = 0.44) and pq-1 (log P, = 2.01),
respectively, reflecting the hydrophobic nature of the
dendritic skeleton moiety. This is in accordance with the
observation that the tetranuclear complexes ppy-4 and
pq-4 showed larger log P, values (2.06 and 3.40,
respectively) than the corresponding trinuclear com-
plexes ppy-3 and pq-3 (log P,y = 1.87 and 2.93, re-
spectively). However, complexes ppy-8 and pq-8 exhi-

Table 5. Numbers of Moles and Concentrations of Iridium Associated with
an Average HeLa Cell upon Incubation with the Iridium(III) Complexes ([Ir] =
2 uM) at 37 °C for 2 h as Determined by ICP-MS

complex number of mol/fmol [Ir]/mM

ppy-8 0.65 0.19
ppy-4 0.95 0.28
ppy-3 0.98 0.29
ppy-1 3.8 1.1

pq-8 0.66 0.19
pq-4 0.94 0.26
pq-3 0.88 0.28
pq-1 7.1 2.1

bited the lowest lipophilicity (log P, = 1.66 and 2.61,
respectively) among all the dendritic complexes, which
may be a consequence of the polar amine and amide
groups and the +8 formal charge.

Cellular Uptake. The cellular uptake of the complexes
has been studied by ICP-MS measurements. The amounts
and concentrations of iridium associated with HeLa cells
incubated with the complexes ([Ir] = 2M)at37°Cfor2h
are listed in Table 5. An average cell (mean volume of
3.4 pL) contained 0.65 to 7.1 fmol of iridium, which
is comparable to those reported in the cellular uptake

studies of iridium***' and other inorganic complexes.”*~>?

(50) Brunner, J.; Barton, J. K. Biochemistry 2006, 45, 12295-12302.
(51) Yu, J.; Parker, D.; Pal, R.; Poole, R. A.; Cann, M. I. J. Am. Chem.
Soc. 2006, 128, 2294-2299.
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Figure 4. Laser-scanning confocal microscopy images of HeLa cells incubated with the iridium(III) complexes ([Ir] = 2 uM) at 37 °C for 2 h.

The dendritic complexes exhibited a lower cellular uptake
efficiency (approximately one order of magnitude lower
in terms of [Ir]) compared to the monomeric complexes,
probably because of their higher cationic charge and much
larger molecular size. The monomeric pq complex pq-1
displayed almost a double cellular uptake efficiency ([Ir] =
2.1 mM) compared to that of complex ppy-1 ([Ir] = 1.1
mM), which can be ascribed to the higher lipophilicity of
the former complex (Table 4). However, the dendritic pq
complexes pq-n (n = 3, 4, 8), despite their higher lipophi-
licity, showed similar cellular uptake efficiencies com-
pared to their corresponding ppy counterparts ppy-n
(n=3,4,8). Thisillustrates that, regarding cellular uptake

(52) Chauvin, A.-S.; Comby, S.; Song, B.; Vandevyver, C. D. B.; Biinzli,
J.-C. G. Chem.—Eur. J. 2008, 14, 1726-1739.

(53) Louie, M.-W.; Liu, H.-W.; Lam, M. H.-C.; Lau, T.-C.; Lo, K. K.-W.
Organometallics 2009, 28, 4297-4307.

efficiency of the dendritic complexes, the branched skele-
tons play a more important role compared to the cyclo-
metalating ligands. Itis important to point out that the [Ir]
of all the complexes (0.19—2.1 mM, Table 5) are much
higher than that of the free complexes in the medium
before the uptake (2 uM), indicating that the complexes
were concentrated within the cells. However, the mea-
sured concentrations indicate iridium associated with the
cells, which is not necessary all being in the interior. Thus,
the data can only serve as an approximate indicator for
cellular uptake efficiencies.

Confocal Imaging and Flow Cytometry. The internali-
zation and intracellular localization of all the complexes
have been investigated using laser-scanning confocal
microscopy. The fluorescence microscopy images of
HeLa cells treated with the complexes ([Ir] =2 uM) for
2 h are illustrated in Figure 4. We found that the
monomeric complexes ppy-1 and pq-1 were localized in
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Figure 5. Laser-scanning confocal microscopy images of HeLa cells treated successively with complexes ppy-8 or pq-8 ([Ir] = 2 M) at 37 °C for 2 h, PBS
containing 3% paraformaldehyde, anti-golgin-97 (human) mouse I1gG; (1 ug/mL, 1 h), and Alexa 635 goat anti-mouse IgG (H+L) (10 ug/mL, 30 min).

Table 6. Mean Emission Intensities of HeLa Cells Incubated with Blank Medium
and the Iridium(III) Complexes at 37 and 4 °C for 2 h as Determined by Flow
Cytometry

emission intensity after incubation

complex at 37 °C at4°C
pPpy-8 18.5 3.0
ppy-4 19.1 3.2
ppy-3 18.1 3.7
ppy-1 33.5 4.8
Pq-8 15.9 3.0
pq-4 31.6 34
Pq-3 53.7 3.9
pg-1 1641.3 625.3
blank medium 3.0 3.0

the perinuclear region, forming very sharp luminescent
rings surrounding the nuclei. Z-scans of the cells con-
firmed that the complexes were indeed located inside the
cells (Supporting Information, Figure S1). Similar intra-
cellular distributions are commonly observed for other
iridium(I1I) complexes.*¥**3¢ & However, in addition to
the perinuclear region, the dendritic complexes also bound
to specific compartments of the cells, which are likely to be
the Golgi apparatus (Figure 4). This has been confirmed
by co-staining experiments using complexes ppy-8 and
pq-8 as examples. Specifically, HeLa cells treated with
complexes ppy-8 and pq-8, respectively, were fixed and
incubated with anti-golgin-97 (human) mouse IgG, (1 ug/
mL, 1 h), and subsequently stained by Alexa 635 goat anti-
mouse IgG (H+L) (10 ug/mL, 30 min). The dye Alexa 635
was used because its spectral properties do not interfere
with those of the iridium(III) complexes. It can be seen in
Figure 5 that the Golgi apparatus has been co-stained by
the complexes and the fluorescent antibody.

The cellular uptake has been investigated by temperature-
dependence experiments and analyzed by flow cytometry.

(a)
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Figure 6. Flow cytometric results of HeLa cells incubated with blank
medium (black) and complexes pq-8 (blue), pq-4 (green), pg-3 (orange),
and pq-1 (red) at (a) 37 °C and (b) 4 °C for 2 h.

The mean emission intensities of HeLa cells incubated with
all the complexes and blank medium at 37 and 4 °C are
presented in Table 6. All the cell samples incubated with the
complexes at 37 °C displayed emission intensities that are
higher than the autofluorescence of untreated HeLa cells,
reflecting efficient cellular uptake of the complexes. The
emission intensities of HeLa cells treated with the dendritic
ppy complexes ppy-n, (n = 8, 4, 3) at 37 °C are similar to
each other and lower than those incubated with their
monomeric counterpart ppy-1 (Table 6). For the pq com-
plexes at 37 °C, the emission intensities increased with a
decreasing number of [Ir(pq)>(N"N)] moieties and followed
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Figure 7. Laser-scanning confocal microscopy images of HeLa cells incubated with complexes ppy-8, ppy-1, pg-8, and pq-1 ([Ir] = 2 uM) at 4 °C for 2 h.

the order: pq-8 < pq-4 < pq-3 <pq-1 (Table 6 and Figure 6a).
Upon lowering the incubation temperature to 4 °C, the
emission intensities of Hela cells treated with all the
complexes were reduced (Table 6). The cells treated with
the dendritic complexes ppy-n and pq-n (n = 8, 4) became
hardly emissive, whereas the cells loaded with complex ppy-1
showed a small but noticeable emission intensity and those
incubated with complex pq-1 still displayed rather strong
luminescence (Table 6 and Figure 6b). These results are
consistent with the confocal microscopy images of HeLa
cells treated with the dendritic complexes ppy-8 and pg-8 at
4 °C, which did not reveal luminescence (Figure 7). In
contrast, cells loaded with the monomeric complexes ppy-1
and pg-1 at 4 °C were emissive, with the latter complex
giving very strong emission intensity (Figure 7 and Sup-
porting Information, Figure S1). All these results indicate
that the dendritic complexes entered the cells by an energy-
dependent process (which is likely to be endocytosis),
whereas an energy-independent diffusion-like mechanism
also occurred for the monomeric complexes, especially for
complex pg-1. The coexistence of these cellular internaliza-
tion pathways has been observed for other cyclometalated
iridium(TIT) complexes.**' It is conceivable that the differ-
ent internalization pathways and localizations between the
dendritic and mononuclear complexes originate from the
different formal charge and molecular size of the com-
plexes, and the dendritic skeletons also play a role in the
cellular uptake properties.”*

Cytotoxicity. The cytotoxicity of the complexes toward
the HeLa cell line has been studied by the MTT assay.’”
The dose dependence of surviving cells after exposure to
the complexes for 48 h has been evaluated, and the ICs,
values are shown in Table 7. The iridium(III) complexes
showed higher or comparable cytotoxicity (IC5y = 1.4 to

(54) The possibility of aggregation of the dendritic complexes in aqueous
solutions has been eliminated by light-scattering experiments, and we did not
have evidence that the lack of passive diffusion of these complexes was due to
aggregation.

(55) Mosmann, T. J. Immunol. Methods 1983, 65, 55-63.

Table 7. Cytotoxicity (ICs, 48 h) of the Iridium(III) Complexes and Cisplatin
Toward the HeLa Cell Line

complex ICs [complex]/uM 1Csq [Ir]/uM
ppy-8 2.1+£0.2 16.8 £ 1.6
ppy-4 33+0.1 132+04
ppy-3 52403 15.6 £0.9
ppy-1 264+ 3.4 264+ 3.4
Pq-8 1.4+0.1 11.2£0.8
pq-4 2.1 £0.1 84+04
pg-3 2.7£0.1 8.1+£0.3
pg-1 5.5+£0.7 5.5+£0.7
cisplatin 264 £2.0 N.A.

26.4 uM) compared to cisplatin (ICsy = 26.4 uM) under
the same experimental conditions. In general, from our
previous work, we found that there is a correlation
between the lipophilicity and cytotoxicity of this type of
complexes, w1th higher lipophilicity resulting in higher
cytotoxicity.**¢”" This relationship has also been ob-
served in this work: the ICs, values of the pq complexes
are smaller than those of their corresponding ppy coun-
terparts, indicative of higher cytotoxicity related to the
more hydrophobic pq ligand (Table 7). To illustrate the
effects of the dendritic structure of the complexes on their
cytotoxicity, the ICs, values are also presented in terms of
[Ir] (Table 7). The dendritic ppy complex ppy-8 (ICso =
16.8 uM) is slightly more cytotoxic than its monomeric
counterpart ppy-1 (ICso=26.4 uM). However, the reverse
was observed for the pq analogues: the cytotoxicity of
complex pq-8 (ICso = 11.2 uM) is apparently lower than
that of complex pg-1 (IC5y = 5.5 uM).

For the monomeric complexes, complex pq-1 is about
5 times more cytotoxic than complex ppy-1 (Table 7). We
believe that the observed cytotoxicity is associated with
the lipophilicity of the complex because pq-1 is much
more lipophilic (log P,y = 2.01) than ppy-1 (log Py =
0.44, Table 4). This is also in agreement with much
higher membrane-permeability and hence higher cellular
uptake efficiency of the former complex by passive diffu-
sion (Table 5), for which the lipophilicity plays a very
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important role. The ICs, values of the dendritic complexes
ppy-8 and pq-8 are similar (16.8 and 11.2 uM, respectively,
Table 7). Interestingly, their cellular uptake efficiencies
are also very similar, and the intracellular [Ir] are lower
than those of their monomeric counterparts by one order
of magnitude (Table 5). We have attributed the different
cytotoxicity of the monomeric complexes and their den-
dritic counterparts to a shift of the cellular uptake me-
chanism from essentially a passive-diffusion mode for the
monomers to an energy-requiring endocytosis pathway
for the dendrimers (see above). It is likely that these
findings are a consequence of an increase of the formal
charge, molecular size, and molecular weight of the den-
dritic complexes. In summary, we believe that the cyto-
toxicity of the complexes in this work originates primarily
from their binding to organelles, in particular, the Golgi
apparatus. Thus, higher cellular uptake efficiency results
in higher cytotoxicity. While the uptake efficiency (and
hence cytotoxicity) is strongly dependent on the lipophi-
licity of the mononuclear complexes which are interna-
lized via essentially a passive diffusion pathwayj, it is less
important to the polynuclear complexes because the
dendritic cores play a more important role on the proper-
ties of the complexes and the uptake mechanism is energy-
requiring endocytosis which is less dependent on the
lipophilicity of the complexes.

Conclusion

In this work, dendrimers containing terminal luminescent
cyclometalated iridium(III) polypyridine complexes have
been synthesized and characterized. Their electrochemical
and photophysical properties have been investigated. The
results revealed that there are no electronic communications
between the [Ir(N"C),(N"N)] moieties in the same dendritic
molecule. Agarose gel retardation assays showed that all the
dendritic iridium(III) complexes, in contrast to their mono-
nuclear counterparts, exhibited DNA condensation ability.
Additionally, the lipophilicity, cellular uptake properties, and
cytotoxicity of the complexes have been examined. Treatment
of HeLa cells with the complexes resulted in localization in the
perinuclear regions. Interstingly, cells loaded with the den-
dritic complexes also displayed Golgi staining, which is a
novel finding. While the dendritic complexes are internalized
essentially by an energy-dependent process, the mononuclear
complexes exhibit an additional passive-diffusion pathway.
These differences are most likely due to factors such as formal
charge and molecular size. In conclusion, the luminescent
dendritic cyclometalated iridium(I1I) polypyridine complexes
in this work not only show favorable photophysical charac-
teristics that are common to iridium(I1I) complexes but also
exhibit interesting DNA condensation properties and intra-
cellular localization. Studies of related dendrimers of higher
generations containing luminescent inorganic and organome-
tallic complexes are underway.

Experimental Section

Materials and Synthesis. All solvents were of analytical
reagent grade and purified according to standard procedures.®

(56) Perrin, D. D.; Armarego, W. L. F. Purification of Laboratory
Chemicals; Pergamon: Oxford, 1997.

(57) Telser, J.; Cruickshank, K. A.; Schanze, K. S.; Netzel, T. L. J. Am.
Chem. Soc. 1989, 111, 7221-7226.
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All buffer components were of biological grade and used as
received. IrClz - 3H,0, Hppy, Hpq, 4,4 -dimethyl-2,2-bipyridine,
tris(2-aminoethyl)amine, PAMAM dendrimers (generations 0
and 1), n-octanol, 4-methoxyaniline, 4-methoxyphenol, phenol,
acetophenone, naphthalene, zerz-butylbenzene, anthracene, and
pyrene were purchased from Aldrich. N-Hydroxysuccinimide,
N,N'-dicyclohexylcarbodiimide, triethylamine, KPFg, cisplatin,
and paraformaldehyde were purchased from Acros. MTT was
purchased from Sigma. Double-stranded calf thymus DNA
was obtained from Calbiochem. PmCherry-Cl vector (4722 bp)
was procured from Clontech. 4-Succinimidyl-carboxy-4/ -meth;ll
2,2-bipyridine,®’ the precursor complexes [Ir(ppy)sClo]™
and Llrz(pq)A‘Clz],25a and the monomeric complexes ppy-1 and
pg-1**¢ were prepared according to reported procedures. Tetra-n-
butylammonium hexafluorophosphate (TBAP) was obtained
from Aldrich and was recrystallized from hot ethanol and dried
invacuo at 110 °C before use. HeLa cells were obtained from
American Type Culture Collection. Dulbecco’s modified Eagle’s
medium (DMEM)), fetal bovine serum (FBS), phosphate buffered
saline (PBS), trypsin-EDTA, penicillin/streptomycin, anti-golgin-
97 (human), mouse IgG;, and Alexa 635 goat anti-mouse 1gG
(H+L) were purchased from Invitrogen. The growth medium for
cell culture contained DMEM with 10% FBS and 1% penicillin/
streptomycin.

bpy-8. A 20 wt % MeOH solution of PAMAM dendrimer,
generation 1 (306 uL, 0.035 mmol) was evaporated to dryness
under vacuum for 2 h. The resulting residue was dissolved in a
mixture of DMF (3 mL) and triethylamine (163 L, 1.16 mmol).
To that solution was added 4-succinimidyl-carboxy-4’-methyl-
2,2'-bipyridine (120 mg, 0.38 mmol) in DMF (2 mL). The
reaction mixture was stirred at room temperature for 48 h, and
then the DMF was removed under vacuum. The residue was
purified by column chromatography on silica gel. The desired
product was eluted with CH,Cl,/MeOH (6:1, v/v). The ligand
bpy-8 was subsequently isolated as a colorless oil. Yield: 80 mg
(76%). "H NMR (300 MHz, CDCls, 298 K, TMS): 6 8.72 (br,
8H, CONH), 8.62—8.57 (m, 16H, H3 and H6 of bpy), 8.34 (d,
8H, J = 4.5 Hz, H6' of bpy), 8.27 (br, 8H, CONH), 8.20—8.04
(m, 12H, CONH and H3' of bpy), 7.64 (d, 8H, J = 4.5Hz, H5 of
bpy), 7.02 (d, 8H, J=4.5 Hz, HY of bpy), 3.53—3.44 (m, 32H,
CONHCH,), 3.20—2.60 (m, 44H, CONHCH, and NCH,),
2.54—2.33 (m, 48H, CH,CO and CHj; on C4’ of bpy).

bpy-4. A 20 wt % MeOH solution of PAMAM dendrimer,
generation 0 (141 uL, 0.047 mmol) was evaporated to dryness
under vacuum for 2 h. The resulting residue was dissolved in a
mixture of DMF (5 mL) and triethylamine (108 uL, 0.77 mmol).
To that solution was added 4-succinimidyl-carboxy-4’-methyl-
2,2'-bipyridine (0.26 mmol, 80 mg) in DMF (2mL). The reaction
mixture was stirred at room temperature for 48 h, and then
DMF was removed under vacuum. The residue was purified by
column chromatography on silica gel. The desired product was
eluted with CH,Cl,/MeOH (6:1, v/v). The ligand bpy-4 was
subsequently isolated as a colorless oil. Yield: 50 mg (82%). 'H
NMR (300 MHz, CDCl;, 298 K, TMS): 6 8.66—8.57 (m, 12H,
CONH, H3 and H6 of bpy), 8.36—8.34 (m, 8H, CONH, H6'of
bpy), 8.07 (s, 4H, H3' of bpy), 7.62 (d, 4H, J = 5.1 Hz, H5 of
bpy), 7.06 (d, 4H, J = 5.1 Hz, H5 of bpy), 3.53 (br, 8H,
CONHCH,), 3.43 (br, 8H, CH,NHCO), 2.76 (br, 8H, NCH,),
2.40—2.36 (m, 24H, NCH,, CH,CO and CH; on C4' of bpy).
Positive-ion ESI-MS ion cluster at m/z 1302 {M + H"} ™",

bpy-3. A mixture of 4-succinimidyl-carboxy-4'-methyl-2,2’-
bipyridine (0.23 mmol, 70 mg,), tris(2-aminoethyl)amine (8.4 uL,
0.056 mmol), and triethylamine (95 uL, 0.68 mmol) in DMF
(5 mL) was stirred at room temperature for 12 h. The colorless
solution was then evaporated to dryness under vacuum. The
residue was purified by column chromatography on silica gel. The
desired product was eluted with CH,Cl,/MeOH (6:1, v/v).
The ligand bpy-3 was subsequently isolated as a colorless oil.
Yield: 40 mg (93%). '"H NMR (300 MHz, CD;0D, 298 K, TMS):

a
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0 8.30—8.29 (m, 6H, H3 and H6 of bpy), 8.22(d, 3H, J = 4.8 Hz,
H6' of bpy), 7.81 (s, 3H, H3 of bpy), 7.37 (d, 3H, J = 5.1 Hz, H5
of bpy), 7.03 (d, 3H, J = 4.8 Hz, H5 of bpy), 3.44 (t, 6H, J=5.7
Hz, CONHCH,), 2.70 (t, 6H, J = 5.7 Hz, NCH,), 2.24 (s, 9H,
CH; on C4' of bpy). Positive-ion ESI-MS ion cluster at m/z 736
(M +H" ",

{Ir(ppy)2} s(bpy-8)I(PF)s (ppy-8). A mixture of [Ir(ppy)sClo]
(139 mg, 0.11 mmol) and the ligand bpy-8 (80 mg, 0.027 mmol) in
CH,Cl,/MeOH (20 mL, 1:1, v/v) was refluxed under nitrogen
for 4 h. The solution was then cooled to room temperature,
and KPF¢ (79 mg, 0.43 mmol) was added to the solution. The
mixture was then evaporated to dryness. The solid was dissolved
in CH,Cl,/MeOH and purified by column chromatography on
silica gel. The product was eluted with CH,Cl,/MeOH (10:1,
v/v) and subsequently recrystallized from a mixture of CH,Cl,
and diethyl ether as yellow crystals. Yield: 47 mg (22%). 'H
NMR (300 MHz, (CD3),CO, 298 K, TMS): 6 9.34 (br, 8H, H3 of
bpy), 8.97 (br, 8H, H3 of bpy), 8.17—8.02 (m, 36H, CONH, H6
of bpy, and H3 of pyridyl ring of ppy), 7.85—7.66 (m, 72 H, HS
and H6' of bpy, H3 of phenyl ring and H4 and H6 of pyridyl ring
of ppy, and CONH), 7.46 (br, 8H, H5 of bpy), 7.11—6.83 (m,
48H, HS5 of pyridyl ring of ppy, H4 and HS5 of phenyl ring of
ppy), 6.29 (br, 16H, H6 of phenyl ring of ppy), 3.41—3.29 (m,
40H, CONHCH,, CH,NHCO, CONHCH,), 2.62—2.49 (m,
36H, NCH,, CH,N), 2.40—2.08 (m, 48H, CH,CO, CH; on C4
of bpy). Positive-ion ESI-MS ion cluster at m/z 2722 {M +
3x HV, 2674 (M + 2 x HT — PFs 77, 2625 (M + H™ —
2% PFy }37,2576 {M — 3 x PF¢ }*,2043 {M + 4 x H"}*", 1999
{(M+3xH"—PFs }*", 1970 {M +2 x H" — 2 x PE¢_ }*", 1933
{M + H" — 3 x PFs }*", 1896 {M — 4 x PF, }*". IR (KBr)
vjem™ ' 3425 (s, br, N—H), 1655 (s, C=0), 845 (s, PFs ). Anal.
Calcd for IrgC334H320N58020P8F48'2CH2C]2'2H201 C, 4822, H,
3.95; N, 9.71. Found: C, 48.16; H, 4.23; N, 9.92.

[{Ir(ppy)2}4(bpy-4)I(PF¢)4 (ppy-4). The procedure was similar
to that for the preparation of complex ppy-8, except that bpy-4
was used instead of bpy-8. Subsequent recrystallization from
CH,Cl,/diethyl ether afforded complex ppy-4 as yellow crystals.
Yield: 40%. "H NMR (300 MHz, (CD5),CO, 298 K, TMS): ¢
9.02 (s, 4H, H3 of bpy), 8.69 (s, 4H, H3' of bpy), 8.37 (br, 4H,
CONH), 8.21—8.13 (m, 12H, H6 of bpy and H3 of pyridyl ring
of ppy), 7.89—7.78 (m, 32H, H5 and H6' of bpy and H3 of
phenyl ring and H4 and H6 of pyridyl ring of ppy), 7.65 (br, 4H,
CONH), 7.49 (d, 4H, J = 5.7 Hz, HY of bpy), 7.15—6.83 (m,
24H, H5 of pyridyl ring and H4 and HS5 of phenyl ring of ppy),
6.31 (t,8H, J = 5.7 Hz, H6 of phenyl ring of ppy), 3.43 (br, 8H,
CONHCH,), 3.37 (br, 8H, CH,NHCO), 3.10 (br, 8H, NCH,),
2.64—2.60 (m, 12H, CH,N and CH,CO), 2.52 (s, 12H, CH; on
C4' of bpy). Positive-ion ESI-MS ion cluster at m/z 1797 {M —
2x PFg 127, 1150 {M — 3 x PFs }**,826 {M — 4 x PF¢ }*".IR
(KBr) vjem ™ ': 3424 (s, br, N—H), 1656 (s, C=0), 845 (s, PF¢ ).
Anal. Calcd for Ir4C158H144N2608P4F24-4CH2C12: C, 4607, H,
3.63; N, 8.62. Found: C, 46.00; H, 3.76; N, 8.83.

[{Ir(ppy)2}3(bpy-3)I(PF¢)s (ppy-3). The procedure was similar
to that for the preparation of complex ppy-8, except that bpy-3
was used instead of bpy-8. Subsequent recrystallization from
CH,Cl,/diethyl ether afforded complex ppy-3 as yellow crystals.
Yield: 43%. "H NMR (300 MHz, (CD5),CO, 298 K, TMS): ¢
9.11 (s, 3H, H3 of bpy), 8.72 (s, 3H, H3' of bpy), 8.42 (br, 3H,
CONH), 8.23—8.18 (m, 6H, H3 of pyridyl ring of ppy), 8.08 (d,
3H,J = 5.7 Hz, H6 of bpy), 7.93—7.76 (m, 24H, H5 and H6' of
bpy and H3 of phenyl ring and H4 and H6 of pyridyl ring of
ppy), 7.47 (d, 3H, J= 5.7 Hz, H5 of bpy), 7.12—6.83 (m, 18H,
HS5 of pyridyl ring and H4 and HS of phenyl ring of ppy), 6.31 (t,
6H, J = 5.7 Hz, H6 of phenyl ring of ppy), 3.55 (br, 6H,
CONHCH,), 2.84 (br, 6H, NCH,), 2.42 (s, 9H, CH; on C4’ of
bpy). Positive-ion ESI-MS ion cluster at m1/z 2527 {M — PFs ),
1191 {M — 2 x PF¢ }*". IR (KBr) v/em™ ': 3427 (s, br, N—H), 1661
(S, C=O), 845 (S, PF67). Anal. Calcd for II'3C1()8H90N1()O3P3F18'
H,0: C, 48.23; H, 3.45; N, 8.33. Found: C, 47.93; H, 3.61; N, 8.63.
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[{Ir(pq)2}s(bpy-8)I(PFe)s (pq-8). The procedure was similar to
that for the preparation of complex ppy-8, except that
[Ir2(pq)4Cl] was used instead of [Iry(ppy)sCly]. Subsequent
recrystallization from CH,Cl,/diethyl ether afforded complex
pq-8 as orange crystals. Yield: 24%. '"H NMR (300 MHz,
(CD3),CO, 298 K, TMS): 6 8.75 (br, 12H, CONH), 8.53—8.41
(m, 56H, H3, H3', and H6 of bpy and H3 of quinoline and H3 of
phenyl ring of pq), 8.23 (d, 8H, J=8.1 Hz, HS of bpy), 8.17—
8.12 (m, 16H, H4 of quinoline of pq), 8.03—8.01 (m, 8H, H6' of
bpy), 7.84=7.77 (m, 24H, H8 of quinoline of pq, CONH),
7.51=7.49 (m, 8H, H5' of bpy), 7.39—7.28 (m, 32H, H5, H7 of
quinoline of pq), 7.18—7.03 (m, 32H, H4 of phenyl ring and H6
of quinoline of pq), 6.76—6.68 (m, 8H, H5 of phenyl ring of pq),
6.67 (br, 8H, HS of phenyl ring of pq), 6.50—6.48 (m, 16H, H6 of
phenyl ring of pq), 3.41—3.29 (m, 40H, CONHCH,, CH,NHCO,
and CONHCH,), 2.58—2.46 (m, 36H, NCH, and CH,N), 2.31—
2.21 (m, 48H, CH,CO and CH; on C4' of bpy). Positive-ion
ESI-MS ion cluster at m/z 2892 {M + H" — 2 x PF¢ }>", 2844
{M — 3 x PFg }**,2242 (M + 4 x H"}**, 2207 (M + 3 x H' —
PF 1" 2171 {M+2x H" =2 x PFs }**,2133 (M +H" -3 x
PFs 17,2097 {M — 4 x PFs }*", 1766 (M + 4 x H" — PF4 }°",
1735 {M + 3 x H" — 2 x PF¢ }>", 1707 {M + 2 x H* — 3 x
PF, }°7, 1677 {M+H" — 4 x PFy }>7, 1649 {M — 5 x PF¢ }".
IR (KBr) v/em ™ ': 3424 (s, br, N—H), 1657 (s, C=0), 847 (s, PF¢ ).
Anal. Calcd for IrgC398H352N58OZOPgF4g . 6H202 C, 5387, H, 441,
N, 8.63. Found: C, 54.09; H, 4.66; N, 8.80.

[{Ir(pq)2} 4(bpy-DI(PFe)4 (pq-4). The procedure was similar to
that for the preparation of complex ppy-4, except that [Ir>(pq)s-
Cl,] was used instead of [Ir,(ppy)4Cl,]. Subsequent recrystalliza-
tion from CH,Cl,/diethyl ether afforded complex pq-4 as orange
crystals. Yield: 40%. "H NMR (300 MHz, (CD5),CO, 298 K,
TMS): 6 8.65 (br, 4H, CONH), 8.54—8.41 (m, 20H, H3 of bpy
and H3 of phenyl ring and H3 of quinoline of pq), 8.31—8.17 (m,
20H, H3', H6, and H6’ of bpy and H4 of quinoline of pq), 7.96
(d, 4H, J = 6.0 Hz, HS5 of bpy), 7.86—7.82 (m, 8H, HS8 of
quinoline of pq), 7.62 (br, 4H, CONH), 7.54 (d, 4H, J = 5.4 Hz,
H5' of bpy), 7.42—7.31 (m, 16H, H5 and H7 of quinoline of pq),
7.19—7.05 (m, 16H, H4 of phenyl ring and H6 of quinoline of
pPq), 6.84—6.74 (m, 8H, HS of phenyl ring of pq), 6.54—6.49 (m,
8H, H6 of phenyl ring of pq), 3.47—3.26 (m, 16H, CONHCH,
and CH,NHCO), 3.07 (br, 8H, NCH,), 2.58—2.46 (m, 12H,
CH,N and CH,CO), 2.39 (s, 12H, CH; on C4’ of bpy). Positive-
ion ESI-MS ion cluster at m/z 2070 {M + H" — PF }*", 1998
{M —2x PFg }>", 1331 {M + H" — 2 x PFs }*", 1283 {M —
3 x PFg ¥ IR (KBr) vjem™': 3422 (s, br, N—H), 1660 (s,
C=O), 847 (S, PFéi). Anal. Calcd for lr4C190H160N2608P4F24-
4CH,Cl,: C, 50.39; H, 3.66; N, 7.88. Found: C, 50.18; H, 3.74;
N, 8.08.

[{Ir(pq)2}3(bpy-3)I(PFs)s (pq-3). The procedure was similar
to that for the preparation of complex ppy-3, except that
[Ir2(pq)4Cly] was used instead of [Irx(ppy)sCly]. Subsequent
recrystallization from CH,Cl,/diethyl ether afforded complex
pg-3 as orange crystals. Yield: 42%. 'H NMR (300 MHz,
(CD3),CO, 298 K, TMS): 6 8.67 (br, 3H, CONH), 8.55—8.36
(m, 15H, H3 of bpy and H3 of phenyl ring and H3 of quinoline
of pq), 8.26—8.16 (m, 15H, H3’, H5, and H6 of bpy and H4
of quinoline of pq), 7.90—7.83 (m, 9H, H6' of bpy and H8 of
quinoline of pq), 7.55 (d, 3H, J = 4.8 Hz, H5 of bpy), 7.40—7.24
(m, 12H, H5 and H7 of quinoline of pq), 7.20—7.09 (m, 6H, H4
of phenyl ring of pq), 7.06—6.91 (m, 6H, H6 of quinoline of pq),
6.85—6.73 (m, 6H, HS of phenyl ring of pq), 6.56—6.50 (m, 6H,
H6 of phenyl ring of pq), 3.36 (br, 6H, CONHCH,), 2.68 (br,
6H, NCH>), 2.30 (s, 9H, CH; on C4’ of bpy). Positive-ion
ESI-MS ion cluster at m/z 2827 {M — PF¢ }", 1341 {M — 2 x
PF }2*. IR (KBr) v/em ™ ': 3421 (s, br, N—H), 1666 (s, C=0),
846 (S, PF6_). Anal. Calcd for Ir3C132H102N16O3P3F18'2H20:
C, 52.71; H, 3.55; N, 7.45. Found: C, 52.57; H, 3.64; N, 7.50.

Physical Measurements and Instrumentation. Equipment for
the characterization, photophysical, electrochemical, lipophilicity,
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and cytotoxicity measurements, has been described previously.*!
Luminescence quantum yields were measured by the optically
dilute method™® using an acerated aqueous solution of [Ru(bpy)s]-
Cl, (® = 0.028) as the standard solution.* The lipophilicity and
cytotoxicity have been determined with the reported methods.*!

Agarose Gel Retardation Assays. Agarose gel retardation
assays were used to study the DNA condensation ability of the
complexes. Plasmid DNA (1 u4g) was mixed with the iridium(I1I)
complex with [Ir] ranging from 12.5 to 400 nM in PBS/DMSO
(10uL, 7:3, v/v). The mixture was incubated at room temperature
for 30 min and then electrophoresced (Power-Pac, Bio-Rad,
100 V, 40 min) on a 0.9% (w/v) agarose gel containing ethidium
bromide (0.5 ug/mL) in Tris-acetate-EDTA (TAE) buffer. The
agarose gel was examined by the Bio-Rad Gel Doc imager.

ICP-MS. HelLa cells were grown in a 60 mm tissue culture
dish and incubated at 37 °C under a 5% CO, atmosphere for
48 h. The culture medium was removed and replaced with
medium/DMSO (99:1, v/v) containing the complex at [Ir] =
2 uM. After incubation for 3 h, the medium was removed, and
the cell layer was washed gently with PBS (1 mL x 3). After that,
the cell layer was trypsinized, digested in 65% HNO3 (2 mL) at
70 °C for 2 h, and then diluted in Milli-Q water to the final
volume of 10 mL for ICP-MS (PerkinElmer SCIEX, ELAN
DRC Plus) analysis.

Confocal Microscopy. HeLa cells were grown on a sterile glass
coverslip in a 35 mm tissue culture dish. The incubation proce-
dure was similar to that of the ICP-MS. After washing with
PBS, the coverslip was mounted onto slides for measurements.
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Imaging was performed using a confocal microscope (Leica
TCS SPE) with an excitation wavelength at 405 nm. The
emission was measured using a long-pass filter at 532 nm. In
the 4 °C imaging experiments, HeLa cells were preincubated at
4 °Cfor 1 h before treatment with complexes. In the co-staining
experiments, after treated with complexes, the HeLa cells were
fixed by PBS containing 3% paraformaldehyde, and then
incubated with anti-golgin-97 (human) mouse 1gG, (1 ug/mL,
1 h), washed with PBS (1 mL x 3), then incubated with Alexa
635 goat anti-mouse IgG (H+L) (10 ug/mL, 30 min), and finally
washed with PBS (1 mL x 3).

Flow Cytometry. The incubation procedure was similar to
that for the ICP-MS measurements. After washing with PBS,
the cell layer was trypsinized and added up to a final volume of
2 mL with PBS. The samples were analyzed by a FACSCalibur
flow cytometer (Becton, Dickinson and Co., Franklin Lakes,
NJ, U.S.A)) with excitation at 488 nm. The emission was
measured using a long-pass filter at 505 nm. The number of
cells analyzed for each sample was between 9,000 and 10,000.
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