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ABSTRACT: A series of phosphorescent cyclometalated iridium-
(1) polypyridine complexes appended with a f-p-glucose moiety
[1r(N"C),(bpy-TEG-ONCH,-f3-0-glc)] (PF) [bpy-TEG-ONCH;-
p-p-glc = 4-(10-N-methyl-N-(f-p-glucopyranosyl)-amino-oxy-
2,5,8-trioxa-dec-1-yl)-4’-methyl-2,2"-bipyridine; HN"C = 2-((1,1’-
biphenyl)-4-yl)benzothiazole) (Hbt) (1a), 2-phenylpyridine
(Hppy) (2a), 2-phenylquinoline (Hpq) (3a), 7,8-benzoquinoline
(Hbzq) (4a)] has been synthesized and characterized. The
D-galactose counterparts [Ir(N"C),(bpy-TEG-ONCH,-f-p-gal) -
(PF) [bpy-TEG-ONCHj;-f-p-gal = 4-(10-N-methyl-N-(f-p-gal-
actopyranosyl)-amino-oxy-2,5,8-trioxa-dec-1-yl)-4'-methyl-2,2'-bi-
pyridine; HN"C = Hbt (1b), Hppy (2b), Hpq (3b), Hbzq (4b)]
and a sugarfree bt complex [Ir(bt),(bpy-TEG-OMe)](PFs) [bpy-TEG-OMe = 4-(2,5,8,11-tetraoxa-dodec-1-yl)-4'-methyl-2,2'-
bipyridine] (1c) have also been prepared. Upon photoexcitation, all the complexes displayed intense and long-lived triplet metal-to-
ligand charge-transfer "MLCT) [dz(Ir) — #*(N"N)] or triplet intraligand (°IL) (z — #*) (N"C and N"N) emission. The lipophilicity,
the cellular uptake efficiency, and cytotoxicity of the complexes toward human cervix epithelioid carcinoma cells (HeLa) have been
examined. Temperature dependence and chemical inhibition experiments indicated that the transport of bt—glucose complex 1a across
the cell membrane occurred through an energy-requiring process such as endocytosis, in additional to a pathway that was mediated by
glucose transporters (GLUTS). Importantly, the cellular uptake efficiency of this complex was found to be strongly dependent on
hormonal stimulation and inhibition, rendering it a new phosphorescent metabolic indicator. Additionally, laser-scanning confocal
microscopy revealed that the complex was localized in the mitochondria and highly resistant to photobleaching compared to a fluorescent

organic glucose derivative 2-(N-(7-nitrobenz-2-oxa-1,3-diazol-4-yl)amino)-2-deoxy-p-glucose (2-NBDG).

B INTRODUCTION

Glucose is essential to mammalian cells because it is not only a
precursor of glycoproteins, triglycerides, and glycogen but also
a crucial energy source through the generation of adenosine
triphosphate (ATP).' Specific membrane carrier proteins
glucose transporters (GLUTs) and Na*/glucose cotransporters
(SGLTs) are known to mediate the passive facilitative and the
energy-dependent transport of relatively hydrophilic glucose
through the lipid bilayers, respectively.'®* In particular, most
cancer cells show an increased rate of glucose uptake and
metabolism, and a higher demand for glucose is usually reflected
by the overexpression of various GLUTS in these cells.'“** Thus,
glucose derivatives with a reporter functionality have been used to
study glucose uptake, examine metabolism of cells, and image
tumor tissues. Although radioactive '*F-labeled 2-fluoro-2-deoxy-p-
glucose (**F-FDG) is the most common imaging reagent,4 the use
of fluorescent sugar derivatives coupled with optical methods such
as laser-scanning confocal microscopy has emerged as an attractive
alternative because excellent spatial and temporal resolution can be

-4 ACS Publications  © 2013 American Chemical Society

13029

achieved in real time.> Fluorescent dyes appended with a p-glucose
pendant have been utilized to study glucose uptake by cells and
imaging of cancer tissues; examples include 2-dansylglucosamine,™
2-NBDG,®* Cy3-2DG,*** and the near-IR and two-photon
absorbing derivatives such as Cy5.5-2DG,”* IRDye 800CW-
2DG,” CyNE 2-DG,” Pyro-2DG,”® and AG2.”® Despite the fact
that transition metal sugar complexes have been reported,®” those
exhibiting phosphorescence properties are very limited, and their
use in cellular studies has not been extensively explored.”

With our ongoing interest in phosphorescent cyclometalated
iridium(III) polypyridine complexes as biological probes and
imaging reagents,~ we envisage that modification of these
complexes with a D-glucose entity will generate a new class of
phosphorescent probes, which can be exploited as cellular
uptake indicators. Herein, we report the synthesis, character-
ization, photophysical properties, and lipophilicity of a series of
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phosphorescent cyclometalated iridium(III) bipyridine D-glucose
complexes [Ir(N"C),(bpy-TEG-ONCH,-f-p-glc)](PF) [bpy-
TEG-ONCH;-f-p-glc = 4-(10-N-methyl-N-(-D-glucopyranosyl)-
amino-oxy-2,5,8-trioxa-dec-1-yl)-4'-methyl-2,2'-bipyridine; HN"C =
2-((1,1-biphenyl)-4-yl)benzothiazole) (Hbt) (la), 2-phenylpyri-
dine (Hppy) (2a), 2-phenylquinoline (Hpq) (3a), 7,8-benzoqui-
noline (Hbzq) (4a)] (Chart 1). Their D-galactose counterparts

Chart 1. Structures of the Iridium(III) Complexes
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[Ir(N"C),(bpy-TEG-ONCH,-f-p-gal) ] (PF;) [bpy-TEG-
ONCHj;-f-p-gal = 4-(10-N-methyl-N-(f3-p-galactopyranosyl)-
amino-oxy-2,5,8-trioxa-dec-1-yl)-4'-methyl-2,2'-bipyridine; HN"C =
Hbt (1b), Hppy (2b), Hpq (3b), Hbzq (4b)] and a sugar-free bt
complex [Ir(bt),(bpy-TEG-OMe)](PF4) [bpy-TEG-OMe = 4-
(2,5,8,11-tetraoxa-dodec-1-yl)-4'-methyl-2,2"-bipyridine] (1c)
(Chart 1) have also been prepared for comparison studies.
The cellular uptake efficiency and cytotoxicity of these complexes
have been studied by ICP-MS and the 3-(4,5-dimethyl-2-
thiazolyl)-2,5-diphenyltetrazolium bromide (MTT) assay, re-
spectively. The effects of various inhibitors and biomolecules on
the cellular uptake properties of the bt complexes la—1c have
also been examined. Furthermore, the intracellular distribution

and photostability of complex 1a have been investigated by laser-
scanning confocal microscopy.

B EXPERIMENTAL SECTION

Materials and Synthesis. All solvents were of analytical grade and
purified according to standard procedures.'’ All buffer components
were of biological grade and used as received. 4,4'-Dimethyl-2,2'-
bipyridine, SeO,, IrCl;-3H,0, Hbt, Hppy, Hpq, Hbzq, methanesul-
fonyl chloride, sodium metabisulfite, and di-tert-butyl dicarbonate were
obtained from Aldrich. p-Glucose, L-glucose, p-galactose, 2-deoxy-p-
glucose, N-methylhydroxylamine hydrochloride, sodium bicarbonate,
sodium borohydride, sodium hydride, triethylamine, trifluoroacetic
acid, tri(ethylene glycol), methyl iodide, KPFy, cobalt(II) chloride, and
magnesium chloride were obtained from Acros. MTT, cisplatin,
dexamethasone, 3-isobutyl-1-methylxanthine (IBMX), sodium azide,
cytochalasin B, and fasentin were purchased from Sigma. Tris-
(hydroxymethyl)methylamine (Tris) was supplied by USB. All these
chemicals were used without further purification. [Ir,(N"C),Cl,]
(N*C = Hbt, Hppy, Hbzq),"> bpy-TEG-OH, bpy-TEG-ONCH;-f-n-
gle, bpy-TEG-ONCH;-f-0-gal, [Ir(pq),(N"N)](PFs) (N"N = bpy-
TEG-ONCH;--p- glc, bpy TEG-ONCH;--p-gal) were prepared as
previously described.'® Insulin, wortmannin, 17f-estradiol (E2),
tamoxifen (Tam), adenosine S'-triphosphate (ATP) disodium salt,
and hexokinase from yeast were purchased from Calbiochem. HeLa,
HepG2, MCE-7, MDA-MB-231, HEK293T, NIH/3T3, and 3T3-L1
cells were obtained from American Type Culture Collection. High
glucose Dulbecco’s modified Eagle’s medium (DMEM), glucose-free
DMEM, fetal bovine serum (FBS), phosphate buffered saline (PBS),
trypsin-EDTA, penicillin/streptomycin, MitoTracker Deep Red, and
2-NBDG were purchased from Invitrogen.

Bpy-TEG-OMe. Sodium hydride (56 mg, 2.30 mmol, 60% w/w in
mineral oil) was added to a solution of bpy-TEG- OHIOC (384 mg,
1.20 mmol) in dry DMF (10 mL) at 0 °C under an inert atmosphere
of nitrogen. After the mixture was stirred for 30 min, methyl iodide
(300 uL, 4.82 mmol) was added at room temperature, and then the
mixture was stirred for another 12 h. Cold water (500 uL) was added
to quench the reaction. The solvent was removed by evaporation
under reduced pressure. The crude product was purified by column
chromatography on silica gel using CH,Cl,/MeOH/NH;-H,0
(10:1:0.1, v/v/v) as the eluent. The product bpy-TEG-OMe was
subsequently isolated as a pale yellow oil. Yield: 247 mg (62%). 'H
NMR (300 MHz, CDCl,, 298K, TMS): 5 8.57 (d, J = 5.1 Hz, 1H, H6
of bpy), 8.46 (d, ] = 4.8 Hz, 1H, H6' of bpy), 8.25 (s, 1H, H3 of bpy),
8.16 (s, 1H, H3' of bpy), 7.29 (d, J = 5.4 Hz, 1H, HS of bpy), 7.05 (d,
] = 6.0 Hz, 1H, HS’ of bpy), 4.55 (s, 2H, CH, on C4 of bpy), 3.59—
3.52 (m, 10H, CH,0), 3.44—3.42 (m, 2H, CH,0) 3.24 (s, 3H,
OCH,), 2.30 (s, 3H, CH; of bpy). MS (ESI"): m/z 347 [M + H]*".

[Ir(bt),(bpy-TEG-ONCH;-#-p-glc)I(PF¢) (1a). A mixture of
[Ir,(bt),CL,] (123 mg, 94.9 umol) and bpy-TEG-ONCH;-f-p-glc'*
(119 mg, 023 mmol) in CH,Cl, was stirred under an inert
atmosphere of nitrogen in the dark for 12 h. KPF¢ (46 mg, 0.25
mmol) was added to the mixture, and it was stirred for 30 min and
then evaporated to dryness. Subsequent recrystallization of the solid
from CH,Cl,/diethyl ether afforded complex 1 as yellow crystals.
Yield: 184 mg (63%). 'H NMR (400 MHz, CD;0D, 298 K, TMS): §
8.66 (s, 1H, H3 of bpy), 8.58 (s, 1H, H3' of bpy), 8.11 (d, ] = 5.6 Hz,
1H, HS of bpy), 8.04 (d, ] = 8.0 Hz, 2H, H4 of benzothiazole ring of
bt), 8.00 (d, J = 5.6 Hz, 1H, HS’ of bpy), 7.95—7.92 (m, 2H, H6 of
phenyl ring of bt), 7.66 (d, ] = 5.6 Hz, 1H, H6 of bpy), 7.49 (d, ] = 6.0
Hz, 1H, H6' of bpy), 7.40 (t, ] = 8.0 Hz, 2H, HS of benzothiazole ring
of bt), 7.16—7.10 (m, 4H, H6 of benzothiazole ring and HS of phenyl
ring of bt), 6.89 (t, ] = 7.6 Hz, 2H, H4 of phenyl ring of bt), 6.40 (dd,
J = 7.6, 4.0 Hz, 2H, H3 of phenyl ring of bt), 6.31 (t, J = 8.8 Hz, 2H,
H7 of benzothiazole ring of bt), 4.83 (s, 2H, CH, on C4 of bpy), 3.98
(dd, J = 8.8, 3.6 Hz, 1H, H1 of glucose), 3.83—3.58 (m, 14H, H6 of
glucose and CH,0), 343 (dt, ] = 8.0, 1.2 Hz, 1H, H2 of glucose), 3.36 (¢,
] = 84 Hz, 1H, H3 of glucose), 327 (d, ] = 8.8 Hz, 1H, H4 of glucose),
3.23—3.19 (m, 1H, HS of glucose), 2.68 (s, 3H, CH;N), 2.61 (s, 3H, CH,
of bpy). IR (KBr) v/cm™: 3416 (O—H), 842 (PF,"). MS (ESI"): m/z
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1136 [M — PF;"]". Anal. Calcd for IrCq;H3NOoS,PF¢-3H,0 (%): C,
45.87; H, 445; N, 5.24. Found: C, 46.96; H, 447; N, 5.17.
[Ir(bt),(bpy-TEG-ONCH;-f-p-gal)](PFs) (1b). The synthetic
procedure was similar to that of complex la except that bpy-TEG-
ONCH3—/}—D—galloc (119 mg, 0.23 mmol) was used instead of bpy-
TEG-ONCHj;-f-p-glc. The complex was isolated as orange-yellow
crystals. Yield: 199 mg (68%). '"H NMR (400 MHz, CD,0D, 298 K,
TMS): 6 8.66 (s, 1H, H3 of bpy), 8.57 (s, 1H, H3' of bpy), 8.11
(d, J = 5.6 Hz, 1H, HS of bpy), 804 (d, J = 88 Hz, 2H, H4 of
benzothiazole ring of bt), 8.00 (d, ] = 5.6 Hz, 1H, HS' of bpy), 7.95—7.92
(m, 2H, H6 of phenyl ring of bt), 7.67 (d, ] = 5.6 Hz, 1H, H6 of bpy), 7.49
(d, J = 64 Hz, 1H, H6' of bpy), 741 (t J = 7.6 Hz, 2H, HS of
benzothiazole ring of bt), 7.17—7.10 (m, 4H, H6 of benzothiazole ring and
HS of phenyl ring of bt), 6.89 (t, J = 6.0 Hz, 2H, H4 of phenyl ring of bt),
640 (dd, ] = 7.6, 4.0 Hz, 2H, H3 of phenyl ring of bt), 6.31 (t, ] = 8.8 Hz,
2H, H7 of benzothiazole ring of bt), 4.84 (s, 2H, CH, on C4 of bpy), 3.96
(dd, J = 8.8, 40 Hz, 1H, H1 of galactose), 3.81-3.45 (m, 18H, H2, H3,
H4, HS, and H6 of galactose and CH,0), 2.67 (s, 3H, CH;N), 2.61 (s, 3H,
CH, of bpy). IR (KBr) v/cm™: 3422 (O—H), 844 (PF). MS (ESI'):
m/z 1136 [M — PF,"]*. Anal. Calcd for IrCg;H;NOyS,PF-2.5H,0 (%):
C, 46.18; H, 441; N, 5.28. Found: C, 46.14; H, 4.12; N, 5.08.
[Ir(bt),(bpy-TEG-OMe)I(PF¢) (1c). A mixture of [Ir,(bt),CL,]
(164 mg, 0.13 mmol) and bpy-TEG-OMe (79 mg, 0.23 mmol) in
CH,Cl,/MeOH (30 mL, 1:1, v/v) was heated to reflux under an inert
atmosphere of nitrogen in the dark for 12 h. The mixture was then
cooled to room temperature, and KPF4 (46 mg, 0.25 mmol) was
added. The mixture was stirred for 30 min and then evaporated to
dryness. Subsequent recrystallization of the solid from CH,Cl,/diethyl
ether afforded complex 1c as yellow crystals. Yield: 184 mg (73%). 'H
NMR (400 MHz, CD;0D, 298 K, TMS): § 8.67 (s, 1H, H3 of bpy),
8.58 (s, 1H, H3 of bpy), 8.11 (d, J = 6.0 Hz, 1H, HS of bpy), 8.04 (d,
J = 8.0 Hz, 2H, H4 of benzothiazole ring of bt), 8.00 (d, ] = 5.6 Hz,
1H, HS' of bpy), 7.95—7.92 (m, 2H, H6 of phenyl ring of bt), 7.65 (d,
J = 5.1 Hz, 1H, H6 of bpy), 7.50 (d, ] = 5.2 Hz, 1H, Hé' of bpy), 7.40
(t, J = 8.0 Hz, 2H, HS of benzothiazole ring of bt), 7.16—7.10 (m, 4H,
H6 of benzothiazole ring and HS of phenyl ring of bt), 6.89 (dt, J =
7.6, 1.2 Hz, 2H, H4 of phenyl ring of bt), 6.42—6.39 (m, 2H, H3 of
phenyl ring of bt), 6.34—6.29 (m, 2H, H7 of benzothiazole ring of bt),
4.87 (s, 2H, CH, on C4 of bpy), 3.76—3.71 (m, 4H, CH,0), 3.64—
3.54 (m, 6H, CH,0), 3.43—3.40 (m, 2H, CH,0), 3.19 (s, 3H, OCH,),
2.61 (s, 3H, CH, of bpy). IR (KBr) v/cm™": 841 (PF4 ). MS (ESI*):
m/z 959 [M — PF¢"]*. Anal. Calcd for IrC,sH,,N,0,S,PF-H,0 (%):
C, 48.16; H, 3.95; N, 4.99. Found: C, 48.10; H, 4.05; N, 4.90.
[Ir(ppy),(bpy-TEG-ONCH;-$-0-glc)](PFs) (2a). The synthetic
procedure was similar to that of complex 1a except that [Ir,(ppy),CL]
(93.5 mg, 87.3 umol) was used instead of [Ir,(bt),Cl,]. The complex
was isolated as bright yellow crystals. Yield: 146 mg (79%). '"H NMR
(400 MHz, CD,0D, 298 K, TMS): § 8.67 (s, 1H, H3 of bpy), 8.59 (s,
1H, H3’ of bpy), 8.12 (d, ] = 8.4 Hz, 2H, H3 of pyridyl ring of ppy),
7.95 (d, J = 5.6 Hz, 1H, H6 of bpy), 7.88—7.82 (m, SH, H6’ of bpy,
H4 and H6 of pyridyl ring of ppy), 7.64 (t, ] = 5.2 Hz, 2H, H3 of
phenyl ring of ppy), 7.55 (d, J = 5.2 Hz, 1H, HS’ of bpy), 7.09-7.01
(m, 4H, HS of pyridyl ring and H4 of phenyl ring of ppy), 6.89 (t, ] =
6.8 Hz, 2H, HS of phenyl ring of ppy), 6.32—6.29 (m, 2H, H6 of
phenyl ring of ppy), 4.63 (s, 2H, CH, on C4 of bpy), 3.99 (dd, ] = 8.8,
3.2 Hz, 1H, H1 of glucose), 3.87—3.62 (m, 14H, H6 of glucose and
CH,0), 3.51-3.41 (m, 2H, H2 and H3 of glucose), 3.27 (d, ] = 8.4
Hz, 1H, H4 of glucose), 3.23—3.19 (m, 1H, HS of glucose), 2.70
(s, 3H, CH;N), 2.59 (s, 3H, CH; of bpy). IR (KBr) v/cm™: 3421
(O—H), 844 (PF¢"). MS (ESI*): m/z 1025 [M — PF,~]". Anal. Calcd
for IrC 4 Hg;N;OoPF2H,0-CH,Cl, (%): C, 44.68; H, 4.61; N, 5.43.
Found: C, 44.71; H, 4.68; N, 5.51.
[Ir(ppy),(bpy-TEG-ONCH;-f-p-gal)l(PFs) (2b). The synthetic
procedure was similar to that of complex 1b except that [Ir,(ppy),CL,]
(81.4 mg, 75.9 pmol) was used instead of [Ir,(bt),ClL]. The complex
was isolated as yellow crystals. Yield: 85 mg (48%). 'H NMR (400
MHz, CD;0D, 298 K, TMS): 6 8.68 (s, 1H, H3 of bpy), 8.59 (s, 1H,
H3'’ of bpy), 8.13 (d, ] = 8.0 Hz, 2H, H3 of pyridyl ring of ppy), 7.95
(d, ] = 5.6 Hz, 1H, H6 of bpy), 7.88—7.82 (m, SH, H6’ of bpy, H4 and
H6 of pyridyl ring of ppy), 7.65 (t, ] = 4.8 Hz, 2H, H3 of phenyl ring
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of ppy), 7.56 (d, J = 4.8, 1H, HS of bpy), 7.39 (d, ] = 5.6 Hz, 1H, HS’
of bpy), 7.09—7.01 (m, 4H, HS of pyridyl ring and H4 of phenyl ring
of ppy), 6.91—6.87 (m, 2H, HS of phenyl ring of ppy), 6.32—6.29 (m,
2H, H6 of phenyl ring of ppy), 4.64 (s, 2H, CH, on C4 of bpy), 3.95
(dd, J = 8.8, 2.4 Hz, 1H, H1 of galactose), 3.84—3.46 (m, 18H, H2,
H3, H4, HS, H6 of glucose and CH,0), 2.69 (s, 3H; CH;N), 2.60 (s, 3H,
CH, of bpy). IR (KBr) v/em™: 3423 (O—H), 843 (PF,). MS (ESI):
m/z 1025 [M — PF,"]". Anal. Calcd for IrC,;H;N;OgPF¢-1.5CH,Cl, (%):
C, 4493; H, 435; N, 540. Found: C, 44.65; H, 4.65; N, 5.60.
[Ir(pq),(bpy-TEG-ONCH;-f-p-glc)1(PFs) (3a). The synthetic
procedure was reported previously.” 'H NMR (400 MHz, CD,OD,
298 K, TMS): § 8.41—8.39 (m, 4H, H3 of quinoline of pq, H3 and H6
of bpy), 8.26 (s, 1H, H3' of bpy), 8.18—8.17 (m, 4H, H3 of phenyl
ring and H4 of quinoline of pq), 8.08 (d, J = 6.0 Hz, 1H, H6’ of bpy),
7.84 (d, ] = 7.6 Hz, 2H, H8 of quinoline of pq), 7.56 (d, ] = 6.0 Hz,
1H, HS of bpy), 7.42—7.38 (m, SH, HS’ of bpy, HS and H7 of
quinoline of pq), 7.18—7.15 (m, 2H, H4 of phenyl ring of pq), 7.07—
7.03 (m, 2H, H6 of quinoline of pq), 6.82—6.79 (m, 2H, HS of phenyl
ring of pq), 6.52—6.49 (m, 2H, H6 of phenyl ring of pq), 4.68 (s, 2H,
CH, on C4 of bpy), 3.99 (dd, ] = 8.8, 2.4 Hz, 1H, H1 of glucose),
3.85—3.81 (m, 3H, H6 of glucose and CH,0), 3.68—3.59 (m, 11H,
H6 of glucose and CH,0), 344 (dt, ] = 88, 2.4 Hz, 1H, H2 of
glucose), 3.37 (t, ] = 8.8 Hz, 1H, H3 of glucose), 3.29—3.26 (dd, 1H,
] = 84, 1.6 Hz, H4 of glucose), 3.24—3.19 (m, 1H, HS of glucose),
2.69 (s, 3H, CH;N), 2.46 (s, 3H, CH; of bpy). IR (KBr) v/cm™": 3420
(O-H), 1073 (C-0), 842 (PFs"). MS (ESI*): m/z 1125 [M —
PF¢~]". Anal. Calcd for IrCs Ho, N OoPF¢-4CH,Cl, (%): C, 44.04; H,
4.07; N, 4.35. Found: C, 43.88; H, 4.30; N, 4.60.
[Ir(pq),(bpy-TEG-ONCH;-f-p-gal)l(PFs) (3b). The synthetic
procedure was reported previously.” '"H NMR (400 MHz, CD;OD,
298 K, TMS): & 8.40—8.39 (m, 4H, H3 of quinoline of pq, H3 and H6
of bpy), 825 (s, 1H, H3' of bpy), 8.19—8.16 (m, 4H, H3 of phenyl
ring and H4 of quinoline of pq), 8.08 (d, J = 5.6 Hz, 1H, H6’ of bpy),
7.83 (d, ] = 8.0 Hz, 2H, H8 of quinoline of pq), 7.56 (d, ] = 5.6 Hz,
1H, HS of bpy), 7.41-7.37 (m, SH, HS’ of bpy, HS and H7 of
quinoline of pq), 7.16 (t, ] = 7.6 Hz, 2H, H4 of phenyl ring of pq),
7.05 (t, J = 6.0 Hz, 2H, H6 of quinoline of pq), 6.79 (t, ] = 7.6 Hz, 2H,
HS of phenyl ring of pq), 6.51 (t, ] = 7.6 Hz, 2H, H6 of phenyl ring of
pq), 4.70 (s, 2H, CH, on C4 of bpy), 3.97 (dd, ] = 9.0, 2.0 Hz, 1H, H1
of galactose), 3.87—3.84 (m, 2H, CH,0), 3.80 (t, ] = 3.6 Hz, 1H, H4
of galactose), 3.72—3.46 (m, 1SH, H2, H3, HS, H6, of galactose and
CH,0), 2.71 (s, 3H, CH;N), 2.45 (s, 3H, CH; on of bpy). IR (KBr)
v/em™': 3422 (O—H), 1094 (C—0), 847 (PEs). MS (ESI'): m/z
1125 [M — PF¢"]*. Anal. Caled for IrCyHe N OoPFs-SCH,CL, (%):
C, 42.53; H, 3.99; N, 4.13. Found: C, 42.40; H, 4.19; N, 4.20.
[Ir(bzq),(bpy-TEG-ONCH;-#-p-glc)1(PFs) (4a). The synthetic
procedure was similar to that of complex 1a except that [Ir,(bzq),Cl,]
(117.2 mg, 0.10 mmol) was used instead of [Ir,(bt),Cl,]. The complex
was isolated as yellow crystals. Yield: 123 mg (50%). '"H NMR (400
MHz, CD,0D, 298 K, TMS): 5 8.71 (s, 1H, H3 of bpy), 8.63 (s, 1H,
H3' of bpy), 8.43 (d, ] = 7.0 Hz, 2H, H4 of bzq), 8.05 (t, ] = 5.2 Hz,
2H, H2 of bzq), 7.93—7.90 (m, 3H, H6 of bpy and H6 of bzq), 7.80—
7.77 (m, 3H, H6’ of bpy and HS of bzq), 7.52—7.49 (m, 4H, H3 and
H7 of bzq), 7.44 (d, ] = 5.2 Hz, 1H, HS of bpy), 7.27 (d, ] = 5.6 Hz,
1H, HS' of bpy), 7.14 (dt, ] = 7.8, 2.8 Hz, 2H, H8 of bzq), 6.32—6.29
(m, 2H, H9 of bzq), 4.80 (s, 2H, CH, on C4 of bpy), 3.97 (dd, ] = 8.8,
3.2 Hz, 1H, H1 of glucose), 3.83—3.58 (m, 14H, H6 of glucose and
CH,0), 3.47—3.35 (m, 2H, H2 and H3 of glucose), 3.27—3.20 (m,
2H, H4 and HS of glucose), 2.67 (s, 3H, CH;N), 2.57 (s, 3H, CHj; of
bpy). IR (KBr) v/cm™": 3448 (O—H), 846 (PE,"). MS (ESI*): m/z
1073 [M — PF,"]*. Anal. Caled for IrCy,HgyNOoPFe-2H,0-CH,Cl,
(%): C, 46.67; H, 4.44; N, 5.23. Found: C, 46.90; H, 4.66; N, 5.29.
[Ir(bzq),(bpy-TEG-ONCH;-#-p-gal)I(PFs) (4b). The synthetic
procedure was similar to that of complex 1b except that [Ir,(bzq),Cl,]
(1154 mg, 98.8 umol) was used instead of [Ir,(bt),CL,]. The complex
was isolated as light brown crystals. Yield: 192 mg (96%). 'H NMR
(400 MHz, CD;0D, 298 K, TMS): 5 8.72 (s, 1H, H3 of bpy), 8.63 (s,
1H, H3' of bpy), 8.43 (d, ] = 8.0 Hz, 2H, H4 of bzq), 8.05 (t, ] = 5.2
Hz, 2H, H2 of bzq), 7.92—7.89 (m, 3H, H6 of bpy and H6 of bzq),
7.80—7.77 (m, 3H, H6' of bpy and HS of bzq), 7.52—7.49 (m, 4H, H3,
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H7 of bzq), 7.44 (d, ] = 5.6 Hz, 1H, HS of bpy), 7.26 (d, ] = 5.2 Hz, 1H,
HS’ of bpy), 7.14 (dt, ] = 7.6, 2.4 Hz, 2H, H8 of bzq), 6.31—6.28 (m, 2H,
H9 of bzq), 4.79 (s, 2H, CH, on C4 of bpy), 3.96 (dd, J = 9.2, 4.8 Hz,
1H, H1 of galactose), 3.81—-3.44 (m, 18 H, CH,0 and H2, H3, H4, H5,
H6 of galactose), 2.66 (d, ] = 4.8 Hz, 3H, CH;N), 2.57 (s, 3H, CH; of
bpy). IR (KBr) v/cm™: 3421 (O—H), 844 (PF"). MS (ESI'): m/z 1073
[M — PF,]*. Anal. Calcd for IrCs;HgsNOgPF4- 1.5CH;COCH; (%): C,
SL11; H, 479; N, 5.37. Found: 51.41; H, 4.55; N, 5.61.

Physical Measurements and Instrumentation. The instrumen-
tation for physical measurements has been described previously."®
Briefly, 'H NMR spectra were recorded on a Varian Mercury 300 MHz
or a Bruker 400 MHz NMR spectrometer at 298 K. Positive-ion
electrospray ionization (ESI) mass spectra were recorded on a Perkin-
Elmer Sciex API 365 mass spectrometer. IR spectra of the samples in KBr
pellets were recorded in the range 4000—400 cm™ using a Perkin-Elmer
FTIR-1600 spectrophotometer. Elemental analyses were carried out on an
Elementar Analysensysteme GmbH Vario MICRO elemental analyzer.
Electronic absorption and steady-state emission spectra were recorded on a
Hewlett-Packard 8453 diode array spectrophotometer and a SPEX
FluoroLog 3-TCSPC spectrophotometer, respectively. Emission lifetimes
were measured in the Fast MCS or TCSPC mode with a NanoLED N-375
as the excitation source. Unless specified, all the solutions for photophysical
studies were degassed with no fewer than four successive freeze—pump—
thaw cycles, stored in a 10 cm® round-bottomed flask equipped with a side
arm 1-cm fluorescence cuvette, and sealed from the atmosphere by a
Rotaflo HP6/6 quick-release Teflon stopper. Luminescence quantum
yields were measured by the optically dilute method'* with an aerated
aqueous solution of [Ru(bpy);]Cl, (®., = 0.028) as the standard
solution."® The lipophilicity of the complexes was determined from the log
k', values (k',, = chromatographic capacity factor at 100% aqueous
solution), which were measured by reversed-phase HPLC on a C-18
column according to the method described by Minick.'®

Cell Cultures. HeLa, HepG2, MCF-7, MDA-MB-231, HEK293T,
NIH/3T3, and 3T3-L1 cells were cultured in high glucose DMEM
supplemented with 10% FBS and 1% penicillin-streptomycin in a
humidified chamber at 37 °C under a 5% CO, atmosphere. They were
subcultured every 2 to 3 days. Differentiation of the preadipocytes 3T3-
L1 was induced by treating postconfluent cells with growth medium
containing dexamethasone (1 yM), IBMX (0.5 mM), and insulin
(1.0 ug mL™") for 48 h. The cells were fed with growth medium containing
insulin (1.0 ug mL™") every other day for the following 7—15 days.

ICP-MS. Cells grown in a 60-mm tissue culture dish were incubated
with the iridium(III) complexes (50 M) in glucose-free medium/
DMSO (99:1, v/v) at 37 °C under a 5% CO, atmosphere for 5 min.
The medium was removed, and the cell layer was washed gently with
PBS (1 mL X 3). The cells were then trypsinized and harvested with
PBS (500 uL X 4) before being digested with 65% HNO; (2 mL) at
70 °C for 2 h. The digested solution was analyzed using an Elan 6100
DRC-ICP-MS (PerkinElmer SCIEX Instruments).

MTT Assays. Cells were seeded in a 96-well flat-bottomed
microplate (ca. 10 000 cells per well) in growth medium (100 uL)
and incubated at 37 °C under a 5% CO, atmosphere for 24 h. The
iridium(IIT) complexes and cisplatin (positive control), respectively, in
different concentrations, were added to the wells in a mixture of
growth medium/DMSO (99:1, v/v). After the microplate was
incubated for 48 h, MTT in PBS (5 mg mL™, 10 L) was added to
each well. The microplate was then incubated for another 4 h. The medium
was removed carefully, and isopropanol (200 yL) was added to each well.
The microplate was further incubated for 5 min. The absorbance of the
solutions at 570 nm was measured with a SPECTRAmax 340 microplate
reader (Molecular Devices Corp., Sunnyvale, CA). The ICg, values of the
complexes were determined from dose dependence of surviving cells after
exposure to the iridium(III) complexes and cisplatin.

Live-Cell Confocal Imaging. Cells in growth medium were
seeded on a sterilized coverslip in a 60-mm tissue culture dish and
grown at 37 °C under a 5% CO, atmosphere for 48 h. The growth
medium was removed and replaced with glucose-free medium/DMSO
(99:1, v/v) containing the iridium(III) complexes (S0 uM). After
incubation for § min, the medium was removed, and the cell layer was
washed gently with PBS (1 mL X 3). The coverslip was mounted onto

a sterilized glass slide and then imaged using a Leica TCS SPE
confocal microscope with an oil immersion 40X or 63X objective and
an excitation wavelength at 405 nm. The emission was measured using
a long-pass filter at 532 nm. The excitation wavelength for imaging
experiments involving MitoTracker Deep Red FM was 633 nm. The
Pearson’s Coefficient was determined by the program Image J. The
excitation wavelength was 488 nm for the photostability experiments
involving complex 1a and 2-NBDG.

Hexokinase Assays. The iridium(III) bipyridine complexes
(0.5 mM, 10 pL) in DMSO were added to a reaction vial which
contained hexokinase (3.76 U), ATP (1 mM), and MgCl, (4 mM) in a
Tris-Cl buffer (30 mM, pH 6.0) to give a final volume of 1 mL. The
resulting solutions were mixed gently by inversion, and allowed to
incubate for 24 h at 37 °C in the dark. Each solution (100 uL) was
extracted with CH,Cl, (100 4L X 3). The combined organic layer with
or without the presence of 0.1% acetic acid was analyzed by ESI-MS.

B RESULTS AND DISCUSSION

Synthesis. There is a growing interest in using the
N-methylamino-oxy group to functionalize unprotected reduc-
ing sugars as it reacts readily with the sugars at the reducing end
under mild conditions, and the derivatized sugars are primarily
in the closed-chain form. In this work, the bipyridine-sugar
ligands were obtained from the reaction of 4-(10-N-
methylamino-oxy-2,5,8-trioxa-dec-1-yl)-4’-methyl-2,2'-bipyri-
dine (bpy-TEG-ONHCH;) with D-glucose or D-galactose
under mildly acidic conditions. The sugar-free bipyridine ligand
bpy-TEG-OMe was synthesized from the reaction of 4-(10-
hydroxy-2,5,8-trioxa-dec-1-yl)-4'-methyl-2,2"-bipyridine (bpy-
TEG-OH)'* with CH,I in DMF in the presence of sodium
hydride. The iridium(III) complexes were prepared from the
reaction of [Ir,(N"C),ClL,] (HN"C = Hbt, Hppy, Hpq, Hbzq)
with the bipyridine derivatives in CH,Cl, or a mixture of
CH,Cl,/MeOH (1:1, v/v), which was followed by anion exchange
with KPF4 Subsequent recrystallization from CH,Cl,/diethyl
ether afforded the complexes as yellow or orange crystals. The
complexes were characterized by "H NMR spectroscopy, positive-
ion ESI-MS, and IR spectroscopy and gave satisfactory elemental
analyses.

Photophysical Properties. The electronic absorption
spectral data of the iridium(III) complexes in CH,Cl, and
CH;CN at 298 K are listed in Table 1. The electronic
absorption spectra of the glucose complexes la—4a in CH,Cl,
at 298 K are shown in Figure 1. All the iridium(III) complexes
showed intense spin-allowed intraligand ("IL) (z — #*) (N"C
and N"N) absorption features in the UV region (ca. 253 — 412
nm, ¢ on the order of 10* dm® mol™ cm™) and weaker spin-
allowed metal-to-ligand charge-transfer ("MLCT) [dz(Ir) —
7*(N*N and N”"C)] absorption shoulders or bands in the
visible region (>ca. 415 nm). The weaker absorption tailing
beyond ca. 470 nm has been assigned to spin-forbidden
SMLCT [dz(Ir) — #*#(N"N and N"C)] transitions.'""""?

Photoexcitation of the complexes resulted in intense and
long-lived green to yellow emission in fluid solutions under
ambient conditions and in low-temperature alcohol glass
(Table 2). The emission spectra of the glucose complexes
la—4a in CH,Cl, at 298 K are shown in Figure 2. The bt (1la—
1c) and pq (3a and 3b) complexes displayed vibronically
structured emission features and very long emission lifetimes
(t, > 2 ps) in fluid solutions at 298 K (Table 2). Also, the
emission properties of these complexes were not very sensitive
to the polarity of the solvents, suggestive of a ’IL (7 — 7*)
(bt/pq) emissive state.'*"'>'”'® In contrast, the ppy (2a and
2b) and bzq (4a and 4b) complexes showed a broad emission
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Table 1. Electronic Absorption Spectral Data of the Iridium(III) Complexes at 298 K

s (nm) (e (dm® mol™ cm™))

complex  solvent

la CH,Cl,

259 sh (50 690), 270 (49 215), 291 sh (43 930), 310 (49 895), 323 (45 68S), 378 sh (12 300), 412 (10 435), 444 sh (7450)

CH,CN 256 sh (37690), 267 (35 880), 294 sh (32 445), 308 (35 630), 322 (32780), 376 sh (8655), 411 (7255), 443 sh (4960)
buffer® 255 sh (36 155), 267 (34 090), 294 sh (30 860), 309 (34 300), 321 (31 520), 378 sh (8290), 411 (7080), 455 sh (4475)

1b CH,Cl,

260 sh (41 580), 275 sh (39230), 295 sh (36 625), 311 (41 285), 323 (38 440), 379 sh (10 08S), 411 (8700), 441 sh (7050)

CH,CN 255 sh (37 075), 272 sh (34 230), 293 sh (31 075), 309 (35 395), 322 (32855), 379 sh (7810), 412 (7115), 433 sh (6010)
buffer” 255 sh (32750), 267 (30 940), 295 sh (28 020), 309 (31235), 321 (28 805), 378 sh (745S), 411 (6440), 442 sh (4465)

Ic CH,Cl,

258 sh (40 050), 270 (38760), 291 sh (34 550), 310 (37950), 323 (34 660), 354 sh (13 120), 377 sh (9525), 412 (7850), 440 sh (6240)

CH,CN 253 sh (33220), 270 sh (31 455), 295 sh (29 035), 308 (31290), 324 (27 885), 351 sh (11 910), 374 sh (8445), 412 (6725), 438 sh (5215)
buffer® 255 sh (44 030), 267 (41 535), 293 sh (37 495), 309 (41725), 321 (38330), 379 sh (9610), 410 (8395), 444 sh (5375)

2a CH,Cl,

258 (48 815), 269 sh (45755), 277 sh (40310), 313 sh (20 345), 340 sh (9940), 386 sh (5810), 417 sh (3555)

CH,CN 256 (44 160), 277 sh (31 495), 312 sh (17 300), 344 sh (8125), 381 sh (5035), 417 sh (2975)
buffer” 256 sh (53300), 271 sh (46 480), 280 sh (36 465), 314 sh (18 540), 347 sh (8965), 385 sh (5630), 425 sh (2405)

2b CH,Cl,

258 (46290), 270 sh (43 150), 278 sh (37 425), 314 sh (18 230), 343 sh (8910), 385 sh (5730), 415 sh (3545)

CH;CN 255 (48 660), 276 sh (36 125), 312 sh (18 655), 345 sh (8545), 384 sh (5210), 419 sh (2980)
buffer® 256 sh (62400), 271 sh (54 405), 279 sh (44 230), 311 sh (25 595), 345 sh (10 930), 385 sh (6660), 420 sh (3460)

3a CH,Cl,

264 sh (54 410), 273 (55905), 283 sh (53 910), 311 sh (23 750), 338 (24 955), 350 sh (22 710), 443 (5335)

CH,;CN 262 sh (49 535), 270 (50 175), 280 sh (47 615), 309 sh (21 920), 336 (22290), 351 sh (18 865), 440 (4985)
buffer® 262 sh (59 545), 270 (60 665), 285 sh (51225), 310 sh (26 365), 337 (26 870), 353 sh (21 600), 435 (5960)

3b CH,Cl,

263 sh (50875), 274 (52785), 283 sh (51465), 310 sh (23 845), 337 (24 110), 355 sh (18 995), 442 (5460)

CH,CN 262 sh (44 130), 273 (44 600), 281 sh (41 835), 309 sh (20 230), 336 (20 04S), 352 sh (16 595), 439 (4065)
buffer® 263 sh (39 460), 270 (40 120), 285 sh (33 705), 310 sh (17 085), 337 (17 830), 353 sh (14270), 435 (3960)

4a CH,Cl,

255 (50 570), 290 sh (23 610), 311 (20 030), 340 sh (14 595), 419 (4845)

CH,CN 262 sh (44 170), 288 sh (22205), 309 (21 550), 335 sh (15790), 416 (4750)
buffer® 261 sh (52340), 292 sh (26 335), 309 (34 695), 341 sh (16 040), 429 sh (4205)

4b CH,CI,

266 sh (50265), 293 sh (28 600), 310 (24 495), 355 sh (13 720), 429 (5050)

CH,;CN 263 sh (43 685), 291 sh (22 580), 309 (20 115), 342 sh (13 865), 430 sh (3790)
buffer” 260 sh (47 070), 289 sh (24 075), 308 (21 065), 341 sh (13 990), 429 sh (3875)

“50 mM potassium phosphate buffer pH 7.4/MeOH (7:3, v/v).

£x 10* / dm® mol’ em™

3 .
250 300 350 400 450 500 550
Wavelength / nm

Figure 1. Electronic absorption spectra of complexes la (red), 2a
(blue), 3a (green), and 4a (orange) in CH,Cl, at 298 K.

band with positive solvatochromism in fluid solutions at 298 K,
which indicated that the emission ori§inated from a *MLCT
[da(lr) — 7*(N*N)] excited state.'®"” This is supported by
the observation of significant blue-shifts of their emission
maxima upon cooling the samples from 298 to 77 K, which was
not exhibited by the bt and pq complexes. On the basis of the
photophysical data (Table 2), it appears that the sugar pendants
did not significantly perturb the photophysical properties of the
complexes.

Lipophilicity, Cellular Uptake Efficiency, and Cyto-
toxic Activity. The lipophilicity of the complexes has been
determined by reversed-phase HPLC, and the log P, values
are listed in Table 3. The lipophilicity of the iridium(III)
complexes (log P, ,, ranged from 1.40 to 2.59) was significantly

higher than that of cisplatin (—2.30). The bt (1a—1c), pq (3a
and 3b), and bzq (4a and 4b) complexes showed substantially
higher lipophilicity compared with their ppy (2a and 2b) counter-
parts, which is a consequence of the additional hydrophobic phenyl
rings of their cyclometalating 1ige:.r1ds..17°’d’20 As expected, we did not
observe significantly different lipophilicity between the p-glucose
and D-galactose complexes with the same cyclometalating ligands.
However, the log P, values of the p-glucose (1a) (log P, =
2.44) and p-galactose (1b) (log P,,, = 2.30) complexes were
slightly smaller than that of their sugar-free counterpart complex 1c¢
(log Py, = 2.59), illustrating the effect of the polar sugar entity in
reducing the overall lipophilicity of the complexes.

The cellular uptake of the complexes by human cervix
epithelioid carcinoma cells (HeLa) has been determined by
ICP-MS experiments. The results showed that an average HeLa
cell incubated with the complexes (50 uM) at 37 °C for § min
contained 0.21—5.43 fmol of iridium (Table 3), which is
comparable to other cyclometalated iridium(III) polypyridine
complexes.'®™*81>2% I general, the ability of a compound to
permeate cell membrane is strongly dependent on its
lipophilicity, especially if the uptake pathway is passive diffusion
in nature.”! This explains the higher uptake of complex 1c
compared with its less lipophilic sugar counterparts, complexes
la and 1b. Interestingly, although the lipophilicity of the p-
glucose and D-galactose was similar, there was noticeable
difference in the uptake efficiency between the complexes
appended with these sugars; for example, the D-glucose
complexes of bt (1a) and pq (3a) showed higher intracellular
iridium than their p-galactose counterparts [the bt (1b) and pq
(3b) complexes], while the reverse was observed for the ppy
(2a and 2b) and bzq (4a and 4b) pairs. The reasons for these
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Table 2. Photophysical Data of the Iridium(III) Complexes

medium
complex (T (K)) e (nm) 7, (us) @,
la CH,CL, (298) 521 (max), 559, 606 sh, 669 3.78 0.59
sh
CH,CN (298) 524 (max), 561, 612 sh, 670 3.77 0.58
sh
buffer (298)% 523 (max), 561, 612 sh, 669 3.04 0.48
sh
glass (77)® 515 (max), 533 sh, 557, 576  5.02
sh, 604, 630 sh
1b  CH,ClL (298) 522 (max), 560, 615 sh, 670 3.87 0.57
sh
CH,CN (298) 525 (max), 562, 620 sh, 680 3.83 0.51
sh
buffer (298)% 524 (max), 560, 615 sh, 670 3.02 0.40
sh
glass (77)® 514 (max), 532 sh, 556,576 5.03
sh, 603, 628 sh
1c CH,Cl, (298) 521 (max), 559, 610 sh, 669 3.86 0.76
sh
CH,CN (298) 524 (max), 561, 612 sh, 670 3.75 0.55
sh
buffer (298)% 524 (max), 561, 612 sh, 669 3.01 043
sh
glass (77)® 515 (max), 531 sh, 557, 576 5.06
sh, 605, 630 sh
2a CH,Cl, (298) 568 0.64 0.29
CH,CN (298) 577 0.38 0.13
buffer (298)% 588 0.098 0.025

medium
complex (T (K)) Aem (nm) 7, (us) (o1
glass (77)° 472, 511 (max), 535 sh 4.77
2b  CH,CL (298) 570 0.63 0.28
CH,CN (298) 576 0.38 0.14
buffer (298)% 584 0.11 0.022
glass (77)° 472, 501 (max), 532sh 490
3a CH,Cl, (298)° 554, 588 sh 2.62 0.72
CH,CN 557 2.82 0.73
(298)°
buffer (298)% 556 224 045
glass (77)%¢ 539 (max) 4.71
3b CH,Cl, (298)° 554, 589 sh 2.67 0.80
CH,CN 557 2.86 0.84
(298)°
buffer (298)% 556 221 045
glass (77)7¢ 540 (max) 4.69
4a CH,CL, (298) 575 0.63 0.24
CH,CN (298) 578 0.36 0.10
buffer (298)% 587 0.074 0.021
glass (77)° 499 (max), 538, 584 sh, 639 57.8 (90%),
sh 110.1 (10%)
4b CH,CL, (298) 571 0.60 0.16
CH,CN (298) 576 0.37 0.08
buffer (298)% 589 0.076 0.017

glass (77)° 501 (max), 535, 589 sh 49.8 (81%),

102.2 (19%)

“50 mM potassium phosphate buffer pH 7.4/MeOH (7:3, v/v). YEtOH/MeOH (4:1, v/v). “From ref 10c.

Normalized Emission Intensity (A.U.)

500 600 700 80C
Wavelength / nm

Figure 2. Emission spectra of complexes la (red), 2a (blue), 3a
(green), and 4a (orange) in CH,Cl, at 298 K.

observations are unknown at this stage. However, as it has been
documented that the uptake of D-glucose and p-galactose is
facilitated by different GLUTS,'*****> we believe that the
different degrees of uptake of the complexes should be due to a
combined effect of energy-dependent internalization/external-
ization (e.g, endocytosis and probably SGLTs)'®*** and
GLUT-mediated transport (see below). Thus, we have
confined the scope of this study in the possible role of
GLUT: on the cellular uptake of the p-glucose complexes.
The cytotoxic activity of the complexes toward HeLa cells for
an incubation period of 48 h has been evaluated by the MTT
assay.”* The IC, values were in the micromolar scale (Table 3),
and almost all of them were smaller than that of cisplatin
(22.3 uM) under the same experimental conditions. These values
are comparable to those of other cyclometalated iridium (III)
polypyridine complexes,'*99&!31742025 A¢ expected, there was

Table 3. Lipophilicity, Cellular Uptake, and ICy, Values of
the Iridium(III) Complexes and Cisplatin

complex log P, amount of complex? (fmol) ICsob (uM)
la 2.44 4.02 £+ 0.05 1.40 £+ 0.07

1b 2.30 1.03 + 0.1S 5.87 £ 1.81

1c 2.59 543 + 0.57 0.10 + 0.02

2a 1.46 0.21 + 0.04 >230

2b 1.40 0.52 + 0.02 1.80 + 0.18

3a 2.56 0.95 + 0.01 4.00 + 0.60°
3b 2.53 0.40 + 0.00S 12.0 + 1.30°
4a 2.48 0.79 + 0.04 29.6 + 6.94

4b 2.37 2.07 +0.23 7.06 + 1.09

cisplatin -2.30¢ N.A. 223 + 0.77

“Amount of iridium associated with an average HeLa cell upon
incubation with the complexes (50 #M) in a glucose-free medium at
37 °C for 5 min as determined by ICP-MS. YHelLa cells, incubated in
high glucose DMEM for 48 h. “From ref 10c. “From ref 19.

strong dependence of the cytotoxicity of the complexes on their
cellular uptake. In particular, the ppy—glucose complex 2a, which
showed the least efficient uptake (0.21 fmol), had the highest
ICy, value (>230 uM). In contrast, the most lipophilic sugar-free
complex 1c, which showed the highest uptake efficiency, was the
most cytotoxic among the complexes in this study. It is likely that
the cytotoxicity of the complexes originates from their localization
and effects on specific organelles such as mitochondria (see
below).mf’26

Uptake Mechanism and Inhibition Studies. The
possible involvement of GLUTSs in the cellular uptake
properties of the bt—glucose (la) and bt—galactose (1b)
complexes has been further investigated because their uptake
efficiency was very different (Table 3). Treatment of HeLa cells
with these complexes (50 4uM) in a glucose-free medium at 4
°C resulted in a reduction of intracellular iridium uptake by ca.
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Figure 3. Relative cellular uptake of iridium associated with an average
HeLa cell upon incubation with complexes la (orange) and 1b
(green) (50 uM) at 37 °C (respective reference points) and 4 °C for
S min and after preincubation with NaN; (3 mM, 30 min), CoCl,
(250 M, 2 h), cytochalasin B (10 M, 1 h), and fasentin (80 uM, 1 h),
respectively.

20% and 40%, respectively (Figure 3). This indicates that (1)
both complexes entered the cells, to a certain extent, by an
energy-dependent pathway, and (2) this pathway appears to be
less important to the glucose complex 1a. When the cells were
pretreated with the oxidative phosphorylation inhibitor sodium
azide®” (3 mM) for 30 min, a decrease of intracellular iridium
(ca. 20% with respect to untreated cells) was observed for the
cells loaded with the galactose complex 1b (Figure 3). This is
expected because of the cellular energy depletion caused by the
reagent. In sharp contrast, addition of sodium azide led to an
increase of intracellular iridium by about 2-fold in the cells
incubated with the glucose complex 1a. Since exposure of cells to
azide results in a decline in cellular ATP content due to immediate
inhibition of oxidative phosphorylatlon, glucose transport is rapidly
stimulated as a consequence.”® Thus, the increased uptake strongly
suggested that complex la was internalized through a GLUT-
dependent pathway. Upon exposure of the cells to a GLUT-
upregulating reagent cobalt(II) chloride®™? (250 M) for 2 h,
the glucose complex la exhibited an increased uptake efficiency
(Figure 3). However, the reverse was observed when the cells were
treated with GLUT1 inhibitors cytochalasin B** (10 uM) and
fasentin®® (80 M), respectively, for 1 h prior to complex
incubation. On the contrary, uptake of the galactose complex 1b by
HeLa cells was not affected by any of these reagents and
biomolecules. To sum up, all these results indicated that GLUTs
play a very important role in the uptake of complex 1a by HeLa
cells.

Effects of Glucose on Uptake. It has been well
documented that for any glucose derivatives entering cells
through a GLUT-mediated pathway, their uptake is com-
petitively inhibited by D-glucose and 2-deoxy-p-glucose but
independent of L-glucose (Scheme 1).%>%*7<7%32 In this work,
the effects of p-glucose on the cellular uptake properties of
complexes la and 1b have been investigated. Incubation of
HeLa cells with the glucose complex 1a (50 uM) at 37 °C for
S min in the presence of 50 mM D-glucose in a glucose-free
medium resulted in reduced emission intensity of the Hela
cells (Figure 4). In contrast, cells treated with the galactose
complex 1b did not show any significant changes in emission
intensity in the presence of p-glucose (Figure S1, Supporting
Information). ICP-MS measurements also revealed the
inhibitory effect of D-glucose to the uptake of complex 1la.
Upon incubation of HeLa cells with complex 1a (S0 M, S min)

Scheme 1. Schematic Representation of GLUT-Mediated
Uptake of Luminescent Glucose Derivatives

Figure 4. Laser-scanning confocal microscopy images of HeLa cells
upon incubation with complex 1a (50 #M) in a glucose-free medium
containing 0 mM (left) and SO mM (right) of p-glucose at 37 °C for §
min, respectively.

in the presence of 0—50 mM of D-glucose or L-glucose in a
glucose-free medium, only D-glucose, but not L-glucose,
decreased the intracellular concentration of the complex by ca.
40% (Figure S, top and middle, orange bars). Additionally, the
presence of increasing amounts of 2-deoxy-D-glucose in the
medium resulted in a similar reduction of cellular uptake of
complex la (Figure S, bottom, orange bars). On the contrary,
the uptake of the galactose complex 1b by HeLa cells did not
exhibit any similar changes under the same conditions (Figure S,
green bars). All these findings support that the glucose moiety of
complex la renders it to be internalized through a GLUT-
dependent pathway.

Cell Line Dependence. In order to support high metabolic
functions, cancer cells usually show enhanced glucose uptake
and glycolytic rates compared to nontumorigenic cells. This
feature has been frequently correlated to the elevated
expression of GLUTs and hexokinase.**** Thus, cellular probes
that show GLUT-mediated uptake can be reflected by more
efficient internalization toward transformed cell lines than
nontransformed cells (Scheme 2). The uptake of complexes 1a
and 1b by two transformed cell lines, HeLa and human breast
adenocarcinoma (MCEF-7), and two nontransformed cell lines,
human embryonic kidney cells (HEK293T) and mouse
embryonic fibroblasts (NIH/3T3), has been investigated, and
the data are summarized in Table 4. Interestingly, the
intracellular amounts of iridium in HeLa and MCEF-7 cells
incubated with the glucose complex 1a were considerably larger
than those in HEK293T and NIH/3T3 cells. However, no
trend was observed for the cells incubated with the galactose
complex 1b. These results further highlight the important role
of GLUTSs on the uptake of the glucose complex. In accordance
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Figure 5. Relative cellular uptake of iridium associated with an average
HeLa cell upon incubation with complexes la (orange) and 1b
(green) (S0 uM) at 37 °C for S min in a glucose-free medium
containing various concentration of D-glucose (top), L-glucose
(middle), and 2-deoxyglucose (bottom). The uptake of complexes
la and 1b in the absence of sugar was set as respective reference
points.

with the different cellular uptake efficiency toward these cell
lines, MTT assays revealed that complex 1a was more cytotoxic
toward the transformed cell lines compared to the non-
transformed ones, and no similar dependence was observed for
its galactose counterpart complex 1b (Table 4).
Hexokinase Assays. In the first step of glucose
metabolism, hexokinase catalyzes the transfer of a phosphate
group from ATP to the hydroxyl group at the C6 position of
glucose. This phosphorylation assists in trapping of glucose for
further cellular manipulations. To examine the possible
interaction of our iridium(IlI) glucose complexes with
hexokinase, in vitro assays m1m1ck1ng the phosphorylation
reaction have been performed. As expected, we did not

Scheme 2. Schematic Representation of Cellular
Internalization of Luminescent Glucose Derivatives toward
Transformed and Nontransformed Cells

Nontransformed Cells

Table 4. Cellular Uptake and ICy, Values of the Iridium(IIT)
Complexes toward Different Cell Lines

amount of complex” (fmol) ICs,” (uM)
cell line la 1b la 1b
HelLa 3.76 + 0.21 0.90 + 0.02 1.40 + 0.07 5.87 £ 1.81
MCE-7 249 + 0.12 1.43 + 0.01 3.55 + 0.61 3.76 + 1.06
HEK293T 0.39 + 0.03 0.77 + 0.1S 6.12 + 1.28 3.20 +£ 0.28
NIH/3T3 1.11 + 0.11 1.51 + 0.12 104 + 0.48 7.58 + 0.35

] = (50 uM), incubation in glucose-free DMEM at 37 °C for
5 min. “Incubation in high glucose DMEM for 48 h.

observe any phosphorylatlon of the galactose complexes 1b—4b
from the ESI-MS analyses.>* Similarly, the glucose complexes
la—4a did not show phosphorylation either under the same
experimental condltlons With reference to similar findings in
related systems,®' ¥ it is likely that the extremely rigid structure
requirement of the enzyme for its substrates hindered binding
and phosphorylation of the glucose complexes.*®

Effects of Insulin. After confirming the GLUT-mediated
uptake of the glucose complex la, we have examined the
possibility of using this complex as a glucose uptake indicator
for cells in response to different hormonal and metabolic
stimulation and inhibition (Scheme 3). Insulin not only

Scheme 3. Schematic Representation of Cellular
Internalization of Luminescent Glucose Derivatives upon
Hormonal Stimulation and Inhibition

Hormonal Inhibition

/ @ Inhibitor

Hormonal Stimulation

rerant
ceease

enhances glucose transport and increases glycolytic enzyme
activity in normal human cells,* but also plays an important
role in the stimulation of glucose uptake in cancer cells. 36437
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The effects of insulin on the cellular uptake of the glucose
complex la have been investigated and compared with the
galactose and sugar-free complexes 1b and 1lc, respectively.
HelLa cells were treated with complex 1a, 1b, or 1c (50 xM, S min)
after preincubation with insulin (100 nM, 1 h) in a glucose-free
medium. Upon stimulation by the hormone, the intracellular
amount of complex la was significantly enhanced by ca. 2.7-fold
(Figure 6). In contrast, the presence of insulin only caused modest

28} , -
24

20

Relative Cellular Uptake
o

0.8

0.4

0.0
Insulin o + + -
Wortmannin =~ - + +

Figure 6. Relative cellular uptake of iridium associated with an average
HeLa cell upon incubation with complexes 1a (orange), 1b (green),
and 1c (blue) (S0 uM) at 37 °C for S min with or without
preincubation with insulin (100 nM) and wortmannin (1 M) for 1 h.
The uptake of complexes la—Ic in the absence of insulin and
wortmannin was set as respective reference points.

to negligible changes to the uptake of complexes 1b and 1c**®
Interestingly, when the cells were pretreated with an insulin-
desensitizer wortmannin (1 uM, 1 h),°** the stimulation effect of
the hormone on the cellular uptake of complex la disappeared.
Also, wortmannin alone did not have any effect on the uptake of
the complex. It is important to note that the galactose and sugar-
free complexes 1b and 1c did not show any significant changes in
their cellular uptake behavior under the same conditions (Figure 6).
Thus, these experiments have established that the GLUT-
dependent cellular uptake of complex la responded to external
hormonal stimulation and inhibition. Next, we were interested in
the possible use of complex la to pursue the insulin-induced
cellular translocation of GLUT4 by laser-scanning confocal
microscopy.™ As shown in Figure 7, complex 1a was efficiently

1a only + Insulin & wortmannin

Figure 7. Laser-scanning confocal images of 3T3-L1 adipocytes upon
incubation with complex 1a (50 M) at 37 °C for S min without
pretreatment (left) and pretreated with insulin (100 nM, 1S min)
(middle), and wortmannin (1 zM, 1 h) followed by insulin (100 nM,
1S min) (right) in a glucose-free medium, respectively.

internalized into the differentiated mouse embryonic adipocytes
(3T3-L1). Interestingly, similar to the case of HeLa cells, the
complex showed an elevated uptake rate toward insulin-stimulated
cells, and the effect was suppressed for the cells that were pretreated
with wortmannin. However, we did not observe any translocation

of the complex from the tubulovesicle membranes in the cytoplasm
to cell surface upon the insulin treatment.

Effects of 17p-Estradiol. The sex hormone 17f-estradiol
(E2) plays an important role in the growth and progression of
estrogen receptors (ER)-positive breast cancer cells.** Binding
of E2 to ER in responsive cells such as MCF-7 cells is known to
lead to growth stimulation, which requires a large amount of
energy to be generated from upregulated glucose metabolism
via glycolysis and the citric acid cycle.*' We have studied the
possible use of the glucose complexes to probe the metabolic
changes of MCF-7 cells pretreated with E2 (30 nM) and/or its
antiestrogenic agent, tamoxifen (Tam) (3 uM), for 72 h. We
found that the amount of the glucose complex 1a taken up by
MCE-7 cells upon pretreatment with E2 was almost doubly
increased while the galactose and sugar-free complexes 1b and
1¢, respectively, did not show any significant differences in their
uptake efficiency (Figure 8). This stimulated metabolic rate and

T T T T T

08

04

Relative Cellular Uptake

0.0

17 #-Estradiol - + + -
Tamoxifen - - + +

Figure 8. Relative cellular uptake of iridium associated with an average
MCF-7 cell upon incubation with complexes 1a (orange), 1b (green),
and 1c (blue) (S0 uM) at 37 °C for S min with or without
preincubation with 17f-estradiol (30 nM) and tamoxifen (3 yM) for
72 h. The uptake of complexes la—1c in the absence of 17f-estradiol
and tamoxifen was set as respective reference points.
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Figure 9. Relative cellular uptake of iridium associated with average
MCEF-7 and MDA-MB-231 cells upon incubation with complexes 1a
(orange), 1b (green), and 1c (blue) (SO uM) at 37 °C for S min with
preincubation with 17f-estradiol (30 nM) for 72 h. The uptake of
complexes la—1c by the two cell lines in the absence of 17f-estradiol
was set as respective reference points.

the subsequent uptake efficiency enhancement of complex 1a
was neutralized when the cells were preincubated with E2 and
Tam simultaneously. In the presence of Tam alone, its
antagonistic effect toward MCF-7 cells reduced the uptake of
complex 1a to ca. 70% (Figure 8). Again, the same treatment
did not induce substantial changes to the uptake of the
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Ay = 405 nm

Figure 10. Laser-scanning confocal microscopy images of HeLa cells
upon incubation successively with MitoTracker Deep Red FM (100 nM,
20 min, 4., = 633 nm) and complex 1a (50 xM, S min, 4., = 405 nm)
(Pearson’s coefficient: 86%) in a glucose-free medium at 37 °C.

galactose and sugar-free complexes 1b and 1c, respectively. To
ensure that the E2-induced enhanced uptake of the glucose
complex 1a in MCF-7 cells is due to the indirect changes of
cellular glycolysis rather than an intrinsic character of the
cancer cells, we have performed similar experiments using the
ER-negative MDA-MB-231 breast cancer cells.** We found that
incubation of the cells with E2 (30 nM, 72 h) prior to the
treatment with complex 1a (50 uM, S min) did not result in
significantly increased intracellular amounts of iridium (Figure 9).
Similarly, the presence of E2 did not lead to any prominent
changes in the uptake of the galactose and sugar-free complexes
1b and 1c, respectively. Thus, the glucose complex la is
responsive to cellular metabolic changes, which can be exploited in
the development of screening methods to study cell metabolism.

Colocalization Studies. The intracellular distribution of
complex la has been investigated by laser-scanning confocal

microscopy. Incubation of HeLa cells with the complex resulted in
effective staining of the cells. The complex was diftusely distributed
in the cytoplasm with punctuate staining (Figure 4, left). The
nucleus gave no emission, indicative of negligible nuclear uptake.
Note that the complex was concentrated in compartments which
appeared to be mitochondria. To examine the organelle-targeting
properties of complex la, we pretreated HeLa cells with
MitoTracker Deep Red FM (100 nM, 20 min, 4, = 633 nm)
before incubation with the complex (50 M, S min, 4, = 40S
nm). The microscopy images showed that the mitochondria were
substantially costained by the fluorescent dye and the complex,
with a Pearson’s colocalization coefficient of 86% (Figure 10).
Phosphorescent cationic and lipophilic transition metal complexes
are commonly observed to stain mitochondria.'®*® On the basis
of our recent proteomic studies of the iridium(IIl) isothiocyanate
complex [Ir(pq),(phen-NCS)]*,'* it is likely that the cytotoxicity
of the complexes in this work originates from their possible
interactions with proteins located at this organelle.
Photostability. Due to the high photobleaching rate of
common organic dyes, their use in time-lapse imaging
experiments or studies requiring prolonged irradiation is
limited.*> One of the advantages of phosphorescent transition
metal complexes as biological probes is their low photo-
bleaching rates. We have compared the photostability of the
glucose complex 1a with the commercially available fluorescent
glucose-uptake indicator 2-(N-(7-nitrobenz-2-oxa-1,3-diazol-4-yl)-
amino)-2-deoxy-p-glucose (2-NBDG).®> Upon laser irradiation
at 488 nm (1S mW), the emission intensity of HeLa cells
treated with 2-NBDG (100 #M, S min) was reduced much more

0s 30s 60 s

120 s

Figure 11. Laser-scanning confocal microscopy images of HeLa cells upon incubation with complex 1a (50 4M, S min) (top row) and 2-NBDG
(100 M, S min) (middle row), and HepG2 cells upon incubation with complex 1a (SO M, S min) (bottom row), respectively, in a glucose-free
medium at 37 °C under continuous exposure to laser excitation (4., = 488 nm, power = 15 mW).
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Figure 12. Changes of emission intensity of HeLa cells treated with
complex la (green) and 2-NBDG (blue) and HepG2 cells treated with
complex 1a (red) under continuous exposure to 488 nm (15 mW)
laser excitation. The emission intensity was collected from the regions
of interest shown in Figure 11, subtracted from the background
fluorescence and expressed as a ratio to the initial emission intensity.

substantially compared to complex 1a (S0 M, S min) (Figure 11).
The emission intensity of 2-NBDG decreased to ca. 20% of its
initial value upon continuous irradiation for 120 s. However, the
emission intensity of complex 1a was only reduced to ca. 70% of its
initial value under the same conditions (Figure 12). A similar
experiment was performed on the human hepatocellular carcinoma
(HepG2). Again, prolonged irradiation only induced a ca. 20% drop
of the emission intensity of complex 1a (Figures 11 and 12). Thus,
the high photostability indicates that the iridium(IlI) glucose
complexes are excellent candidates for time-lapse cellular imaging
applications.

B CONCLUSIONS

In this work, a series of phosphorescent cyclometalated iridium(11I)
bipyridine glucose and galactose complexes has been synthesized,
and their photophysical characteristics, lipophilicity, and cellular
uptake properties have been investigated. A range of cellular
experiments indicated that the uptake of the bt—glucose complex
la is mediated by GLUTSs. The most important observation is the
inhibition of uptake by D-glucose and 2-deoxy-p-glucose but not by
L-glucose. Cell line dependence as well as cellular stimulation and
inhibition experiments involving insulin and E2 indicated that
complex la potentially functions as a phosphorescent glucose
uptake indicator that is also responsive toward hormonal and
metabolic stimulation and inhibition to the cells. Although
hexokinase assays did not reveal any phosphorylation of complex
1a, confocal microscopy indicated that the complex is localized in
the mitochondria, which is a result of its cationic and lipophilic
nature. Additionally, prolonged irradiation of the complex showed
that its photostability is much higher than that of the fluorescent
organic compound 2-NBDG. It is conceivable that this class of
iridium(I1I) bipyridine glucose complexes will offer new insight in
the development of phosphorescent glucose uptake indicators and
screening methods to study cell metabolism. Related studies on
phosphorescent inorganic and organometallic transition metal sugar
conjugates are underway.
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