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a b s t r a c t

Many luminescent transition metal polypyridine complexes display intense and long-lived triplet charge-
transfer and intraligand transition emission with a large Stokes’ shift. These properties render them
ccepted 26 January 2010
vailable online 2 February 2010
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promising candidates as luminescent probes for ions, DNA, peptides, proteins and other biological enti-
ties. In this review article, we have summarised recent reports on ion, molecular and biological probes
derived from luminescent rhenium(I) and iridium(III) polypyridine complexes. These complexes have
been appended with different recognition moieties that interact with ions and biological molecules. The
recognition is reflected by a ch
use of these complexes as cellu

Abbreviations: bpy, 2,2′-bipyridine; BSA, bovine serum albumin; �-CD, �-cyc
pp[5], 1,5-bis(4-pyridyl)pentane; dppn, benzo[i]dipyrido[3,2-a:2′ ,3′-c]phenazine; dppz
-n-butylamidodipyrido[3,2-f:2′ ,3′-h]quinoxaline; DSPC, 1,2-distearoyl-sn-glycero-3-ph
ifluorophenylpyridinato-N,C2)picolinatoiridium; FRET, fluorescence resonance-energy
SA, human serum albumin; HBpq, 2-(4-(dimesitylboryl)phenyl)quinoline; Hbsb, 2
-phenylbenzothiazole; Hbtth, 2-(2-thienyl)benzothiazole; Hbzq, 7,8-benzoquinolin
pba, 4-(2-pyridyl)benzaldehyde; Hppy, 2-phenylpyridine; Hppz, 1-phenylpyrazo
etal-centred; MeA, adamantanemethyl; mCP, N,N′-dicarbazolyl-3,5-benzene; MLCT, m

imethyl-2-thiazolyl)-2,5-diphenyltetrazolium bromide; PBS, phosphate buffered sali
hi, phenanthrene-9,10-diimine; PMC, N-(2-pyridinylmethylene)-2,3,5,6,8,9,11,12-o
y-az, 1-(4-pyridinylformyl)aza-15-crown-5; py-biotin-NCS, 3-isothiocyanato-5-((2-(b
-((2-(biotinamido)ethyl)aminocarbonyl)pyridine; py-C6-est, 4-(N-(6-(4-(17�-ethynyle
ydroxy-3-(2,2′-dipicolylaminomethyl)phenyl)ethylthioureidyl)pyridine; py-TU-Et, 3-(
nergy transfer; r-SAv, recombinant streptavidin; SAv, streptavidin; SCE, saturated c
ime-dependent density functional theory; tpm, tris(1-pyrazolyl)methane; tpy, 2,2′:6′ ,2′′

∗ Corresponding author. Tel.: +852 2788 7231; fax: +852 2788 7406.
E-mail address: bhkenlo@cityu.edu.hk (K.K.-W. Lo).

010-8545/$ – see front matter © 2010 Elsevier B.V. All rights reserved.
oi:10.1016/j.ccr.2010.01.014
ange of spectroscopic and/or photophysical properties of the probes. The

lar probes and imaging reagents has also been discussed.

© 2010 Elsevier B.V. All rights reserved.

lodextrin; CM, coumarin; CT, charge-transfer; DPB, 4,4′-dipyridylbutadiyne;
, dipyrido[3,2-a:2′ ,3′-c]phenazine; dpq, dipyrido[3,2-f:2′ ,3′-h]quinoxaline; dpqa,
osphocholine; en, ethylenediamine; ER�, estrogen receptor �; FIrpic, bis(4,6-
transfer; HABA, 4′-hydroxyazobenzene-2-carboxylic acid; Hacac, acetylacetone;
-((1,1′-biphenyl)-4-yl)benzothiazole; Hbsn, 2-(1-naphthyl)benzothiazole; Hbt,

e; Hmppy, 2-(4-methylphenyl)pyridine; Hmppz, 3-methyl-1-phenylpyrazole;
le; Hpq, 2-phenylquinoline; IgG, immunoglobulin G; IL, intraligand; MC,
etal-to-ligand charge-transfer; MPO, 2-mercaptopyridine-N-oxide; MTT, 3-(4,5-

ne; PE, dipalmitoyl-l-�-phosphatidylethanolamine; phen, 1,10-phenanthroline;
ctahydro-1,4,7,10,13-benzopentaoxacyclononadecan-16-ylamine; py, pyridine;
iotinamido)ethyl)aminocarbonyl)pyridine; py-biotin-TU-Et, 3-ethylthioureidyl-
stradiolyl)benzoylamino)hexanoyl)aminomethyl)pyridine; py-TU-DPAT, 3-(2-(4-
ethylthioureidyl)pyridine; quqo, 2-(quinolin-2-yl)quinoxaline; RET, resonance-
alomel electrode; TBAH, tetra-n-butylammonium hexafluorophosphate; TDDFT,
-terpyridine; ttpy, 4′-tolyl-2,2′:6′ ,2′′-terpyridine; TU, thiourea.

http://www.sciencedirect.com/science/journal/00108545
http://www.elsevier.com/locate/ccr
mailto:bhkenlo@cityu.edu.hk
dx.doi.org/10.1016/j.ccr.2010.01.014
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. Introduction

The spectroscopic, photophysical and photochemical proper-
ies of rhenium(I) polypyridine complexes have been attracting

uch interest for more than 30 years [1–6]. Rhenium(I) polypyri-
ine complexes, [Re(N∧N)(CO)3(L)] (L = monodentate ligands such
s halide, pyridines, phosphines and alkyls), exhibit long-lived and
ntense emission at room temperature upon photoexcitation. The
mission energies of these complexes depend heavily on the �*
rbital of the polypyridine ligand, and the emission lifetimes and
uantum yields are also very sensitive to the solvent polarity. Based
n the photophysical data, the excited state of these complexes
as been ascribed to 3MLCT (d�(Re) → �*(N∧N)) in nature. In some
ases, however, the emissive state is 3IL (� → �*(N∧N)) in char-
cter [7]. The relative dominance of MLCT and IL emission can be
ontrolled by the energetic separation of the 3MLCT and 3IL states,
hich can be manipulated by changing the polypyridine ligands or

emperature. Since the first report on the luminescence properties
f rhenium(I) polypyridine systems [1], the environment-sensitive
mission, photoinduced electron-transfer and photocatalytic prop-
rties of these complexes have been extensively studied. One of the
mportant characteristics of luminescent rhenium(I) polypyridine
omplexes is that their emission maxima exhibit blue shifts in rigid
edia [2]. The emission energies, quantum yields and lifetimes

f the complexes decrease with increasing polarity of solvents
1–7]. This highly environment-sensitive luminescence behaviour
enders this class of complexes useful biological probes. Func-
ionalisation of these luminescent complexes as cellular-staining
eagents has been studied owing to their intense and long-lived
mission, high cellular uptake efficiency, and their stability in aque-
us condition.

The luminescence properties of iridium(III) polypyridine com-
lexes have been attracting much attention since the emissive
haracteristics of the complex cis-[Ir(bpy)2Cl2]+ were studied
8]. The two emission bands of this complex are assigned
o excited states of 3MC (d�(Ir) → d�*(Ir)) and mixed 3MLCT
d�(Ir) → �*(bpy)) and 3IL (� → �*)(bpy) character. The dichloro-
ridged iridium(III) dimer [Ir2(N∧C)4Cl2] reacts with various

igands to form strongly emitting complexes. For example, a
umber of cyclometallated iridium(III) polypyridine complexes
f the formula [Ir(N∧C)2(N∧N)]+ exhibit intense and long-lived
MLCT (d�(Ir) → �*(N∧N or N∧C)) and/or 3IL (� → �*(N∧N or
∧C)) emission in the visible region [9,10], which enables them

o function as luminescent sensors for a range of ions and
olecules.
In this review, we have described the design of luminescent

henium(I) and iridium(III) polypyridine complexes as probes for
ons, small molecules and biomolecules such as DNA and proteins.
mphasis has been put on the structures, spectroscopic prop-
rties, emission properties and molecular binding properties of
he complexes. Additionally, we have summarised recent stud-
es of the cellular uptake characteristics and cytotoxicity of these
omplexes.

. Rhenium(I) complexes

.1. Ion and small molecule probes
Rhenium(I) polypyridine complexes functionalised with a
rown pendant [Re(PMC)(CO)3Cl] (1) and [Re(phen)(CO)3(py-az)]+

2) have been synthesised [11]. Addition of alkali metal or alkaline
arth metal ions to a methanolic solution of complex 1 results in
y Reviews 254 (2010) 2603–2622

a blue shift of the 1MLCT/1IL admixture absorption band from 410
to 375 nm. This shift is ascribed to the binding of the cations to
the crown ether cavity since similar effect is not observed for the
crown-free complex. Among the cations studied, sodium ion gives
the largest stability constant, with a log K value of 2.55. In the case
of potassium ion, two adducts with binding stoichiometries (K+:Re)
of 1:2 and 1:1 are formed. Upon photoexcitation, all the complexes
exhibit intense and long-lived yellow-green to orange-red 3MLCT
emission. Addition of ions results in changes of the emission prop-
erties of the crown ether complexes, rendering them sensitive ion
sensors.

Sullivan and co-worker developed luminescent rhenium(I)
5-substituted-1,10-phenanthroline complex [Re(phen-5-aza-18-
crown-6)(CO)3Cl] (3) [12]. The addition of an amino substituent to
the phenanthroline ligand allows the complex to function as a lumi-
nescent metal ion sensor. Treatment of the complex with Pb(OAc)2
in MeOH under moderate 15-fold excess conditions leads to a ca.
20-nm red shift and a 2.7-fold increase in emission intensity. A sim-
ilar reaction with Ba(OAc)2 under 50-fold excess conditions leads
to a 10-nm red shift and only a 25% increase in emission intensity.
Lees and co-worker reported a luminescent dinuclear
rhenium(I) polypyridine complex [{Re(tBu2-bpy)(CO)3}2{(py-
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nitro-substituted aromatic compounds. In THF, the emission
of both complexes is effectively quenched by these com-
pounds with quenching rate constants ranging from 4.94 × 108 to
9.12 × 109 M−1 s−1. The emission bands of both complexes in solid
K.K.-W. Lo et al. / Coordination Ch

HCO)2py}]2+ (4) [13]. In degassed CH2Cl2, the complex exhibits
ntense absorption bands in the near UV to visible spectral
egion (�max = 254–380 nm) and a very strong emission band at
36 nm (˚em = 0.37, �o = 0.48 �s) upon excitation. Addition of
alides or inorganic polyatomic anions into a CH2Cl2 solution
f the complex results in emission quenching with a concomi-
ant red shift of the emission wavelength from 536 to 546 nm.
he binding stoichiometry is 1:1. This complex shows strong
inding affinity towards halide, cyanide and acetate ions, but
nly moderate binding towards dihydrogen phosphate and
ery weak binding strengths to nitrate and perchlorate ions.
mportantly, the sensitivity of the complex is so high that
he emission intensity is effectively quenched by as much as
0% even in the presence of only 10−8 M cyanide or fluoride

on.

Rhenium(I) bipyridine complexes appended with a fluorescent
oumarin unit via an oligoether spacer, [Re(bpy)(CO)3(py-On-
M)]+ (n = 3–6) (5) and [Re(bpy-CM)(CO)3(py)]+ (6), have been
ynthesised and characterised by Yam and co-workers [14]. These
omplexes exhibit strong yellow luminescence upon excitation in
H3CN at room temperature. In addition to the intense 3MLCT
mission band at ca. 570 nm, the complexes also exhibit a weaker
mission band at ca. 420 nm, which is assigned to the fluorescence
f coumarin. The relatively weak coumarin emission is attributed
o FRET from this organic unit to the rhenium bipyridine moi-
ty. This energy transfer efficiency can be perturbed upon addition
f selected metal ions; for example, the presence of Mg2+ ion in
CH3CN solution of [Re(bpy)(CO)3(py-O5-CM)]+ leads to a large

ncrease in the coumarin donor fluorescence intensity at ca. 422 nm,
nd a drop in the emission intensity of the rhenium(I) polypyridine
nit at ca. 570 nm. Similar changes are also observed in the case
f Ca2+ and Pb2+ ions, except that the emission spectral changes
re not as large as that of Mg2+ ion. It is likely that the binding
f the smaller metal ion results in the conformational changes of
he molecule, which in turn increases the donor–acceptor sepa-
ation and hence reduces the FRET efficiency. Interestingly, upon
ddition of Ba2+ ion, the emission intensities of both the donor and
he acceptor are slightly increased. This unexpected observation
riginates from rigidification of the molecule upon the ion-binding
vent.
y Reviews 254 (2010) 2603–2622 2605

Beer and co-workers prepared a series of novel rhenium(I)
bipyridine complexes such as (7) that contains both a crown ether
pendant and an amide unit [15]. The photophysical and ion-pair-
binding properties have been examined. Emission titrations show
that the emission intensities of the complexes are enhanced and the
emission bands are blue-shifted in the presence of tetrabutylam-
monium acetate or chloride. The emission enhancement is ascribed
to the increase of rigidity of the complexes, which inhibits colli-
sional deactivation, upon ion binding. The binding constants (log K)
of the complexes for these two ions are 4.00–5.04. Interestingly, in
the presence of K+, these values increase to 4.18 and 5.89, respec-
tively, implying that the presence of bound potassium ion has a
positive cooperative effect on the anion-binding properties of the
complexes.

Sun and Lees isolated a series of self-assembled macro-
cyclic compounds featuring [Re(CO)3X] (X = Cl or Br) as corners
and linear bipyridine bridging ligands [16]. The photophysical
properties of the complexes have been investigated. Both the
square [Re(�-DPB)(CO)3Cl]4 (8a) and the corner [Re(DPB)2(CO)3Br]
(8b) complexes show excellent sensing properties towards
films occur at higher energy compared to those in solution. While
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he solid film of [Re(�-DPB)(CO)3Cl]4 displays significant emission
uenching after exposure to 2,3-dinitrotoluene vapour for 180 s,
Re(DPB)2(CO)3Br] does not give a similar observation. The quench-
ng effect occurring in the film of [Re(�-DPB)(CO)3Cl]4 is apparently
ue to its porosity, which provides cavities for binding the quencher
olecules.

.2. DNA probes

Schanze and Yam studied, respectively, the luminescence prop-
rties of the complexes, [Re(N∧N)(CO)3(L)]+ (N∧N = dppz, dppn;
= py, py-4-Me) (9) with an extended planar diimine ligand

17–19]. Luminescence and transient absorption spectroscopy
3
hows that the dppz complexes exhibit a IL (� → �*) (dppz)

missive state. However, the emission of the dppn complexes pos-
esses substantial 3MLCT (d�(Re) → �*(dppn)) character. These
omplexes bind to double-stranded calf thymus DNA and syn-
hetic oligonucleotides by intercalation, as revealed by absorption
y Reviews 254 (2010) 2603–2622

and emission titrations. Upon irradiation, the complexes cleave
the DNA plasmid pBR322 efficiently. While the excited com-
plex [Re(dppz)(CO)3(py)]+* oxidises the DNA molecule directly
due to its strong oxidising properties, the dppn complex
[Re(dppn)(CO)3(py)]+ reacts with oxygen upon photoexcitation,
resulting in the production of superoxide and hydroxyl radicals that
cause DNA strand scissions.

Thomas and co-workers developed DNA probes using dinu-
clear rhenium(I) dppz complexes such as [{Re(dppz)(CO)3}2(py-
CH2CH2-py)]2+ (10) [20]. Unlike their monomeric analogues, these
dinuclear complexes are non-emissive in organic solvents and
aqueous solutions. Absorption titrations reveal two-stage binding
for the two dppz moieties. However, the tether is insufficiently
long for both rhenium-dppz units to intercalate into the same
duplex. Thus, it is proposed that the complex initially functions
as a mono-intercalating probe and the second rhenium-dppz
may be free to interact with other DNA duplexes (interstrand
binding). In another study, a related heterobimetallic complex
[Ru(tpm)(dppz)(�-dpp[5])(CO)3Re(dppz)]3+ (11) has been isolated
which possesses both DNA-light switch and photocleavage prop-
but becomes brightly emissive in the presence of DNA. The DNA-
binding affinity Kb of the complex is estimated to be 6 × 105 M−1.
The complex is capable of causing cleavage of DNA upon photoex-
citation.
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.3. Protein probes

The protein-binding properties of luminescent rhenium(I)
olypyridine wires, [Re(4,7-Me2-phen)(CO)3(imidazole-L)]+ (L is a
erfluorinated biphenyl bridge containing an imidazole (12a) or a
uorine atom (12b)) have been studied by Gray and co-workers
22]. Both complexes are luminescent (�em = 560 nm, ˚em = 0.055

n phosphate buffer) upon excitation. They bind in the active site
f the murine iNOSoxy truncation mutants �114 and form com-
lexes with it. Binding of complex 12a shifts the �114 haem Soret
and from 422 to 426 nm, demonstrating that the terminal imida-
ole ligates the haem iron. The emission of this complex is strongly
y Reviews 254 (2010) 2603–2622 2607

quenched in the presence of �114, making it a sensitive probe for
the enzyme. Emission measurements establish that the dissociation
constant for 12a:�114 is 100 ± 80 nM. Upon addition of complex
12b to �114 murine iNOSoxy, the Soret band displays a blue shift
and a shoulder appears at ca. 540 nm. This complex binds to �114
with a dissociation constant Kd of 5 ± 2 �M, causing partial dis-
placement of water from the haem iron. The findings that both
complexes bind in the NOS active site are expected to lead to novel
designs of NOS inhibitors.

Lakowicz and co-workers reported the photophysical prop-
erties of a rhenium(I) polypyridine complex [Re(Me2-Ph2-
phen)(CO)3(py-4-COOH)]+ (13) [23]. The complex shows high
emission quantum yield (>0.5) and long emission lifetime
(0.3 − 10 �s) in fluid solutions at room temperature. The emission
of the complex depends strongly on the polarity of solvents. This
complex is activated by NHS and coupled to various biomolecules
including HSA, IgG and PE. The conjugates exhibit intense and
long-lived emission at ca. 550 nm (�o = ca. 4.1–2.8 �s). In a mixture
of glycerol and water (6:4, v/v) at −55 ◦C, the highest values for
the initial anisotropy of these conjugates are 0.23, 0.17 and 0.14,
respectively. Upon binding to polyclonal anti-HSA, the labelled
HSA molecules display a change of the rotational correlation time,
resulting in a substantial change in anisotropy. When bound to a
protein or lipid, the decay time is ca. 3 �s and the quantum yield
is ca. 0.12 in oxygenated aqueous solution at room temperature.
These unique photophysical properties and the conjugatability
render the complex a potential biomolecular probe. Another rhe-
nium(I) phenanthroline complex equipped with an iodoacetamide
moiety [Re(phen-NHCOCH2I)(CO)3Cl] (14) has also been conju-
gated to HSA to give a luminescent conjugate which displays a
lifetime of ca. 1 �s [24].
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Lo et al. reported a series of luminescent rhenium(I) polypyri-
ine isothiocyanate [Re(N∧N)(CO)3(py-3-NCS)]+ (15) [25] and
aleimide [Re(N∧N)(CO)3(py-3-mal)]+ (16) [26] complexes. These

omplexes have been used as luminescent biological labels;
or example, the phenanthroline complex [Re(phen)(CO)3(py-3-

al)]+ has been conjugated to a cysteine-containing peptide,
lutathione (�-Glu-Cys-Gly) and the proteins BSA and HSA. Upon
hotoexcitation, the bioconjugates display intense and long-lived
ellow 3MLCT (d�(Re) → �*(phen)) emission in buffer solutions.
hile the labelled glutathione exhibits a single-exponential decay,

oth labelled serum albumin conjugates show double-exponential
ecays with lifetime components of ca. 1.1 and 0.2 �s. The emission
uenching of the glutathione conjugate by oxygen is more effective
han that of the labelled serum albumins. It is likely that the labels
oupled to the proteins are located in a much more hydrophobic
nvironment. Thus, a lower exposure to the solvent surroundings
an account for the less efficient oxygen quenching. The long emis-
ion lifetimes of these bioconjugates indicate that these rhenium(I)
aleimide labels are promising candidates for time-resolved appli-

ations.
y Reviews 254 (2010) 2603–2622

The biotin–avidin system has been widely exploited as a power-
ful tool in bioanalytical applications [27]. Since fluorescent probes
play a dominant role in bioanalytical assays, organic fluorophores
have been equipped with a biotin moiety [28]. The majority of
these compounds suffer from self-quenching upon binding to
avidin. The quenching appears to be RET in nature, which is
caused by the small Stokes’ shifts. Luminescent transition metal
complexes have been used as markers or affinity labels in view
of their characteristic photophysical properties, in particular, the
large Stokes’ shifts due to the phosphorescence nature of their
emission. The insignificant overlap integrals prevent them from
self-quenching when the complexes bind to avidin. The inter-
esting emissive behaviour of rhenium(I) polypyridine complexes
promotes the design of new luminescent rhenium(I) polypyridine
complexes containing a biotin moiety as new probes for avidin. Lo
et al. synthesised a family of luminescent rhenium(I) polypyridine
biotin complexes [Re(N∧N)(CO)3(py-spacer-biotin)]+ (17) [29–32].
Upon irradiation, the complexes display orange to green triplet
MLCT (d�(Re) → �*(N∧N)) emission in fluid solutions at 298 K. All
the rhenium(I) biotin complexes bind to avidin with the same
stoichiometry as unmodified biotin ([Re]:[avidin] = 4:1), which is
confirmed by the HABA assay. Remarkably, all the complexes dis-
play enhanced emission intensities and extended lifetimes upon
binding to avidin. At [Re]:[avidin] = 4:1, the emission intensities
of this class of complexes are enhanced by ca. 3.0- to 1.2-fold
and the emission lifetimes are extended by ca. 2.4- to 1.3-fold.
The first dissociation constants, Kd, range from ca. 5.5 × 10−11 to
3.4 × 10−9 M, which are about 4–6 orders of magnitude larger than
that of the native biotin-avidin system (Kd = ca. 10−15 M). Using a
water-soluble negatively charged polypeptide (poly(d-Glu:d-Lys),
6:4) modified with the non-fluorescent energy-acceptor dye QSY-
7 NHS ester as the quencher, the emission enhancement factor for
one of the complexes increases from ca. 1.5 to 4.0 upon binding to
avidin.

The important physiological properties of indole and its
derivatives have been the subject of many biochemical studies.

Various approaches have been used to study the substrate-binding
properties of indole receptors; for example, radioactive indole
derivatives and indole-biotin conjugates have been synthesised
and shown to have interesting protein-binding properties. Lo et
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l. designed a series of luminescent rhenium(I) polypyridine indole
omplexes [Re(N∧N)(CO)3(py-spacer-indole)]+ (18) as probes for
ndole-binding proteins [33,34]. Upon visible-light irradiation, the
omplexes exhibit 3MLCT (d�(Re) → �*(N∧N)) emission. Interest-
ngly, the rhenium(I) indole complexes show much lower emission
uantum yields and shorter emission lifetimes than those of their

ndole-free counterparts due to self-quenching. Since the excited
omplexes are very oxidising, (E◦[Re+*/0] = ca. +1.25 to +1.49 V
s. SCE), reductive quenching of the excited complexes by the
ppended indole (E◦[indole+/0] < +1.06 V vs. SCE) is favoured by a
riving force of >0.2–0.4 eV. From this, it can be concluded that
he self-quenching of the indole complexes is electron-transfer
n nature. The emission intensities of the indole complexes are
nhanced in the presence of an indole-binding protein BSA (bind-
ng constants are in the order of 104 M−1). Additionally, the
henium(I) indole complexes inhibit the indole-binding enzyme
ryptophanase. In a related study, luminescent rhenium(I) dpq
nd dpqa indole complexes [Re(N∧N)(CO)3(py-spacer-indole)]+

N∧N = dpq, dpqa) (19) are synthesised and characterised [35]. The
mide moiety of the dpqa ligand effectively suppresses the emis-
ion intensity of the free complexes in aqueous solutions. Thus,
he complexes display large BSA-induced emission enhancement
actors (ca. 8.0–13.4) (Fig. 1).
ig. 1. Time-resolved emission spectra of complex [Re(dpqa)(CO)3(py-spacer-
ndole)]+ (0.22 mM) in the absence (dashed line) and presence (solid line) of BSA
1 mM) in 50 mM potassium phosphate buffer at pH 7.2/MeOH (95:5, v/v) at 298 K.
y Reviews 254 (2010) 2603–2622 2609
Estradiol is the most potent natural estrogen responsible for
the development and maintenance of the secondary sexual char-
acteristics and functions of the reproductive system in females.
The physiological effects of estradiol are triggered by its binding to
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strogen receptors. Owing to the important roles of both estradiol
nd its receptor on female physiology, the design of new biolog-
cal probes for estradiol-binding proteins has been focused. Lo et
l. reported a class of rhenium(I) polypyridine estradiol complexes
Re(N∧N)(CO)3(py-spacer-estradiol)]+ (20) that exhibit intense and
ong-lived 3MLCT (d�(Re) → �*(N∧N)) emission upon irradiation
36]. In the presence of ER�, the emission intensities of the py-C6-
st complexes are enhanced (ca. 5.1- to 6.1-fold) and the emission
axima are blue-shifted, suggestive of increased hydrophobicity

nd rigidity of the local environments of the complexes. The binding
onstants of these complexes to ER� are estimated to be in the order
f 107 M−1, which are two orders of magnitude smaller than that of
nmodified estradiol (Ka = 5 × 109 M−1). The lower binding affinity

s a result of the bulkiness of rhenium(I) polypyridine moieties.

.4. Cellular probes

Coogan and co-workers designed lipophilic and hydrophilic
henium(I) polypyridine complexes [Re(N∧N)(CO)3(py-3-R)]+

N∧N = bpy, phen{C6H4-SO3
−}2; R = CH2OH, H) (21) [37]. The bpy

omplexes contain aliphatic chains of different lengths, which
ender the complexes more lipophilic. All the complexes show
ypical 3MLCT emission at ca. 555 nm in CH3CN and at ca. 565 nm
n water. In order to test the viability of these complexes as
uorophores in cell microscopy, their ability to act as microscopy
tains is tested in Spironucleus vortens, a parasitic flagellate which
s found in many species of fish [38]. Upon incubation for 2 h, the
omplexes are uptaken by the cells as revealed in the confocal
mages (�ex = 405 nm). The highly lipophilic bpy complexes are
oxic at high concentrations, apparently disrupting the membranes
nd leading to cell lysis. The hydrophilic complex [Re(phen{C6H4-
O3}2)(CO)3(py-CH2OH)]−is less cytotoxic and it appears that
ocalisation in digestive vacuoles occurs by phagocytosis. Also, a
elated rhenium(I) complex containing a chloromethylpyridine
igand [Re(bpy)(CO)3(py-3-CH2Cl)]+ (22) has been developed as a

ulfhydryl-specific label. Incubation of the complex with MCF-7
ells results in efficient cellular uptake, as revealed by confocal
icroscopy. The microscopy images suggest localisation of the

omplexes in mitochondria, which is in accordance with the
ationic, lipophilic and thiol-reactive nature of the complex.
y Reviews 254 (2010) 2603–2622

Zubieta and co-workers reported a luminescent rhenium(I)
complex (23) containing a tridentate ligand (quinoline-CH2)2-NR
linked to an N-�-Fmoc-l-lysine unit [39]. Upon photoexcitation, the
complex shows two distant emission maxima at 425 and 580 nm.
The quantum yield of the complex ranges from 0.003 in aerated
CHCl3 to 0.015 in degassed ethylene glycol. The lifetime varies from
4.31 to 9.76 �s depending on the solvents and the amount of oxy-
gen present. The complex can be incorporated into peptides as if
it were a natural amino acid. Using a conventional automated syn-
thesiser, it is integrated within fMLF, a targeting sequence which is
used to guide radionuclides to the formyl peptide receptor (FPR).
The affinity of the complex to the receptor is determined using flow
cytometry (Kd = 27 ± 13 nM). The cellular uptake of rhenium fMLF
bioconjugate is studied using fluorescence microscopy. At low tem-
peratures, the bioconjugate binds to the periphery of the leukocytes
but it is internalised into the cytoplasm of the cells when the sample
is allowed to warm to room temperature. Colocalisation of the bio-
conjugate and a well-established fluorescent FPR probe confirms
that they target the same cell populations.
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Fig. 3. Averaged emission intensities of avidin-modified microspheres (N = 6)
K.K.-W. Lo et al. / Coordination Ch

Lo and co-workers reported the first class of luminescent
iotinylation reagents derived from rhenium(I) polypyridine com-
lexes [Re(N∧N)(CO)3(py-biotin-NCS)]+ (24a) [40]. To investigate
he amine-specific reactivity of the isothiocyanate complexes, they
ave been reacted with a model substrate ethylamine, resulting

n the formation of the thiourea complexes [Re(N∧N)(CO)3(py-
iotin-TU-Et)]+ (24b). The avidin-binding properties of the thiourea
omplexes have been examined by the HABA assay and emission
itrations (I/Io = ca. 1.4–1.5). Additionally, BSA has been biotinylated
ith the isothiocyanate complexes, affording protein conjugates

hat display intense and long-lived orange-yellow to greenish-
ellow emission upon irradiation. The cytotoxicity of the thiourea
omplexes towards the HeLa cells has been examined by the MTT
ssay. The IC50 values are between ca. 17.5 and 28.5 �M, which are
omparable to that of cisplatin (26.7 �M) under the same exper-
mental conditions. The cellular uptake of one of the thiourea
omplexes [Re(Ph2-phen)(CO3)(py-biotin-TU-Et)]+ has been inves-
igated by fluorescence microscopy, and the results show that the
omplex is localised in the perinuclear region (Fig. 2).

Lo and co-workers reported two luminescent rhenium(I)
olypyridine bis-biotin complexes with different spacer-arms
Re(N∧N)(CO)3(py)]+ (25) (N∧N = bpy-CONH-C2-NH-biotin2, bpy-
ONH-C2-NHCO-C6-NH-biotin2) [41]. The biotin pendants are
ttached to the diimine ligand of the complexes, which is involved
n the 3MLCT emissive state. Upon irradiation, the complexes dis-
lay orange to red 3MLCT emission in fluid solutions. HABA assay
eveals that both bis-biotin complexes show an equivalent point

t [Re]:[avidin] ≈ 2.5. The value is <4, suggesting that both biotins
re functional but the binding is not sufficiently strong and/or
oth biotin moieties of the complex are not functional simulta-
eously, possibly due to steric hindrance. The complexes exhibit

ig. 2. Fluorescence and brightfield overlaid microscopy image of HeLa cells incu-
ated with complex [Re(Ph2-phen)(CO)3(py-biotin-TU-Et)]+ (10 �M) at 37 ◦C for
4 h.
upon incubation of zero to four layers of [Re(bpy-CONH-C2-NHCO-C6-NH-
biotin2)(CO)3(py)]+. The results of the control experiments (BSA is used instead of
avidin or when the avidin is presaturated with biotin from the outset) are included.

emission enhancement and lifetime extension in the presence
of avidin. The potential use of the complexes as signal ampli-
fiers for heterogeneous recognition assays is demonstrated using
avidin-coated microspheres and [Re(bpy-CONH-C2-NHCO-C6-NH-
biotin2)(CO)3(py)]+. After immobilisation of four layers of the
complex, the average emission intensity of the microspheres is
about 6.5 times higher than that of that immobilised with only
one layer, indicating that the increased emission intensity results
from the avidin-crosslinking properties of the complex (Fig. 3). The
MTT assay shows that these complexes are basically noncytotoxic
(IC50 values estimated to be >250 �M). The possibility of using these
complexes as imaging reagents for live cells has been investigated
using laser-scanning confocal microscopy. HeLa cells treated with
all the complexes showed localisation in the perinuclear region
with much weaker or no emission from the nuclei, indicative of
negligible nuclear uptake or net exclusion of the complexes from
the nucleus.
In view of sensing capabilities and efficient cellular uptake of
luminescent rhenium(I) polypyridine complexes, functionalisation
of this type of complexes for cellular sensing applications is a
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orange to yellow while the emission colour changes from deep red
to green. These findings are attributed to the formation of a thi-
azinane group by the reaction of the aldehyde group in the ligand
pba with homocysteine. This sensing property is unique towards
homocysteine over other amino acids and thiol-related peptides.
612 K.K.-W. Lo et al. / Coordination Ch

ery interesting area of research. Luminescent rhenium(I) polypyri-
ine complexes [Re(N∧N)(CO)3(py-TU-DPAT)]+ (26a) containing
tyramine-derived 2,2′-dipicolylamine unit and their DPAT-free

ounterparts [Re(N∧N)(CO)3(py-TU-Et)]+ (26b) have been designed
y Lo and co-workers [42]. The DPAT complexes show lower
mission quantum yields and shorter lifetimes compared to their
PAT-free counterparts, suggestive of a self-quenching process in
hich the emission of the rhenium(I) polypyridine unit is quenched

y the DPAT moiety. Additionally, the incorporation of a DPAT
oiety into the rhenium(I) polypyridine complexes results in pH-

ependent emission of these complexes. An example is shown in
ig. 4. In general, at pH <3, the DPAT complexes show relatively
ntense emission. Upon increasing the pH, the emission intensity
ecreases substantially, and at pH >11, the emission is almost com-
letely quenched. This supports the hypothesis that the amine of
he DPAT quenches the emission of the complexes. Upon addi-
ion of zinc(II) or cadmium(II) ions, the DPAT complexes reveal
mission enhancement (I/Io = ca. 1.8–3.9) and lifetime extension
�/�o = ca. 1.4–1.6). Apparently, the coordination of the amine of
he DPAT unit to the metal ions substantially suppresses the self-
uenching of the complexes, leading to the observed emission
nhancement and lifetime extension. The dissociation constants
f the adducts formed from the DPAT complexes and the ions,
re on the order of 10−5 to 10−6 M. The cellular uptake effi-
iency of all the complexes by HeLa cells is determined. ICP-MS
easurements reveal that the cellular uptake of the DPAT com-

lexes is higher than the DPAT-free complexes. The MTT assay
hows that all the complexes are more cytotoxic than cisplatin.
reatment of HeLa cells with the complexes leads to almost full
ytoplasmic staining but negligible localisation in the nucleo-
lasm and nucleoli. The intracellular ion-binding properties of
Re(Ph2-phen)(CO)3(py-TU-DPAT)]+ have been studied. The emis-
ion intensity of an average cell is increased by ca. 2.2- and 1.8-fold
fter treatment with zinc(II) and cadmium(II) ions, respectively
Fig. 5).
Fig. 4. pH titration curve for complex [Re(phen)(CO)3(py-TU-DPAT)]+ in aerated
100 mM KCl(aq)/MeOH (7:3, v/v) at 298 K. The inset shows the emission spectral
traces upon increasing pH.

3. Iridium(III) complexes

3.1. Ion and small molecule probes

Huang and co-workers reported the synthesis and prop-
erties of a series of luminescent iridium(III) imidazo[4,5-
f][1,10]phenanthroline complexes such as (27) [43]. The influences
of proton and anions on the photophysical and electrochemical
properties have been studied. Upon addition of H+, the emis-
sion wavelength is significantly red-shifted and the emission
colour changes from yellow to red. Addition of F−, CH3COO−and
H2PO4

− also causes significant variations in the UV–vis absorp-
tion and emission spectra. The colour of the solutions changes
from greenish-yellow to brown and the emission is quenched com-
pletely.

The same research group designed an iridium(III) complex
[Ir(pba)2(acac)] (28) as a sensor for homocysteine [44]. Upon addi-
tion of homocysteine, the complex shows a colour change from
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ig. 5. Laser-scanning confocal microscopy images of HeLa cells incubated with [Re
hloride/MPO (25 �M) (left), cadmium(II) chloride/MPO (25 �M) (middle) and MPO

Li and co-workers reported a phosphorescent iridium(III) com-
lex [Ir(Bpq)2(bpy)]+ (29) containing bis-mesitylboryl groups [45].
oth the ligand Bpq and the complex are used as highly selective
hemosensors for fluoride. The emission band of the free ligand Bpq
xhibits a red shift upon addition of fluoride ion. This is account for
y the switch of the excited state from 3IL (� → �*) to CT transi-
ion. Addition of fluoride ion induces a colour change of a solution of
omplex 29 from yellow to orange-red and causes substantial emis-
ion quenching. TDDFT calculations show that the complexation of
he mesitylboryl groups with fluoride ion significantly changes the
xcited-state properties of the complex.

Goodall and Williams reported iridium(III) bis-terpyridine com-
lexes (30) with a m- or p-N-methylpyridinium substituent at the
erpyridine 4′-position [46]. Both complexes display long-lived
uminescence in aqueous solution and that of the meta-isomer
s quenched by chloride ion at physiologically relevant concen-
rations. In contrast to typical fluorescent sensors, the emission
ifetimes are on the microsecond timescale. Both the intensity
nd the lifetime are perturbed by chloride ion with good selec-
ivity over many other anions, rendering the complex a potential
ensory system for chloride ion. Additionally, the same group pre-
ared a series of homoleptic iridium(III) bis-terpyridine complexes

ppended with pyridine groups at the 4′-positions of one or both
f the terpyridine ligands and their heteroleptic analogues with
tpy as an ancillary ligand [47]. All the complexes are lumines-
ent in air-equilibrated aqueous solution at room temperature. The
omoleptic complexes display structured emission which resem-
hen)(CO)3(py-TU-DPAT)]+ (5 �M) at 37 ◦C for 1 h followed by incubation of zinc(II)
M) only (right) for 5 min.

bles that of the unsubstituted complex [Ir(tpy)2]3+ (�o = ca. 1 �s).
The heteroleptic analogues give broader and red-shifted emission
spectra, similar to that of [Ir(ttpy)2]3+, indicative of a lower energy
ttpy-based emissive state. A further red shift for the complexes
incorporated with an additional phenyl ring reveals that the emis-
sive state involves the more conjugated phenylpyridyl-appended
ligand in these cases. Both the emission intensity and lifetimes
of the heteroleptic complexes (except the meta-substituted sys-
tem) are reduced upon protonation of the pendent pyridine group.
Interestingly, the behaviour of the meta-phenylpyridyl-substituted
system is different as it shows an increase in emission intensity and
a blue shift in the spectrum upon protonation.

Chi and co-workers reported an iridium(III) complex (31) that
contains an 1-aza-15-crown-5-ether-substituted pyridyl pyrazo-
late as a metal cation probe [48]. The absorption bands at 315
and 375 nm are assigned to 1IL (� → �*) transitions incorporating
pyrazolates → pyridyl types of charge-transfer. The emission band
at 560 nm reveals a drastic oxygen quenching effect, the intensity
of which decreases from 0.22 in degassed CH3CN, to ca. 1.0 × 10−3

upon aeration. Addition of metal ions, including Ca2+, Mg2+, Ba2+

and Na+, leads to a hypsochromic shift of the absorption profile, in
which the appearance of an isosbestic point at ca. 295 nm verifies
a two-species equilibrium. Upon excitation at the isosbestic point,

the phosphorescence is gradually blue-shifted, accompanied by an
increase of the emission intensity. Additionally, the success in the
recognition of Ca2+(aq) in the TLC plate demonstrates its suitability
for the future development of a practical device, such as a metal
ion sensor anchored on cellular membranes.
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Lo et al. isolated a family of luminescent cyclometallated
ridium(III) polypyridine thiourea complexes [Ir(N∧C)2(N∧N)]+

HN∧C = Hppy, Hbzq, Hpq; N∧N = phen-TU-Et, phen-TU-Ph, phen-
U-MeA) (32) [49]. Upon irradiation, the iridium(III) thiourea
omplexes display intense and long-lived luminescence under
mbient conditions and in low-temperature alcohol glass. The
mission is assigned to a 3MLCT (d�(Ir) → �*(N∧C)) excited state.
owever, the pq complexes show very long emission lifetimes and

tructured emission bands, which indicate that the excited state
as substantial 3IL (� → �*(pq)) character. The emission intensities
f all the complexes are reduced upon addition of acetate, fluo-
ide and dihydrogen phosphate ions; an example is illustrated in
ig. 6. The binding stoichiometry is determined to be 1:1 in all cases
nd the log Kb values range from 3.12 to 4.35. The affinity of the
hiourea complexes towards acetate ion is higher than that towards
uoride and dihydrogen phosphate ions, which is attributed to
combined effect of the basicity and molecular geometry of the

nions.
Fig. 6. Emission spectral traces of complex [Ir(pq)2(phen-TU-MeA)]+ (120 �M) in
CH3CN (0.1 M TBAP) upon addition of F−at 298 K. The concentrations of F− were 0,
24, 48, 72, 96 and 120 �M, respectively. Inset: a plot of Io/(Io − Ix) vs. [F−]−1 and the
theoretical fit on the basis of a 1:1 binding stoichiometry.

3.2. DNA probes

Lo et al. designed a series of cyclometallated iridium(III) dipyri-
doquinoxaline and dipyridophenazine complexes [Ir(ppy)2(N∧N)]+

(N∧N = dpq, dpqa, dppz, dppn) (33) as luminescent intercala-
tors for DNA [50]. Upon excitation, these complexes display
intense and long-lived green to orange 3MLCT or 3IL lumines-
cence in aprotic organic solvents at room temperature and in
low-temperature glass. In aqueous solution, these complexes are
weakly or non-emissive due to the possible hydrogen-bonding
interactions between the phenazine nitrogen atoms (and the
amide moiety of the dpqa complexes) and H2O molecules. The
binding of these complexes to double-stranded calf thymus DNA
and synthetic double-stranded oligonucleotides poly(dA)·poly(dT)
and poly(dG)·poly(dC) is investigated by spectroscopic titrations.
Upon addition of double-stranded calf thymus DNA or syn-
thetic double-stranded oligonucleotides, the absorption bands
of the dppz and dppn complexes exhibit hypochromism and
bathochromic shifts, suggesting that the complexes bind to the
double-stranded DNA or oligonucleotides molecules, probably
through a non-covalent intercalative binding mode. The binding
affinities of the dppz and dppn complexes to calf thymus DNA
(K = 2.0 × 104 and 7.8 × 104 M−1, respectively) are comparable to
those to poly(dA)·poly(dT) (K = 2.3 × 104 and 7.6 × 104 M−1, respec-
tively) but higher than those to poly(dG)·poly(dC) (K = 1.0 × 104 and
5.0 × 104 M−1, respectively). These four complexes display emis-
sion enhancement in the presence of double-stranded calf thymus
DNA. The emission intensity of the dpq complex at ca. 591 nm
is enhanced by ca. 33-fold. New emission bands are observed
at around 602 and 606 nm for the proton induced non-emissive
dpqa and dppz complexes, respectively. These changes are ascribed
to the intercalation of the complexes into the base pairs of the

double-stranded DNA molecules, resulting in increased hydropho-
bicity and rigidity of the local surroundings of the complexes
and the protection of the N∧N ligands from interacting with the
H2O molecules. Emission titrations with synthetic double-stranded
oligonucleotides show similar results.



emistr

i
(
b
c
D
p
E
o
c
p
a
c
c
b
p
o
a
m
d
i
t
b
o
e
t
g

ion more difficult. The interactions of the iridium(III) indole com-
plexes with an indole-binding protein, BSA, are studied by emission
titrations. Emission enhancement (2.2- to 12.6-fold) and lifetime
elongation are both observed upon addition of BSA. The Ka values
are on the order of 104 M−1.
K.K.-W. Lo et al. / Coordination Ch

Barton and co-workers synthesised a tris(heteroleptic) irid-
um(III) phenanthrenequinone diimine complex [Ir(bpy)(phen)
phi)]3+ (34) through the stepwise introduction of three different
identate ligands [51]. The �- and �-enantiomers are resolved and
haracterised by CD spectroscopy. The complex binds strongly to
NA by intercalation. Electrochemical studies show that the com-
lex undergoes a reversible one-electron phi-based reduction at
◦ = −0.025 V (vs. Ag/AgCl) in 0.1 M TBAH/DMF. The EPR spectrum
f the electrochemically generated species [Ir(bpy)(phen)(phi)]2+ is
onsistent with a phi-based radical. The electrochemistry of com-
lex 34 is also probed at a DNA-modified electrode, where a binding
ffinity of K = 1.1 × 106 M−1 is measured. In contrast to the free
omplex in solution, the DNA-bound complex undergoes a con-
erted two-electron reduction to form a diradical species. On the
asis of the results from UV–vis and EPR spectroscopy, dispro-
ortionation of electrochemically generated [Ir(bpy)(phen)(phi)]2+

ccurs upon DNA binding. The same group reported cyclomet-
llated iridium(III) dppz complexes [52]. Luminescence and EPR
easurements of the iridium(III) complex with an unmodified

ppz bound to DNA show the formation of a guanine radical upon
rradiation, resulting from an oxidative photoinduced electron-
ransfer process. Cyclopropylamine-substituted nucleosides have
een utilised as ultrafast kinetic traps to report transient charge
ccupancy in oligonucleotides when DNA is irradiated in the pres-
nce of non-covalently bound complexes. These results reveal that
he excited state of the derivatised iridium(III) complexes can trig-
er the oxidation of guanine and the reduction of cytosine.
y Reviews 254 (2010) 2603–2622 2615

3.3. Protein probes

Wong and co-workers synthesised a new luminescent switch-
on probe [Ir(ppy)2(solvent)2]+ (35) for histidine/histidine-rich
proteins and demonstrated its utility in protein staining [53]. The
complex [Ir(ppy)2(CH3CN)2]+ is weakly emissive in PBS. In the pres-
ence of histidine (His), it exhibits an intense emission band at
505 nm, the intensity of which is increased by up to 180-fold and
reaches saturation level at [His]:[Ir] ≥ 4. Similar emission enhance-
ment is also observed in competition experiments involving His
and 10 equivalents of another natural amino acid, indicating the
His-selectivity of this complex. The ESI-MS analysis suggests that
this iridium(III) solvent complex may specifically recognise His
through covalent attachment to the imidazole moiety of His instead
of the carboxylate group of other natural amino acids. In the pres-
ence of BSA, which has a relatively high number of His residues,
this complex displays intense emission at 505 nm, the intensity of
which is increased by up to 800-fold and reaches saturation level
at [BSA]:[Ir] ≥ 100. In addition, the staining of a series of proteins in
SDS-PAGE with the complex is examined and the lowest quantity
of the protein detected after staining is as low as 1.5 ng.

The development of non-covalent probes for proteins com-
monly relies on the substrate-binding sites of protein. A series
of luminescent cyclometallated iridium(III) bipyridine com-
plexes [Ir(N∧C)2(N∧N)]+ (HN∧C = Hppy, Hppz, Hbzq, Hpq, Hbsb;
N∧N = bpy-spacer-estradiol (36) [54], bpy-spacer-indole (37) [55]),
containing an estradiol or an indole moiety, is designed by Lo
and co-workers to probe estrogen receptors and indole-binding
proteins, respectively. Upon photoexcitation, all the complexes
exhibit intense and long-lived greenish-yellow to orange emission
in fluid solutions under ambient conditions and in low-temperature
glass. The emission is assigned to a 3MLCT (d�(Ir) → �*(N∧N))
or 3IL (� → �*(N∧C or N∧N)) excited state. The iridium(III) estra-
diol conjugates show specific binding to ER� (binding constants,
Ka = 1.0 × 107 to 2.1 × 107 M−1) and display emission enhancement
(1.3- to 4.8-fold) and lifetime extension in the presence of this
receptor. When ferricyanide is used as a quencher, the ER�-induced
emission enhancement is much more significant (7.7- to 48.7-fold)
(Fig. 7). This is ascribed to the immobilisation of the complexes by
the protein matrix, which renders the quenching by ferricyanide



2 emistr

enhanced emission intensities and extended emission lifetimes.
Interestingly, the more hydrophobic bsb and bsn complexes
reveal more significant emission enhancement (ca. 8.1- and
5.8-fold, respectively). To maximise the difference in emission
616 K.K.-W. Lo et al. / Coordination Ch
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A series of luminescent cyclometallated iridium(III) polypyri-
dine complexes equipped with a biotin moiety [Ir(N∧C)2(bpy-en-
biotin)]+ (HN∧C = Hppy, Hmppy, Hppz, Hmppz, Hbzq, Hpq) (38) has
been synthesised and characterised [56]. Upon excitation, all the
complexes show intense and long-lived orange to greenish-yellow
luminescence in fluid solutions under ambient conditions and in
low-temperature glass. Emission titrations show that all the com-
plexes display enhanced emission intensities (ca. 1.5- to 3.3-fold)
and extended emission lifetimes (ca. 1.5- to 3.3-fold) upon binding
to avidin, and the dissociation constant Kd are between 2.0 × 10−10

and 2.0 × 10−8 M. Another series of luminescent cyclometallated
iridium(III) arylbenzothiazole biotin complexes [Ir(N∧C)2(bpy-
CONH-C6-NH-biotin)]+ (HN∧C = Hbt, Hbsb, Hbtth, Hbsn) (39) has
been designed [57]. These are typical 3IL (� → �*) (N∧C) emit-
ters, which show intense green to red emission under ambient
conditions. In the presence of avidin, all these complexes display
Fig. 7. Emission spectra of [Ir(N∧C)(bpy-spacer-estradiol)]+ (N∧C = ppy (a), ppz (b),
bzq (c) and pq (d)) in the absence (dashed line) and presence (solid line) of ER�
(375 nM) in potassium phosphate buffer (50 mM, pH 7.4)/methanol (9:1) at 298 K
containing 100 �M [Fe(CN)6]3− .
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ntensities between the free and avidin-bound forms of the com-
lexes, two new luminescent cyclometallated iridium(III) biotin
omplexes [Ir(ppy)2(N∧N)]+ (N∧N = dpq-CONH-C2-NH-biotin and
ppz-CONH-C2-NH-biotin) (40) containing the dipyridoquinox-
line and dipyridophenazine ligands are designed [50]. Upon
xcitation, these complexes display long-lived green to orange
uminescence in nonpolar organic solvents, but both are non-
missive in aqueous buffer. However, addition of avidin leads to
he appearance of a new emission band with peak maximum at
90 nm and a shoulder at around 520 nm. The new emission band

s ascribed to a 3IL (� → �*) (N∧N) excited state. At a ratio of
Ir]:[avidin] = 4, the emission intensities of the iridium(III) dpq and
ppz biotin complexes at 490 nm are increased by ca. 31- and 8-
old, respectively. The Kd values are determined to be 2.0 × 10−7

nd 8.2 × 10−7 M, respectively.
y Reviews 254 (2010) 2603–2622 2617

To make use of the four biotin-binding sites of avidin and to
amplify the detecting signal of the system, multi-biotin reagents
are designed to crosslink labelled avidin. Wilbur et al. synthe-
sised a number of biotin dimers and trimers [58,59]. The ability
of these compounds in polymerisation and crosslinking of r-SAv is
investigated by size-exclusion chromatography and heterogeneous
assays. Biotin trimers show higher potential to crosslink r-SAv
than biotin dimers. Lo and Lau reported a series of luminescent
cyclometallated iridium(III) polypyridine bis-biotin complexes
[Ir(N∧C)2(N∧N)]+ (HN∧C = Hppy-4-CH2-NH-C2-NH-biotin, Hppy-
4-CH2-NH-C6-NH-biotin; N∧N = Me4-phen, Ph2-phen) (41) [60].
Each complex contains two biotin units with two different
spacer-arms between the iridium(III) centre and the biotin moi-
ety. All the complexes display intense and long-lived 3MLCT
(d�(Ir) → �*(N∧N)) emission upon excitation. The interactions of
the complexes with avidin are studied by the HABA assay and
emission titrations. The occurrence of the equivalence points
at [Ir]:[avidin] = 2 indicates that the two biotin moieties of the
same complex can bind to avidin (Kd = 7.5 × 10−9 to 1.8 × 10−8 M).
Also, emission enhancement (1.2- to 2.3-fold) is observed when
avidin is added to the complexes. The possibility of these lumi-
nescent complexes as cross-linkers for avidin is examined by
RET-based emission quenching experiments, microscopy stud-
ies using avidin-conjugated microspheres and HPLC analysis.
The results show that avidin-dimers and -trimers are formed
and the avidin-crosslinking properties of complexes depend on
the distance between the two biotin moieties in each com-
plex and the direction constraint exerted by the [Ir(N∧C)2] unit.
In another study, three bis-biotin complexes [Ir(N∧C)2(N∧N)]+

(HN∧C = Hppy-4-CH2-NH-C6-NH-biotin, N∧N = bpy; HN∧C = Hppy,
N∧N = bpy-CONH-C2-NH-biotin2; HN∧C = Hppy, N∧N = bpy-CONH-
C2-NHCO-C6-NH-biotin2) and one tris-biotin complex [Ir(ppy-
4-CH2-NH-C6-NH-biotin)2(bpy-CONH-C6-NH-biotin)]+ and their
biotin-free counterpart [Ir(ppy)2(bpy-C4)]+ (42) are reported
[61]. All the complexes display intense and long-lived orange-
yellow to red triplet metal-to-ligand charge-transfer (3MLCT)
(d�(Ir) → �*(N∧N)) emission upon irradiation. The interactions of
the bis-biotin and tris-biotin complexes with avidin are studied
by HABA assays, emission titrations and dissociation assays. In
HABA assays, the equivalence point for the tris-biotin complex
appears at [Ir]:[avidin] = ca. 1.6, which is larger than the ideal
value 4/3. Emission titration results reveal that the complexes, in
which the two biotin moieties are appended to the cyclometallat-
ing ligand, exhibit larger emission enhancement factors (1.8–2.5)
than the complex that contain two biotin moieties in the ppy
ligands. The off-rate constants koff were determined from disso-
ciation assays and ranged from 2.0 × 10−4 to 6.5 × 10−3 s−1. The
avidin-crosslinking properties of these complexes are confirmed
by the results that (a) agglomeration of avidin-modified micro-
spheres occurs upon addition of the biotin complexes and (b) the
peaks corresponding to the avidin dimer, trimer and even poly-
mer are observed in the chromatograms of a mixture of avidin
and the biotin complex. Selected results are summarised in Fig. 8.
Utilisation of these luminescent iridium(III) biotin complexes in
signal amplification is demonstrated using avidin-coated non-
fluorescent microspheres. Successive incubation of avidin-coated
non-fluorescent microspheres with one of the bis-biotin complexes
and avidin is performed, with stringent washing between each
incubation step. After immobilisation of five layers of the complex,
the average emission intensity of the microspheres is ca. 18 times
higher than that immobilised with just one layer of complex. Sim-

ilar results are not obtained when BSA is used instead of avidin or
when the avidin is presaturated with biotin from the onset, indi-
cating that the increasing emission intensity relies on the emission
and avidin-crosslinking properties of the complex.
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excited at the donor absorption peak (310 nm). In contrast, the
618 K.K.-W. Lo et al. / Coordination Ch

Hong and co-workers reported a neutral tripod complex (43),
hich consists of an energy acceptor (FIrpic), an energy donor

mCP) and biotin [62]. The luminescence of this complex results
1 ∧ 3
rom both MLCT (d�(Ir) → �*(N O)) and IL in the FIrpic moi-

ty and shows a similar emission spectrum (�max = 472 nm) to
hat of FIrpic. The good overlap between the emission spectrum
f the donor (mCP unit) and the absorption spectrum of FIrpic
ver 350 nm (1MLCT and 3IL region) ensures singlet–singlet energy
y Reviews 254 (2010) 2603–2622

transfer from mCP to FIrpic. Upon binding to avidin, the complex
shows a large increase in emission intensity (ca. 14-fold) when
donor-free complex only shows a 1.6-fold increase in the emission
intensity upon binding to avidin, indicating that intramolecular
energy transfer can be an effective method for increasing the sen-
sitivity.
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ig. 8. Confocal microscopy images of avidin-modified fluorescent microsphere su
ively. Size-exclusion chromatograms of an equimolar mixture of 0.12 mM avidin
otassium phosphate buffer, pH 7.4.

Most of probes derived from luminescent iridium(III) complexes
isplay changes in their emission intensities and lifetimes upon
nalyte binding. Although in some cases the emission maxima
xhibit small shifts, the emission profiles and spectral charac-
eristics of the luminescent probes basically remain the same.
ecently, Lo et al. reported a cyclometallated iridium(III) polypyri-
ine complex [Ir(ppy-4-CH2-NH-C4H9)2(bpy-CONH-C2H5)]+ (44),
hich shows interesting dual emission in fluid solutions at room

emperature [63]. The complex displays a high-energy (HE) struc-
ured band at ca. 500 nm (�o = 1.1–2.5 �s) and a low-energy
LE) broad band/shoulder at ca. 593–619 nm (�o = 0.1–0.3 �s). In
egassed nonpolar solvents such as CH2Cl2, the emission inten-
ity of the LE band is higher than or comparable to that of
he HE band, while in more polar solvents such as CH3CN and

eOH, it becomes much weaker; in aqueous buffer the spec-

rum is dominated by the HE band (Fig. 9a). On the basis
f the spectral profiles, emission wavelengths and lifetimes,
he HE and LE emission bands are assigned to 3IL (� → �*)
N∧N or N∧C) and 3CT (d�(Ir)/�(N∧C)/amine → �*(N∧N)) excited
tates, respectively. Based on these interesting environment-
y Reviews 254 (2010) 2603–2622 2619

ions containing iridium(III) (a) mono-biotin and (b) tris-biotin complexes, respec-
ridium(III) (c) mono-biotin and (d) tris-biotin complexes, respectively, in 50 mM

sensitive emission properties, a series of dual-emissive iridium(III)
complexes [Ir(ppy-4-CH2-NH-C4H9)2(N∧N)]+ (N∧N = bpy-CONH-
C6-NH-biotin, bpy-CONH-C6-Ph-est, bpy-CONH-C18H37), contain-
ing a biotin, an estradiol and a hydrophobic C18 chain, respectively,
are designed as protein probes. The biotin complex exhibits one
structured HE band at ca. 492 nm in aerated buffer. Remarkably,
in the presence of avidin, the HE emission band displays a 52%
decrease in intensity (� increased from 0.54 to 0.91 �s) while a new
LE shoulder at about 608 nm (� = 66 ns) appears in the spectrum,
resulting in a sharp isoemissive point at ca. 574 nm (Fig. 9b). The
estradiol complex shows similar dual-emissive properties. In aer-
ated buffer, it displays a structured HE band at ca. 496 nm and an LE
band of comparable intensity at ca. 580 nm due to the hydrophobic
estradiol group. Upon addition of ER�, the LE band shows a ca.

3.3-fold increase in the emission intensity (Fig. 9c). The lifetimes of
the HE and LE bands increase from 0.63 �s and 56 ns to 0.84 �s and
0.21 �s, respectively. Similar to the estradiol complex, the C18 com-
plex in aerated buffer displays an LE emission band at about 593 nm
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Li and co-workers demonstrated two cationic iridium(III) com-
plexes [Ir(dfpy)2(N∧N)]+ (N∧N = bpy, quqo) (45), displaying bright
green and red emission, respectively, as phosphorescent dyes for
live cell imaging [64]. HeLa cells treated with these complexes
ig. 9. (a) Normalised emission spectra of [Ir(ppy-4-CH2-NH-C4H9)2(bpy-CONH-C2

ine) at 298 K. Emission spectral traces of (b) [Ir(ppy-4-CH2-NH-C4H9)2(bpy-CONH
-CH2-NH-C4H9)2(bpy-CONH-C18H37)]+ in aerated phosphate buffer at 298 K upon

�o = 0.12 �s), whose intensity is even higher than that of the HE
and (�o = 0.55 �s). This LE emission feature is attributed to the
rapping of the complex by the very hydrophobic octadecyl chain

n the highly polar buffer medium. Upon addition of a lipid-binding
rotein HSA, the intensity of the HE emission band at ca. 492 nm

ncreases by ca. 4.4-fold (� = 1.22 �s), whereas the LE emission band
oes not show any difference and eventually becomes a shoulder
t ca. 576 nm (� = 0.19 �s) (Fig. 9d). It is likely that the octadecyl
hain binds to the hydrophobic lipid-binding cavity of the protein,
hereby increasing the exposure of the iridium(III) polypyridine
o the polar buffer and leading to the predominant HE emission.
nterestingly, a similar emission profile (IHE/ILE = ca. 1.3:1) is
bserved when �-CD, which binds long aliphatic chains strongly, is
dded to an aerated solution of the complex in buffer. Additionally,
esicles prepared from DSPC and the C18 complex exhibit strong
range-yellow emission as a result of a strong LE band at ca.
87 nm in degassed buffer, which is in sharp contrast to the green
mission of the complex (�em = 494 nm) in degassed buffer without
he vesicles. These observations indicate that the C18 complex is
ocalised in the hydrophobic region of the vesicles and would serve
s an excellent probe for lipid bilayers, micelles and lipoproteins.
in degassed CH2Cl2 (solid line), CH3CN (dashed line) and phosphate buffer (dotted
H-biotin)]+, (c) [Ir(ppy-4-CH2-NH-C4H9)2(bpy-CONH-C6-Ph-est)]+ and (d) [Ir(ppy-
on of avidin, ER� and HSA, respectively.

3.4. Cellular probes
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Fig. 10. Confocal and brightfield overlaid microscopy images of HeLa cells incubated
with [Ir(pq)2(bpy-spacer-indole)]+ (5 �M) at 37 ◦C for 1 h.
K.K.-W. Lo et al. / Coordination Ch

how the exclusive staining in cytoplasm, making the complexes
romising candidates for the design of specific phosphorescence
ioimaging agents.

Lo and co-workers studied the lipophilicity, cytotoxicity and
ellular uptake properties of iridium(III) indole (37) [55] and
iotin (42) [61] complexes and their substrate-free counterparts
owards HeLa cells by reversed-phase HPLC, the MTT assay and
ow cytometry and laser-scanning confocal microscopy, respec-
ively. The lipophilicity closely relates to the ability of a cellular
robe and reagent to permeate biological membranes and is
ommonly estimated by the partition coefficient (Po/w) in n-
ctanol/water. The Po/w values of the indole complexes, biotin
omplexes and substrate-free complex range from 1.30–3.40,
.34–2.83 and 0.44–3.40, respectively. In addition, the log Po/w val-
es of the complexes follow the order: ppy < bzq < pq, which is in
ccordance with the hydrophobic character of the ligands. Inter-
stingly, the indole moiety renders the complexes more lipophilic
nd the biotin moiety leads to the opposite, indicating the lipophilic
nd hydrophilic of indole and biotin, respectively. The IC50 val-
es are determined from the dose dependence of surviving HeLa
ells after their exposure to the complexes for 48 h. The IC50 val-
es, obtained from the MTT assays, of the indole complexes range
rom 1.1 to 6.3 �M, which are comparable to the substrate-free
omplex (IC50 value = 3.2 �M) and significantly smaller than that
f cisplatin (30.7 �M) under the same experimental conditions.
n contrast, the biotin complexes are basically noncytotoxic (IC50
alues > 400 �M). The microscopy images show that indole com-
lexes are localised in the perinuclear region upon internalisation
Fig. 10). Temperature-dependence experiments suggest that the
ptake of the complex is an energy-requiring process such as
ndocytosis. In the case of the biotin complexes, emissive cyto-
lasmic granules are observed, which may result from endosomal

abelling and/or aggregation of the luminescent complexes. Impor-
antly, HeLa cells loaded with the substrate-free complex reveal

uch more intense emission. It is interesting to note that this
omplex forms a diffuse background in addition to cytoplasmic
ranules that are also observed in the biotin complexes, indica-
ive of the endocytic uptake, as well as the passive diffusion of the

omplex.

The same group reported a series of new luminescent irid-
um(III) polypyridine complexes [Ir(N∧C)2(N∧N)]+ (HN∧C = Hppy,
ppz, Hpq; N∧N = bpy-CONH-C18H37, bpy-CONH-C10H21, bpy-
ONH-C2H5) (46) bearing an alkyl pendant [65]. Upon irradiation,
all the complexes exhibited intense and long-lived 3MLCT
(d�(Ir) → �*(N∧N)) luminescence in homogeneous fluid solutions
at 298 K and in alcohol glass at 77 K. The emissive states of the
pq complexes are probably mixed with some 3IL (� → �*) (pq)
character. All the complexes are incorporated into phospholipid
vesicles composed of DSPC, and these vesicles are strongly emis-
sive in aqueous solution. The cryo-TEM images of Ir/DSPC liposomes
show the existence of polygonal vesicles, the majority of which
had a diameter between 20 and 140 nm. The lipophilicity (log Po/w
values) of the complexes ranged from −0.34 to 9.89 and follows
the order ppz < ppy < pq and C2 < C10 < C18, which is in accordance
with the hydrophobic character of the ligands. Cytotoxicity studies
reveal that the C10 complexes exhibited the highest cytotoxicity
among the complexes studied, with the IC50 values being almost
10 times lower than that of cisplatin. The IC50 values of the C18
complexes are comparable to those of the C2 complexes. The
cellular uptake characteristics of the complexes have been investi-
gated using flow cytometry. The emission intensities of the cells
treated with the pq complexes follow the order C10 > C2 > C18.
Since (i) the emission wavelengths and intensities of the pq com-
plexes are comparable, (ii) the responses of the complexes towards
hydrophobic micellar media are similar and (iii) the complexes
are localised in a similar region in the cells, the trend observed
in the flow cytometric measurements can be correlated to the
cellular uptake efficiencies of the complexes. Thus, these results
illustrate that although efficient internalisation of the complexes
is supposed to be assisted by their high lipophilicity, C18, being
the most lipophilic complex among the three, shows the lowest
cellular uptake efficiency. This could be due to its largest molecu-
lar size or possible self-aggregation. Live cell confocal images show
that most of the complex molecules are distributed inside the cyto-
plasm with a lower extent of nuclear uptake, as revealed by the
much more weakly stained nucleus. A higher degree of localisa-
tion of the complexes in the perinuclear region is likely to result
from the interactions of the complex molecules with hydrophobic

organelles such as endoplasmic reticulum, mitochondria and Golgi
apparatus. When the cells are incubated at 4 ◦C, no interiorisation
is observed, implying that the uptake of the complex and its sub-
sequent localisation are due to energy-requiring processes such as
endocytosis.
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. Concluding remarks

The use of luminescent rhenium(I) and iridium(III) complexes
s probes for ions, molecules and biomolecules has been reviewed
n this article. Early development of sensory systems with lumi-
escent transition metal complexes was focused on ruthenium(II)
olypyridine complexes. However, it can be seen in this review that
he intriguing emissive behaviour of rhenium(I) and iridium(III)
olypyridine complexes has been utilised in sensing applications.
he diverse structural, spectroscopic and emission properties of
hese complexes mean that they are very promising candidates
s probes for a wide range of ions and molecules. With more
nderstanding on the emission–electronic structure relationships,
s revealed by theoretical calculations, as well as the knowl-
dge on the interactions of these complexes with simple ions and
olecules, there is a recent trend in using these complexes for prob-

ng more complex biological systems; for example, reports on the
evelopment of sensors imaging reagents and cellular probes have
tarted to appear. In conclusion, we anticipate that the interesting
tructural and emissive properties of rhenium(I) and iridium(III)
omplexes will continue to contribute to the development of sen-
itive and selective sensory systems.
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