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Abstract

A number of luminescent transition metal complexes possess rich photophysical and photochemical properties that allow them to serve as useful
labels and probes for biological molecules. This article describes the current trend in this area of research, with emphasis on our recent work on
luminescent rhenium(I), iridium(IIl) and ruthenium(II) polypyridine complexes as non-covalent probes for avidin, indole-binding proteins and
estrogen receptors. We focus on the molecular design, photophysical properties and biomolecule-binding behaviour of these systems; different
approaches to enhancing the detection sensitivity are also discussed.
© 2006 Elsevier B.V. All rights reserved.
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Abbreviations:  An-Av, anthracene-avidin; bpy, 2,2’-bipyridine; bpy-CONH-C,Hy-indole, 4-(N-(2-indol-3-ylethyl)amido)-4’-methyl-2,2’-bipyridine;
bpy-CONH-CsH(-CONH-C,Hy-indole, 4-(N-(6-N-(2-indol-3-ylethyl)hexanamidyl)amido)-4'-methyl-2,2’-bipyridine; bpy-CONH-Et, 4-(N-(ethyl)amido)-4’-
methyl-2,2"-bipyridine; BSA, bovine serum albumin; DNA, deoxyribonucleic acid; dppn, benzo[i]dipyrido[3,2-a:2’,3'-c]phenazine; dppz, dipyrido[3,2-a:2',3'-
clphenazine; dppzB, 11-((2-biotinamido)ethyl)amidodipyrido[3,2-a:2’,3’-c]phenazine; dpq, dipyrido[3,2-£:2',3’-h]quinoxaline; dpga, 2-(n-butylamido)dipyrido
[3,2-£:2/,3'-h]quinoxaline; dpgB, 2-((2-biotinamido)ethyl)amidodipyrido[3,2-:2,3’-h]quinoxaline; dpg-C6-B, 2-((6-biotinamido)hexyl)amidodipyrido[3,2-f:2',3'-
hlquinoxaline; ERs, estrogen receptors; HABA, 4/-hydroxyazobenzene-2-carboxylic acid; Hppy, 2-phenylpyridine; IL, intraligand; Me;-phen, 2,9-
dimethyl-1,10-phenanthroline; Me4-phen, 3,4,7,8-tetramethyl-1,10-phenanthroline; MLCT, metal-to-ligand charge-transfer; NHS, N-hydroxysuccinimide;
PEGig0, poly(ethylene glycol)jgoo; phen, 1,10-phenanthroline; Phy-phen, 4,7-diphenyl-1,10-phenanthroline; py, pyridine; py-C6-est, 4-(N-(6-(4-(17a-
ethynylestradiolyl)phenylamido)hexanoyl)aminomethyl)pyridine; py-4-CH,-NH-biotin, 4-(biotinamidomethyl)pyridine; py-4-CH;-NH-C6-NH-biotin, 4-(N-((6-
biotinamido)hexanoyl)aminomethyl)pyridine; py-3-CONH-C,Hy-indole, N-(3-pyridoyl)tryptamine; py-3-CONH-CsH;o-CONH-C,Hy-indole, N-(N-(3-pyridoyl)-
6-aminohexanoyl)tryptamine; py-3-CONH-C2-NH-biotin, 3-(N-((2-biotinamido)ethyl)amido)pyridine; py-3-CONH-Et, N-ethyl-(3-pyridyl)formamide; py-est,
4-(17a-ethynylestradiolyl)pyridine; RET, resonance-energy transfer; SCE, saturated calomel electrode; TPase, tryptophanase
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1. Introduction

Many transition metal polypyridine complexes display
intense and long-lived emission in the visible region and pos-
sess rich photoredox behaviour [1-6]. These properties enable
them to serve as useful labels and probes for biomolecules
such as DNA and proteins. Since earlier work on introduc-
tion of metal complexes to oligonucleotides [7-9], there has
been much interest in this area of research. DNA labels derived
from luminescent transition metal complexes can be introduced
before the oligonucleotides are synthesised or they can react with
oligonucleotides that have been modified with a primary amine
or sulfhydryl moiety. On the basis of these methods, lumines-
cent ruthenium(II) [10-16], osmium(II) [13,14,17], rhenium(I)
[18-20] and iridium(III) [21] polypyridine complexes have been
utilised as covalent labels for oligonucleotides. Some of these
complexes are highly oxidising in the excited state, rendering
them promising candidates as DNA photocleavage agents [16].
Additionally, transition metal complexes with extended planar
polypyridine ligands have been designed as DNA metallointer-
calators; a number of these systems show substantial changes of
emission properties upon binding to DNA molecules [22-25].

Different strategies have been used to attach transition metal
complexes to proteins; for example, the imidazole of a histidine
residue can act as a ligand for various metal centres; cytochrome
¢, azurin and their genetic variants have been conjugated with
photoactive ruthenium(II) [26—28] and rhenium(I) [29-31] com-
plexes to investigate long-range electron-transfer. In addition,
the lysine residue of a protein molecule can be modified by a
bipyridine ligand containing an NHS ester, and metal precur-
sor complexes can react with this ligand to form luminescent
bioconjugates [32]. Alternatively, luminescent transition metal
complexes carrying reactive functional groups such as NHS ester
[33-36], isothiocyanate [18,21,33,37-39] and aldehyde [40-42]
can be used to target the amine groups of lysine residues and the
N-terminal of proteins [43]; luminescent complexes containing
a maleimide [19,44] or iodoacetamide [38,45] group can react
with the sulfthydryl group of a cysteine residue [43]. Labelling
of various proteins by these strategies has led to the design of
new bioassays [33-36,38,40,45].

The development of non-covalent probes for proteins com-
monly relies on hydrophobic interactions between the metal
complexes and the substrate-binding sites of proteins; for exam-
ple, ruthenium(II) [46] and rhenium(I) [47] diimine adamantane
and imidazole complexes containing a perfluorobiphenyl linker
bind tightly to cytochrome P450cam and nitric oxide synthase.
The binding results from hydrophobic interactions between the
complexes and the substrate access channel of the protein [46]
and in the case of the rhenium complexes, the ligation of imi-
dazole to the haem of nitric oxide synthase [47]. In another
study, a PEGj9gg substituent has been linked to a cyclometal-
lated platinum(Il) complex to yield a luminescent polymer that
can function as a probe for proteins [48].

This review article describes our recent work on the design of
luminescent transition metal polypyridine complexes as specific
biological probes. These probes contain a biologically impor-
tant substrate as the recognition element and a luminescent

metal complex as the reporting unit. Emphasis is placed on the
non-covalent binding interactions of these complexes to three
different types of biomolecules: avidin, indole-binding proteins
and estrogen receptors. For some of our earlier work on lumi-
nescent transition metal biotin complexes, readers are referred
to our recent review article [49].

2. Biotin complexes

Avidin (MW =68kDa) is a glycoprotein isolated from
chicken egg white. It has four identical subunits, each containing
128 amino acid residues [50,51]. Tetrameric avidin can bind up
to four biotin molecules (Vitamin H) with an exceptionally high
affinity (Kq = ca. 10~1° M) and the binding is very stable over a
wide range of pH, temperature and in various organic solvents
[50]. The X-ray structure of avidin reveals that the size of the
tetrameric avidin molecule is ca. 56 A x 50 A x 40 A and the
four identical subunits are arranged in a quaternary structure
which positions the two pairs of the binding sites on oppo-
site sides of the protein [52-54]. The biotin-binding sites of
avidin are located at ca. 9 A below the surface of the avidin
molecule and contain both hydrophobic and polar residues for
the recognition of biotin [52-54].

The avidin—biotin system has been widely employed in many
bioanalytical applications [50,51,55-57]. In a heterogeneous
assay, biotinylated biomolecules immobilised on a solid phase
can be detected by avidin that has been conjugated with reporters
such as fluorescent compounds or enzymes. Actually, many
organic fluorophores have been equipped with a biotin moi-
ety to serve as probes for avidin [58-61]. Upon binding to the
protein in solution, most of the biotin-fluorophore conjugates
experience fluorescence quenching due to RET, or specifically,
homotransfer [62]. Since the fluorescence originates from a sin-
glet excited state, the Stokes’ shifts of these compounds are
usually small, and the overlap integrals are generally large. Thus,
when the organic fluorophores come to close proximity, effec-
tive RET occurs, leading to substantial emission self-quenching
[58-60]. For example, the fluorescence intensity of biotin-4-
fluorescein is strongly quenched after binding to avidin [58,59].
The affinity is high enough to achieve stoichiometric ligand bind-
ing at low protein concentration and the association rate is fast
enough for rapid binding at nanomolar concentration. The fluo-
rescence intensity of another biotin-BODIPY conjugate is also
quenched upon binding to avidin [60]. The extent of the decrease
in fluorescence intensity has been correlated to the concen-
tration of avidin. Although most biotin-fluorophore conjugates
experience avidin-induced fluorescence quenching, a biotin-Cy3
conjugate with a PEG19gp spacer-arm has been designed to probe
avidin [61]; the use of such a linker can minimise dye—dye and
protein—dye interactions and thus reduce self-quenching.

Various biotin compounds containing a reporter or functional
unit such as a transition metal complex have been developed; for
example, a tricarbonyl(n’-cyclopentadienyl)manganese biotin
compound has been used as an IR-active tracer in competi-
tive bioassays [63]. Redox-active ferrocene-biotin conjugates
containing a poly(ethylene oxide) chain have been designed
as electrochemical sensors for avidin [64]. Another biotiny-
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lated iron(Il) diimine complex [Fe(N—N)g]ZJr has been used as
a redox-active biotin-bridge for the immobilisation of avidin
layers on an electrode surface [65]. Additionally, a nickel(salen)-
biotin conjugate that can couple with highly accessible guanine
residues in DNA has been reported [66]. Incubation of a model
oligonucleotide with this conjugate yielded a high molecu-
lar weight DNA adduct that can be isolated using avidin.
Recently, biotin has been attached to ruthenium(II) polypyridine
complexes and the binding to avidin has been studied by spectro-
scopic titrations [67,68]. Specifically, the binding of diastereo
pure ruthenium(II) bipyridine biotin complexes to avidin and
streptavidin has been examined in detail by CD titrations [67].
The results suggested strong cooperativity between the first and
the second binding events and a pronounced difference in affinity
between avidin and streptavidin for the cationic ruthenium(II)
complex due to the high positive charge of avidin. Additionally,
modest enantiodiscrimination with avidin as the host has been
observed. In another interesting study, an organometallic ruthe-
nium(II) biotin complex has been incorporated into avidin or
streptavidin to give artificial metalloenzymes for the reduction
of ketones by transfer hydrogenation [69]. Up to 94% (R) enan-
tiomeric excess for the reduction of p-methylacetophenone has
been achieved.

Since avidin has four biotin-binding sites, theoretically,
immobilised biotinylated biomolecules can be recognised by
biotin-reporter conjugates when avidin is used as a bridge [43].
While the use of biotin—fluorophores is limited due to self-
quenching, for the purpose of a recognition assay, luminescent
transition metal complexes could be used as markers or affinity
labels in view of their characteristic photophysical properties
[23,70-75]. The insignificant overlap integrals prevent them
from self-quenching when the complexes bind to avidin. In
view of this, we have synthesised a number of luminescent
rhenium(I) [76,77], iridium(III) [78,79] and ruthenium(II) [80]
biotin complexes and studied their binding to avidin [49]. Our
key results are summarised as follows. (1) All the complexes
exhibit increased emission intensities and lifetimes upon bind-
ing to avidin. (2) More hydrophobic complexes show higher
avidin-induced emission enhancement factors (/). (3) Vari-
ous quenchers (energy and electron acceptors) have been used
in the development of new bioassays. To increase the sensitiv-
ity of detection, it is desirable to maximise the avidin-induced
emission enhancement factors. One strategy involves the iden-
tification of a system that inherently shows very weak emission
in aqueous buffer, but intense emission in more hydrophobic
media. In view of the interesting DNA-induced emission of
a ruthenium(IT) amidodipyrido[3,2-:2’,3’-h]quinoxaline com-
plex reported by Kelly and co-workers [81], we anticipate
that related rhenium(I) amidodipyridoquinoxaline complexes
are very promising candidates as sensitive biological probes.
Luminescent rhenium(I) amidodipyridoquinoxaline biotin com-
plexes [Re(dpqa)(CO)3(L)](PFg) (L = py-4-CH>-NH-biotin (1),
py-3-CONH-C2-NH-biotin (2), py-4-CH;-NH-C6-NH-biotin
(3)) and their biotin-free counterpart [Re(dpqa)(CO)3(py)](PF¢)
(4) have been synthesised and characterised [82]. Their struc-
tures and those of the dpq analogues [77] are shown in Fig. 1.
Excitation of complexes 1-4 in fluid solutions at 298 K results
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Fig. 1. Structures of complexes 1-4 and 1a—4a. Reproduced from Ref. [82],
with permission of The American Chemical Society.

in green to yellow 3MLCT (dm(Re) — Tr*(dpqa)) luminescence
[83,84]. The photophysical data of complexes 1-4 and their dpq
analogues la—4a are summarised in Table 1. The emission of
complexes 1-4 occurs at slightly lower energy than that of their
dpq analogues 1a—4a (Table 1). It is obvious that the electron-
withdrawing amide substituent of the dpqa ligand stabilises the
empty 7 orbitals of the diimine ligand and thus lowers the
3MLCT transition energy of the complexes. Whilst complexes
1-4 in relatively non-polar CH,>Cl, show emission quantum
yields that are comparable to their dpq counterparts (Table 1) and
other rhenium(I) polypyridine complexes [83,84], their quantum
yields in more polar aqueous buffer are extremely small (ca.
10~3) (Table 1). In other words, they undergo very significant
reduction in emission quantum yields upon changing the solvent
from CH;Cly to aqueous buffer (®Ppyffer : PcH,cl, = 1.8%).
The corresponding changes for complexes 1la—4a are milder
(Druffer : PcH,cl, = 14.4%). The substantial decrease in emis-
sion quantum yields for complexes 1-4 is ascribed to both the
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Table 1
Photophysical data of complexes 1-4 and 1a—4a

Complex Medium (7 (K)) Aem (nm?) To (us?) Dem” 1(t (us))P* 1(x (ps)™? 1(x (ps)™*
1 CH,Cl, (298) 553 0.92 0.19 1.00 (0.19) 8.05 (0.34) 0.96 (0.21)
CH3CN (298) 573 0.34 0.049
Buffer' (298) 574 0.23 0.0021
Glass® (77) 506 6.06
2 CH,Cl, (298) 552 1.03 0.12 1.00 (0.19) 7.86 (0.30) 1.00 (0.19)
CH3CN (298) 568 0.47 0.038
Buffer! (298) 572 0.31 0.0030
Glass® (77) 502 5.57
3 CH,Cl, (298) 550 0.86 0.22 1.00 (0.20) 3.05 (0.25) 1.09 (0.19)
CH3CN (298) 573 0.32 0.037
Buffer' (298) 577 0.24 0.0023
Glass® (77) 505 5.90
4 CH,Cl, (298) 552 1.05 0.20 1.00 (0.21) 1.00 (0.21) 1.09 (0.21)
CH3CN (298) 573 0.37 0.065
Buffer! (298) 571 0.25 0.0049
Glass® (77) 504 572
1a CH,Cl, (298) 548 1.12 0.28 1.00 (0.11) 1.75 (0.21) 0.99 (0.11)
CH;3CN (298) 568 0.40 0.086
Buffer' (298) 572 0.11 0.034
Glass® (77) 506 6.67
2a CH,Cl, (298) 544 1.24 0.15 1.00 (0.18) 1.20 (0.26) 1.03 (0.19)
CH3CN (298) 562 0.52 0.065
Buffer! (298) 566 0.21 0.033
Glass® (77) 504 6.18
3a CH,Cl, (298) 548 1.10 0.24 1.00 (0.12) 1.15 (0.16) 0.98 (0.12)
CH;3CN (298) 568 0.40 0.054
Buffer! (298) 572 0.13 0.032
Glass® (77) 504 6.45
4a CH,Cl, (298) 549 1.00 0.34 1.00 (0.13) 1.05 (0.13) 1.01 (0.13)
CH;3CN (298) 565 0.45 0.057
Bufferf (298) 574 0.12 0.034
Glass® (77) 506 6.53

Reproduced from Refs. [77,82], with permission of The American Chemical Society.
? In degassed solvents. Excitation wavelength =455 nm except for lifetime measurements for which the excitation wavelength =355 nm.
b Relative emission intensities in aerated 50 mM potassium phosphate buffer pH 7.4. [1]=17.5 pM, [2]=16.7 uM, [3]=15.5 uM, [4] and [1a]-[4a] = 15.2 p.M.

¢ [avidin] =0 uM, [unmodified biotin] =0 uM.

d [avidin] =3.8 1M, [unmodified biotin] =0 pM.

¢ [avidin] =3.8 wM, [unmodified biotin] =380.0 uM.

f In 50 mM potassium phosphate buffer pH 7.4 containing 2.5% DMSO.
& EtOH/MeOH (4:1, v/v).

higher solvent polarity and hydrogen bond interactions between
the amide group of the dpqa ligand and water [81].

Binding of complexes 1-3 to avidin has been justified by the
HABA assay [43]. The binding of HABA to avidin is associated
with an absorption feature at ca. 500 nm. Since the affinity of
HABA to avidin (Kg = 6 x 10~° M) is much weaker than that of
biotin (Kq = ca. 10~15 M) [50,51], addition of biotin will replace
the bound HABA molecules from the protein, leading to a
decrease in the absorbance at 500 nm. Addition of the rhenium(I)
biotin complexes to a mixture of HABA and avidin decreases
the absorbance at 500 nm, indicating that the bound HABA
molecules are replaced by the rhenium(I) biotin complexes.
The plots of —AAsgonm versus [Re]:[avidin] for complexes 1-3
show that the equivalence points occur at [Re]:[avidin] = from
ca. 4.3 to 4.7. Assuming that avidin can only specifically bind

the complexes at the four biotin-binding sites, the occurrence of
equivalence points at [Re]:[avidin] >4 reveals that the binding
of these rhenium(I) biotin complexes to avidin is not substan-
tially stronger than that of HABA. Similar to other luminescent
rhenium(I) biotin complexes [76,77], complexes 1-3 display
enhanced emission in the presence of avidin. At the equiva-
lence points of emission titrations, complexes 1-3 reveal a ca.
3.1-8.1-fold increase in emission intensities and a ca. 1.3—1.8-
fold extension in emission lifetimes (Table 1). The emission
enhancement factors are related to the chain lengths of the
spacer-arms between the luminophore and biotin moieties. Com-
plex 1 shows an 8.1-fold increment whilst complex 3 displays
a smaller enhancement factor of 3.1 (Table 1). It is likely that
the C-6 aminocaproic acid spacer-arm of complex 3 renders the
luminophore to be more exposed to the polar bulk solution even
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after the biotin moiety binds to the protein. Also, the increase
of rigidity for this complex is lower as a result of its longer
and more flexible spacer-arm. Most importantly, the emission
enhancement factors of complexes 1-3 (ca. 3.1-8.1) are signifi-
cantly larger than those of the dpq biotin complexes 1a—3a (ca.
1.2-1.8) (Table 1). These observations are the consequence of
the very low emission intensities of the free rhenium(I) dpga
biotin complexes in aqueous solution (Table 1). The Ky val-
ues of the rhenium-avidin adducts range from ca. 1.6 x 10~ to
6.7 x 1078 M.

Anthracene has been employed to study the avidin-binding
behaviour of the rhenium(I) biotin complexes. When anthracene
is in close proximity to a luminescent rhenium(I) polypyri-
dine complex, it quenches the emission of the complex via the
exchange mechanism; meanwhile, its own fluorescence is also
quenched by the rhenium(I) complex by RET [85]. Schanze
and co-workers have exploited these quenching properties and
designed a series of interesting rhenium(I)-spacer-anthracene
complexes as probes for double-stranded DNA molecules
[86,87]. In our studies, avidin is labeled with 9-anthraldehyde
by reductive animation to yield a fluorescent conjugate An-Av.
Monomeric avidin has nine lysine residues and the crystal struc-
ture of this protein shows that most of these resides are located at
the surface and thus can be readily modified [52—-54]. From the
spectroscopic data, the [anthracene]:[avidin] ratio of the conju-
gate An-Av is determined to be ca. 4.4. In aqueous buffer, An-Av
exhibits vibronically structured emission bands at ca. 420, 440
and 477(sh) nm, typical of the fluorescence of anthracene. Com-
plexes 1-3 still display small emission enhancement at ca.
565 nm upon binding to the quencher-modified conjugate An-
Av. The emission lifetimes of these complexes are increased
from ca. 0.19 to 0.28 s, attributable to the binding of the
complexes to An-Av. However, this increase is less substantial
compared to the titrations of native avidin with the complexes
(Table 1), indicative of emission quenching of the complexes
by the anthracene molecules. The fluorescence of An-Av is
also quenched by the rhenium(I) biotin complexes. The emis-
sion spectra of anthracene-modified avidin in the absence and
presence of complex 1 are shown in Fig. 2. The results of the
titrations of An-Av with the same complex in the absence and
presence of excess biotin are displayed in Fig. 3. At the equiv-
alence points, complexes 1, 2 and 3 reduce the fluorescence
intensities of An-Av at 420 nm by ca. 60, 53 and 55%, respec-
tively. However, An-Av also exhibits fluorescence quenching in
the control experiments in which (i) the An-Av is blocked with
excess biotin molecules (Fig. 3) and (ii) the biotin-free com-
plex 4 is used as the titrant. The reasons are that (i) the added
rhenium(I) complexes also absorb at the excitation wavelength
and (ii) non-specific hydrophobic interactions exist between the
complexes and conjugate. However, in these controls, no equiva-
lence points are observed and the fluorescence is lowered by only
ca. 14% at [Re]:[An-Av] =4:1. The higher extents of quenching
of An-Av by complexes 1-3 indicate that the quenching is a
consequence of the specific binding of the complexes to An-Av.
The fluorescence quenching of anthracene possibly occurs via
the distance-dependent RET mechanism [86,87]. This is reason-
able because docking studies of a related ruthenium(II) biotin

8 T T T T T T

Emissioin Intensity (A.U.)

350 400 450 500 550 600 650 700
Wavelength / nm

Fig. 2. Emission spectra of An-Av (3.8 wuM) in the presence of 0 (—) and 17.3
(---) .M of complex 1 in 50 mM potassium phosphate buffer pH 7.4/DMSO
(97:3, v/v) at 298 K. Reproduced from Ref. [82], with permission of The Amer-
ican Chemical Society.

complex reveal that while the biotin moiety is bound at the
substrate pocket of the protein, the metal polypyridine unit is
actually located on the surface [67]. Thus, it is conceivable that
our rhenium(I) polypyridine moieties can interact with the sur-
face anthracene molecules, resulting in emission quenching by
RET. The Ky value for the binding of complex 1 to the conjugate
An-Av is determined to be ca. 4.1 x 1077 M.

The interesting emission properties of iridium(III) polypyri-
dine complexes [88-94] and our recent interest in using these
complexes as biological labelling reagents [21,38,40,42] have
prompted us to design new iridium(IIl) biotin complexes.
Luminescent cyclometallated iridium(III) complexes contain-
ing an extended planar diimine ligand, [Ir(ppy)2(N—N)](PFe)
(N=N=dpq (5), dpqa (6), dpgB (7), dppz (8), dppn (9), dppzB
(10)) (Fig. 4) have been studied [95]. Upon photoexcitation,
complexes 5-10 display long-lived green to orange lumines-
cence (Table 2). The emission of complexes 5-9 in fluid
solutions is assigned to a 3SMLCT (dw(Ir) — 7 (N-N)) excited

100 4 2
90+

80} .

60| . i
50| . i

40+

Emissioin Intensity at 420 nm (A.U.)

3 U L L L L L 1 " L L 1 I 1 L 1
0 1 2 3 4 5 6 7

[Complex 1] : [An-Av]

Fig. 3. Luminescence titration curves for the titrations of (i) 3.8 uM An-Av (@),
and (ii) 3.8 WM An-Av and 380 uM unmodified biotin (A) with complex 1. The
emission intensities of the solution at 420 nm are monitored. Reproduced from
Ref. [82], with permission of The American Chemical Society.
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Fig. 4. Structures of complexes 5-10. Reproduced from Ref. [95], with permission of Wiley—VCH.
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Table 2
Photophysical data of complexes 5-10
Complex Medium (7 (K)) Aem (nm?) To (ps?) DPem®
5 CHCl; (298) 590 0.67 0.24
CH3CN (298) 601 0.34 0.11
MeOH (298) 603 0.18 0.064
Glass® (77) 528,561 sh 4.72
6 CH,Cl, (298) 599 0.48 0.17
CH3CN (298) 608 0.13 0.034
MeOH (298) 598 1.46 (8%), 0.14 (92%) 0.0009
Glass® (77) 532, 566 sh 3.86
7 CH,Cl, (298) 597 0.43 0.13
CH3CN (298) 606 0.09 0.019
MeOH (298) 596 1.13 (7%), 0.15 (93%) 0.0006
Glass® (77) 529, 565 sh 3.93
8 CH,Cl, (298) 603 0.56 0.072
CH3CN (298) 630 0.077 0.0023
MeOH (298) 600 0.38 <1074
Glass® (77) 544 (max), 563 sh, 589, 643 sh 1224
9 CH,Cl; (298) 585 0.58 0.0016
CH3CN (298) 588 0.36 0.0012
MeOH (298) 583 0.42 0.0016
Glass® (77) 535 4.45
10 CH,Cl; (298) 510, 535 sh 0.71 0.019
654 sh 0.13
CH3CN (298) 492 sh,520 1.40 0.0064
612 sh 0.83
MeOH (298) 490, 530, 556 (max) 1.71 0.0010
650 sh 0.36
Glass® (77) 547 (max), 591, 644 sh 1040

Reproduced from Ref. [95], with permission of Wiley—VCH.
 In degassed solvents. Excitation wavelength =455 nm except for lifetime measurements for which the excitation wavelength =355 nm.
® EtOH/MeOH (4:1, v/v).
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Fig. 5. Emission spectrum of complex 10 in CH,Cl, at 298 K. Reproduced from
Ref. [95], with permission of Wiley—VCH.

state, which is supported by the shorter emission lifetimes and
lower emission quantum yields of the complexes in more polar
solvents such as CH3CN and MeOH than in less polar CH,Cl,
(Table 2). Among complexes 5-7, the decrease of the emis-
sion quantum yields on going from CH,Cl, to MeOH is much
more significant for the amido complexes 6 and 7 compared to
the dpq complex 5 (Table 2). Similar to the rhenium(I) dpqa
system described above, the reduced quantum yields of com-
plexes 6 and 7 are due to hydrogen bonding interactions between
the amide groups of the diimine ligands and protic solvent
molecules [81]. Among the dppz and dppn complexes 8-10,
complexes 8 and 10 also show solvent-dependent emission quan-
tum yields (Table 2). Both complexes do not emit in aqueous
solution; hydrogen bonding interactions between the phenazine
nitrogens of both complexes (and the amide moiety of com-
plex 10) and water molecules may also exist [96,97]. The dppn
complex 9 does not display similar solvent-dependent emis-
sion but exhibits very similar emission lifetimes and quantum
yields in different solvents, suggestive of a >IL (7 — ") (dppn)
emissive state. Unlike complexes 5-9, the dppzB complex 10
displays dual emission in fluid solutions at room temperature;
for example, the emission spectrum of this complex in CH,Cl,
displays two emission features (Fig. 5). The higher-energy emis-
sion band at ca. 510 nm is tentatively assigned to an excited
state of 3IL (m — 7") (dppzB) character in view of its longer
emission lifetime (7, =0.71 ws) and structural features. The
lower-energy emission shoulder at ca. 654 nm is of a shorter life-
time (7, = 0.13 ps), which is likely to originate from a SMLCT
(dm(Ir) > 7" (dppzB)) excited state.

Of the six complexes, the biotin-free complexes 5, 6, 8 and
9 display emission enhancement in the presence of double-
stranded calf thymus DNA. The emission intensity of the dpq
complex 5 atca. 591 nm is enhanced by ca. 33-fold (Fig. 6). Both
the dpqa complex 6 and the dppz complex 8 do not emit in aque-
ous buffer solution. However, upon addition of double-stranded
DNA, new emission bands are observed at ca. 602 and 606 nm
for these two complexes, respectively; the emission intensities
are ca. 40 and 12 times that of the background in the absence of

T B T K * T % T
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Fig. 6. Emission spectra of complex 5 (137 wM) in a mixture of Tris-Cl buffer
(50 mM, pH 7.4) and methanol (7:3, v/v) in the absence (- - -) and presence (—)
of double-stranded calf thymus DNA (744 uM). Reproduced from Ref. [95],
with permission of Wiley—VCH.

DNA. The emission enhancement is ascribed to the intercalation
of the complexes to the base-pairs of the double-stranded DNA
molecules [96,97]. Although the photophysical properties of the
biotin complexes 7 and 10 are very similar to those of their dpq
and dppz counterparts (complexes 5 and 8), respectively, their
spectra do not show any changes in the DNA titration experi-
ments. It is likely that the steric bulk of the biotin moiety inhibits
the complexes from intercalating into the double-stranded DNA
molecules.

The avidin-binding properties of complexes 7 and 10 have
been confirmed by HABA assays [43]. Although both complexes
are non-emissive in aqueous buffer, addition of avidin leads to
the appearance of a new emission band with a maximum at ca.
490 nm and a shoulder at ca. 520 nm. The emission spectra of
complex 7 in the absence and presence of avidin are displayed in
Fig. 7. At [Ir]:[avidin] = 4, the emission intensities of complexes
7 and 10 at 490 nm are increased by ca. 31- and 8-fold, respec-
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Fig. 7. Emission spectra of complex 7 (22 wM) in a mixture of potassium phos-
phate buffer (50 mM, pH 7.4) and methanol (9:1, v/v) in the absence (---) and
presence (—) of avidin (5.5 wM). Reproduced from Ref. [95], with permission
of Wiley—VCH.
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tively. Interestingly, the emission band of the adduct (7)4-avidin
occurs at much higher energy compared to the free complex
in organic solvents (ca. 596606 nm) (Table 2) and the DNA-
adducts of the dpq complex 5 and dpga complex 6 (ca. 591 and
602 nm, respectively). The appearance of a new emission band
for this iridium(III) biotin complex at higher energy could be
partly due to the hydrophobic biotin-binding site of the protein
because many cyclometallated iridium(III) polypyridine com-
plexes possess solvatochromic behaviour [88-94]. However,
complex 7 does not show very different emission wavelengths in
different solvents (Table 2), and such a large difference in emis-
sion energy (ca. 3755 cm~!) compared to the DNA adduct of the
dpga complex 6 cannot be solely due to hydrophobic effects. The
most probable reason is that the emission of this adduct origi-
nates from a state of higher energy than the MLCT state, which
is likely to be a state of predominant *IL (w — =) (dpgB) char-
acter. This assignment is supported by the long emission lifetime
(ca. 2.2 ws) and the vibronic features of the emission band. The
reason for the switching of excited-state nature from suppos-
edly 3MLCT (dw(Ir) — 7" (dppzB)) to 3IL (m — w") (dppzB)
is unknown at this stage. However, these observations could
be unique to cyclometallated iridium(III) polypyridine com-
plexes because the *IL/AMLCT emission of these complexes
responds very sensitively to subtle changes of the identity of
the cyclometallating and polypyridine ligands as well as their
local environments [88-94]. Emission titration studies show that
the adduct (6)4-avidin also displays a structured emission band
at ca. 490 nm (a spacing of ca. 1177 cm™') with a lifetime of
1.8 ws. This band is tentatively assigned to an excited state of
(ML (m—> ) (dppzB) character. The Ky values of complexes
7 and 10 are determined to be 2.0 x 10~7 and 8.2 x 1077 M,
respectively.

A new series of luminescent ruthenium(II) dpg-biotin com-
plexes [Ru(N—N)>(N—N")](PFg); (N—N=bpy, N-N'=dpgB
(11a), dpg-C6-B (11b); N—N = phen, N-N’=dpqB (12a), dpq-
C6-B (12b); N—N =Ph,-phen, N-N'=dpgB (13a), dpq-C6-B
(13b)) (Fig. 8) has been synthesised and characterised [98]. All
the complexes feature intense L (w — =) (N-N) absorption
bands at ca. 258-286 nm (¢ on the order of 10* dm?® mol~! cm™1)
and 'MLCT (dw(Ru) — 7" (N—N)) bands in the visible region
(ca. 420-458 nm). Interestingly, all these complexes do not
show a remarkably low-energy ' MLCT absorption band asso-
ciated with the dpg-biotin ligands despite their extended
m-conjugation, suggestive of the bichromophoric (i.e. “bpy”
and “quinoxaline-amide”) character of these ligands [99]. The
ruthenium(II) dpg-biotin complexes exhibit orange-red *MLCT
(dw(Ru) — 7 (N—N)) emission upon visible-light excitation
(Table 3). While the emission energies of the complexes are
very similar, the Phy-phen complexes 13a and 13b display
more intense and longer-lived emission than the other com-
plexes (Table 3). In addition, the photophysical properties of
the complexes are comparable to those of their corresponding
homoleptic counterparts [Ru(bpy)3 1>+ [100,101], [Ru(phen)3]**
[102] and [Ru(th—phen)3]2+ [103] in CH3CN. These results
suggest the possible involvement of the ancillary diimine lig-
ands in the >MLCT emissive states of the current complexes.
Similar to the rhenium(I) and iridium(IIT) dpqa and/or dpqB
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Fig. 8. Structures of complexes 11a-13a, and 11b—13b. Reproduced from Ref.
[98], with permission of Elsevier.

complexes described above, the emission quantum yields of the
ruthenium(Il) complexes decrease substantially from CH3CN
to aqueous buffer (Table 3). These quantum yield values are
much lower than that of the related complex [Ru(bpy)a(dpq)]**
in buffer, highlighting the interactions between the amide moiety
of the dpg-biotin ligand and water molecules [81]. Interest-
ingly, Meyer and co-workers reported that the solvent-induced
light-switch behaviour of [Ru(bpy)>(dppz)]** originates from a
dynamic equilibrium between a “dark” and a “bright” MLCT
state [104,105]. The “dark” MLCT state localises on the
phenazine fragment of dppz ligand, which is lower in energy
than the bpy-based “bright” MLCT state. A similar model could
account for the different emission properties of the ruthenium(II)
dpg-biotin complexes in CH3CN and buffer. Although it is pos-
sible that the LUMO’s of the complexes involve the quinoxaline
moiety of the dpg-biotin ligands as concluded in related sys-
tems [99], the bpy-fragment of these dpg-biotin ligands or the
ancillary diimine ligands (especially the Phy-phen ligands in the
cases of complexes 13a and 13b due to their long lifetimes)
may contribute to the “bright” MLCT emission in CH3CN. In
aqueous solution, it is probable that the “dark” state associated
with the quinoxaline-fragment of the dpg-biotin ligands is sta-
bilised by hydrogen-bonding interactions between their amide
moieties and water molecules, resulting in very low emission
quantum yields of the complexes [81].

Addition of avidin to the current ruthenium(Il) dpg-biotin
complexes in aqueous buffer results in emission enhance-
ment. As an example, the emission spectra of complex 13b
in the absence and presence of avidin in aqueous buffer are
shown in Fig. 9. At [avidin]:[Ru] =0.25, the emission intensi-
ties of the complexes are increased by ca. 3.8-8.2-fold (Table 3
and Fig. 10 for complex 13b). The excited-state lifetimes of
the complexes are also elongated from 0.3-0.6 to 0.6-1.3 ps
(Table 3). The degree of emission intensity enhancement
depends strongly on the diimine ligands and follows the order:
Ph;-phen > phen > bpy, which is in accordance with our previ-
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Table 3
Photophysical data of complexes 11a—13a and 11b-13b

K.K.-W. Lo et al. / Coordination Chemistry Reviews 251 (2007) 2292-2310

Complex Medium (7 (K)) Lem (nm?) 7o (us®) Pem® I (t (ns))*¢ I(t (ns))>4 I(t (ns))*¢

11a CH;3CN (298) 616 1.05 0.058 1.00 (263) 4.57 (561) 1.14 (270)
Bufferf (298) 620 0.79 0.0009
Glass® (77) 582 (max), 629, 683 sh 5.83

11b CH;CN (298) 616 1.12 0.057 1.00 (298) 3.83 (848) 1.11 (324)
Bufferf (298) 619 0.73 0.0010
Glass (77) 583 (max), 626, 686 sh 5.98

12a CH;3CN (298) 612 0.85 0.067 1.00 (290) 5.26 (1017) 1.09 (286)
Bufferf (298) 617 0.83 0.0006
Glass® (77) 574 (max), 618, 677 sh 7.65

12b CH3CN (298) 611 1.09 0.073 1.00 (355) 5.89 (999) 1.05 (342)
Bufferf (298) 615 0.89 0.0010
Glass (77) 570 (max), 615, 677 sh 7.73

13a CH;CN (298) 613 2.56 0.12 1.00 (606) 5.94 (1149) 1.13 (607)
Bufferf (298) 617 1.55 0.0009
Glass® (77) 589 (max), 634, 690 sh 7.98

13b CH;3CN (298) 613 2.57 0.11 1.00 (464) 8.24 (1264) 1.51 (484)
Bufferf (298) 617 1.62 0.0013
Glass® (77) 590 (max), 641, 692 sh 8.38

Reproduced from Ref. [98], with permission of Elsevier.

? In degassed solvents. Excitation wavelengih =455 nm except for lifetime measurements for which the excitation wavelength =355 nm.
b Relative emission intensities in aerated 50 mM potassium phosphate buffer pH 7.4. [Ru] =2.8 WM.

¢ [avidin] =0 uM, [unmodified biotin] =0 M.

d [avidin] =0.70 1M, [unmodified biotin] =0 pM.

¢ [avidin] =0.70 .M, [unmodified biotin] =70 wM.

f In 50 mM potassium phosphate buffer pH 7.4 containing 10% DMSO.
& EtOH/MeOH (4:1, v/v).

ous observations that more hydrophobic transition metal biotin
complexes exhibit more significant avidin-induced emission
amplification [76-79]. Most importantly, the avidin-induced
emission enhancement factors of the current ruthenium(II) dpg-
biotin complexes (ca. 3.8-8.2) are much larger than those of
related ruthenium(Il) bipyridine [80] and phenanthroline [68]
biotin complexes (1.2—1.6-fold). The reason is that the free
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Fig. 9. Emission spectra of complex 13b (2.8 uM) in the absence (---) and
presence of 0.70 WM (—) of avidin in potassium phosphate buffer at 298 K.
Reproduced from Ref. [98], with permission of Elsevier.

ruthenium(II) dpg-biotin complexes show extremely weak emis-
sion in aqueous buffer. The Ky values vary from ca. 6.2 x 10~
to 9.5 x 1078 M. The current ruthenium(II) dpg-biotin com-
plexes show significant broad 'MLCT absorption bands at ca.
450 nm, which is similar in energy to the 488-nm excitation of an
argon laser, rendering them promising candidates as probes for
immunoassays and in vitro analysis using laser-scanning confo-
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Fig. 10. Luminescence titration curves for the titrations of complex 13b
(2.8 M) with avidin (@) and biotin-blocked avidin (). Reproduced from Ref.
[98], with permission of Elsevier.
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Fig. 11. Bright field (a) and fluorescent (b) images of a buffer solution containing avidin-modified microspheres and complex 11a in the absence of biotin. (c and d):
Conditions are the same as those of (a) and (b), respectively, except that the avidin molecules used are blocked by excess biotin. Reproduced from Ref. [98], with

permission of Elsevier.

cal microscopy. To investigate these possibilities, the binding of
complex 11a to avidin molecules immobilised on microsphere
particles has been examined. A solution of complex 11ais added
to avidin-coated microspheres in the absence and presence of
excess biotin, respectively, and the samples are visualised with
a confocal microscope. Bright field and fluorescent images of
these two sample solutions are shown in Fig. 11(a—d). Without
excess biotin, the avidin-modified microspheres reveal intense
luminescence upon excitation owing to avidin-bound complex
11a on the surface of the particles (Fig. 11(b)). However, when
excess biotin is initially present, addition of complex 11a to
the microspheres only results in a very small number of weakly
luminescent particles (Fig. 11(d)), indicating the lack of substan-
tial binding of the complex to the immobilised protein. These
results demonstrate that the current ruthenium(I) dpg-biotin
complexes can act as luminescent probes for immobilised avidin
and can be employed in the development of new heterogeneous
bioassays.

3. Indole complexes

The indole unit occurs naturally in a variety of structures
and over a thousand indole alkaloids are known to date. Due to
the broad existence and the important physiological activities
of these indole compounds [106,107], the search for their spe-
cific receptors has been met with increasing attention. Serum
albumins are the most common indole-binding proteins in the
circulatory system and are responsible for the maintenance of

blood pH and colloid osmotic blood pressure [108]. The unique
capability of albumins is their reversible binding of a large
number of endogenous and exogenous compounds. Serum albu-
mins contain six specific binding sites including two for small
heterocyclic or aromatic carboxylic acids (sites I and II), two
for long-chain fatty acids (sites III and IV) and two for metal
ions (sites V and VI) [109-111]. Indole and its derivatives are
believed to bind to site II of serum albumins [109—111]. Trypto-
phanase (TPase) is another indole-binding protein that catalyses
the a,B-elimination and (-replacement reactions of various
substrates such as L-tryptophan in the presence of the cofac-
tor pyridoxal 5-phosphate [112,113]. Indole has been found to
inhibit the catalytic functions of this protein [112,113].

The design of biological probes for indole-binding proteins
relies mainly on functionalised indole derivatives. Various app-
roaches such as radioactive and fluorescent labels [114-116],
enzyme inhibition assays [117,118] and biotinylated indole
compounds [119] have been used. In fact, the fluorescence of
indole and its derivatives is sensitive to the environment and
thus these compounds have been exploited as reporters of their
surroundings [116,120]. Although indole and its derivatives
have been used as ligands to form a number of transition
metal complexes [121], the incorporation of an indole unit into
luminescent transition metal complexes to develop probes for
indole-binding biomolecules has not been explored. In view of
the remarkable luminescence properties of rhenium(I) polypyri-
dine complexes [83,84], we have utilised the indole complexes
[Re(N—N)(CO)3(L)](CF3S03) (N—N=Mes-phen, L=py-3-
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Fig. 12. Structures of complexes 14a—17a, 14b—17b and 14c—17¢. Reproduced from Ref. [123], with permission of The American Chemical Society.

CONH-C,Hy-indole (14a), py-3-CONH-CsH;o-CONH-C,H4-
indole (14b); N—N = phen, L = py-3-CONH-C,H4-indole (15a),
py-3-CONH-CsH9-CONH-C;Hy-indole (15b); N—N =Me;-
phen, L=py-3-CONH-C,H4-indole (16a), py-3-CONH-
Cs5H1o-CONH-C,Hy-indole (16b); N—N =Ph;-phen, L =py-
3-CONH-C,H4-indole (17a), py-3-CONH-CsH;¢-CONH-C;
Hy-indole (17b)) (Fig. 12) as probes for indole-binding proteins
[122,123]. Their indole-free counterparts [Re(N—N)(CO)3(py-
3-CONH-E)](CF3S03) (N—N=Me4-phen (14¢), phen (15¢),
Me;-phen (16¢), Phy-phen (17¢)) (Fig. 12) have also been
studied.

Upon visible-light excitation, all the complexes display
green to orange-yellow luminescence under ambient conditions
(Table 4). The solution emission of these indole-containing com-
plexes is generally assigned to a 3SMLCT (dw(Re) — 7 (N—N))
excited state [83,84]. However, the structural features and long
emission lifetimes of the Me4-phen complexes 14a—14c in solu-
tions at room temperature (Table 4) suggest that the excited state
of these complexes exhibits substantial IL (m— 7)) (Mey-
phen) character. When the indole-containing complexes are
excited in the ultra-violet region (Aex =250 nm), they exhibit
an additional emission band at ca. 365 nm that originates from
the indole moiety.

The rhenium(I) indole complexes display much lower
luminescence quantum yields and shorter emission lifetimes

than those of their indole-free counterparts (Table 4). Also,
unlike their indole-free counterparts, these complexes show
concentration-dependent emission lifetimes, suggesting a self-
quenching process. The self-quenching rate constants (ksq) and
lifetimes at infinite dilution (7 4.) of the indole-containing com-
plexes in CH3CN have been determined from plots of 7! versus
[Re] to be on the order of 10% dm?® mol~! s~! and 2.1-13.9 LS,
respectively. These emission lifetimes are comparable to those
of the indole-free complexes 14c—17¢ (Table 4), indicative of the
importance of intermolecular interactions in the self-quenching
of the complexes. As the triplet-state energy of indole (ca.
24,800 cm~!) [124] is much higher than the emission energy of
the rhenium(I) indole complexes, and there is no spectral overlap
between the emission band of the indole-free complexes and the
absorption band of indole, itis unlikely that the self-quenching of
the indole-containing complexes occurs via an energy-transfer
mechanism. From the potentials of the diimine-based reduction
of [Re(N—N)(CO)3(py-3-CONH-Et)]* (between ca. —1.1 and
—1.4 V versus SCE) and the low-temperature emission energy of
[Re(N—N)(CO)3(py-3-CONH-E)]* (E® =2.44-2.67¢eV), the
excited-state reduction potentials, E° [Re+*/0], are estimated to
be ca. +1.25 to +1.49 V versus SCE. On the basis of these poten-
tials and the redox potential of indole (EO [indole+/ O] <+1.06 V
versus SCE), reductive quenching of the excited complexes by
indole is favoured by >0.2-0.4 eV. It is likely that the mechanism
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Table 4
Photophysical data and results of BSA-titrations and TPase-inhibition assays for complexes 14a—17a, 14b—17b and 14c-17¢
Complex Medium (T (K)) Aem (N?) To (s Pem® 11,0 /¢ K, (M~10¢) n>f Inhibition K
(%) (mMe-1)
14a CH;CN (298) 518 8.21 0.0085 2.4 1.7 1.0 x 10* 0.6 61 143
MeOH (298) 516 8.60 0.0083
Buffer! (298) 516 8.14 0.0057
Glass® (77) 464,497, 530 sh 86.38 (52%),
19.77 (48%)
14b CH;CN (298) 514 6.33 0.0091 17.1 2.0 1.7 x 10* 0.7 74 172
MeOH (298) 520 6.19 0.0035
Buffer’ (298) 514 6.11 0.0053
Glass* (77) 465, 497, 533, 95.17 (49%),
540 sh 21.43 (51%)
14c CH;CN (298) 515 14.12 0.54 1.1 1.0 - - 3 166
MeOH (298) 516 14.25 0.39
Buffer! (298) 515 12.83 0.25
Glass® (77) 464,497, 534 sh, 117.65 (44%),
577 sh 28.98 (56%)
15a CH;CN (298) 548 1.91 0.021 2.1 13 0.9 x 10* 0.5 43 154
MeOH (298) 548 1.36 0.019
Buffer’ (298) 550 1.06 0.014
Glass® (77) 476 sh, 494 10.11
15b CH;CN (298) 545 1.87 0.020 3.2 13 1.1x 10* 0.8 72 179
MeOH (298) 547 1.31 0.016
Buffer’ (298) 548 1.09 0.0093
Glass® (77) 462 sh, 497 10.23
15¢ CH;CN (298) 548 2.11 0.33 1.1 1.1 - - 7 154
MeOH (298) 546 1.56 0.23
Buffer’ (298) 548 1.16 0.17
Glass® (77) 476 sh, 494 11.21
16a CH;CN (298) 530 1.79 0.0076 8.1 1.6 0.9 x 10* 0.5 64 161
MeOH (298) 532 1.66 0.0059
Buffer! (298) 532 1.47 0.0049
Glass® (77) 475 sh, 496 15.31
16b CH;CN (298) 534 1.62 0.038 5.0 1.3 1.1x 10* 0.7 74 167
MeOH (298) 537 1.72 0.018
Buffer! (298) 536 1.55 0.0089
Glass® (77) 470 sh, 497 15.67
16¢ CH;CN (298) 536 2.30 0.30 1.3 1.1 - - 8 157
MeOH (298) 531 2.57 0.30
Buffer’ (298) 533 2.10 0.24
Glass® (77) 475 sh, 497 15.69
17a CH;CN (298) 558 4.38 0.029 1.0 1.1 - - 55 158
MeOH (298) 556 3.96 0.021
Buffer’ (298) 561 2.99 0.015
Glass® (77) 508, 534 sh 22.78
17b CH;CN (298) 554 3.82 0.037 1.1 1.1 - - 77 176
MeOH (298) 556 3.62 0.036
Buffer’ (298) 561 3.05 0.016
Glass* (77) 508, 534 sh 22.99
17¢ CH;CN (298) 560 6.06 0.34 0.9 1.0 . - 6 154
MeOH (298) 556 5.04 0.27
Buffer! (298) 562 3.36 0.18
Glass* (77) 508, 534 sh 23.68

Reproduced from Ref. [123], with permission of The American Chemical Society.

R R - A

—_ = e

In degassed solvents. Excitation wavelength =355 nm. [Re] =50 uM.

In 50 mM potassium phosphate buffer pH 7.4 at 298 K.

I, and I are the emission intensities in the presence of 0 and 1 mM BSA, respectively.
7, and 7 are the emission lifetimes in the presence of 0 and 1 mM BSA, respectively.
Binding constants to BSA.

Binding stoichiometries to BSA.

In 0.15 mM potassium phosphate buffer pH 8.0 at 310 K.

Percentage inhibition of TPase activity by the rhenium(I) polypyridine complexes at [L-serine] = 800 mM.
Michaelis constants for TPase assays.

In 50 mM potassium phosphate buffer pH 7.4 containing 20% MeOH.

EtOH/MeOH (4:1, v/v).

These complexes do not show BSA-binding properties.
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Fig. 13. Transient absorption difference spectrum of a degassed acetonitrile
solution of complex 16¢ (5.5 mM) and indole (55 mM) at 298 K recorded 6 s
after laser flash. Reproduced from Ref. [123], with permission of The American
Chemical Society.

of the emission quenching of the rhenium(I) indole complexes is
electron-transfer in nature. To obtain more direct spectroscopic
information on the mechanism of the photo-reactions between
the indole-free complexes 14c—17¢ and indole, nanosecond tran-
sient absorption experiments have been performed. The transient
absorption difference spectrum of an acetonitrile solution of
complex 16c and indole at 298 K recorded 6 s after laser
flash is shown in Fig. 13. The spectrum displays an absorp-
tion band at ca. 420 nm and a broader one of higher intensity at
ca. 550 nm. It is unlikely that these bands are associated with
diimine-localised anion of the rhenium(I) polypyridine com-
plex, [ReI(Mez-phen")(CO)3(py-3-CONH-Et)]O because the
absorption band of the diimine anion radical is expected to
occur at ca. 350400 nm [125,126]. With reference to the pulse
radiolysis and transient absorption studies of a series of indole
derivatives [127,128], these bands at ca. 420 and 550 nm are
assigned to the absorption of the indolyl radical. These results
conclude that the emission quenching of the complexes by indole
is electron-transfer in nature.

The interactions of the rhenium(I) indole complexes with
BSA, an indole-binding protein, have been studied by emission
titrations. The emission intensities of the indole-containing com-
plexes are enhanced in the presence of BSA. At [BSA]=1mM,
the indole-containing complexes reveal up to a 17-fold increase
in emission intensities and a 2-fold increase in emission life-
times (Table 4). These observations are ascribed to the specific
binding of the indole moiety of the complexes to the protein.
Previous studies show that indole and its derivatives bind to a
specific hydrophobic site of BSA [109-111]. The increase in
the emission intensities and lifetimes of the indole-containing
complexes should be closely related to the enhanced hydropho-
bicity and rigidity of their local surroundings upon binding to the
protein. Another possible reason is that intermolecular electron
transfer between the rhenium(I) indole complexes is inhibited
upon the protein-binding event. Nevertheless, in the cases of
the Phy-phen complexes 17a and 17b, the emission properties
do not show significant changes, which may be due to the rela-

tively bulky Phy-phen ligand that inhibits the protein-binding of
these complexes. The binding constants (K,) of the complexes
to BSA and the binding stoichiometries (n) have been deter-
mined (Table 4). These values are comparable to those observed
for the albumin-binding of tryptamine (Ky=1.1 x 10*M~!,
n=1) [129], indole-3-acetic acid (K,=1.7 x 10*M~!, n=1)
[129] and 5-hydroxyindole-3-acetic acid (K, =2.0 x 10*M~!,
n=1) [129], and a platinum(II) polyethylene glycol complex
(Ka=2.7%x10°M~1, n=1) [48].

To study the possible inhibition of TPase by the rhe-
nium(I) indole complexes, a standard assay that is on the
basis of the conversion of L-serine to pyruvate by the enzyme
has been carried out [113]. Under our experimental condi-
tions, at [L-serine] =800 mM, free indole inhibits 53% of the
enzyme activity, while the indole-containing complexes and
their indole-free counterparts cause ca. 43—77 and 3—8% inhibi-
tion, respectively (Table 4). These results reveal that TPase can
interact with these rhenium(I) indole complexes instead of their
indole-free counterparts. Complexes 14b—17b cause a higher
extent of inhibition to the TPase-catalyzed reaction compared to
complexes 14a—17a, suggestive of the importance of the linker
on alleviating the steric hindrance between the rhenium(I) indole
complexes and the enzyme. The Michaelis constants (Ky,) for
the enzyme activity have been determined from plots of the lin-
ear transform of the Michaelis—Menten equation [130], and the
results are listed in Table 4. Plots of v~! versus [L-serine] ™! for
the TPase inhibition assays using complexes 16a—16¢, indole
and no inhibitor are shown in Fig. 14. From the x-intercepts
of the linear fits, the Ky, values for the complexes have been
determined to be 143—-179 mM. Since the x-intercepts of all the
fits are very similar, the indole-containing complexes inhibit the
TPase-catalyzed conversion of L-serine to pyruvate in a non-
competitive fashion.

The synthesis, characterisation, electrochemical, photo-
physical and protein-binding properties of four luminescent

30000
20000 /

[L-serine] " / M

(velocity)! / (OD" s)

Fig. 14. Plots of v vs. [L—serine]_l for the TPase inhibition assays, in which
complexes 16a (@), 16b (M) and 16c (A), indole (¥) or no inhibitor (+) is
used. Reproduced from Ref. [123], with permission of The American Chemical
Society.
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Fig. 15. Structures of the ligands L1-L3. Reproduced from Ref. [131], with
permission of Elsevier.

ruthenium(I) indole complexes [Ru(bpy)2(L1)](PF¢), (18),
[Ru(bpy)2(L2)I(PFe)2 (19), [Ru(L1)3](PFs)2 (18a) and [Ru
(L2)3](PFg)2 (19a) (L1=bpy-CONH-C;H4-indole; L2 =bpy-
CONHCsH|oCONH-C,H4-indole) have been reported [131].
Their indole-free counterparts [Ru(bpy)2(L3)](PFg), (20) and
[Ru(L3)3](PFg)2 (20a) (L3 =bpy-CONH-Et) have also been
synthesised for comparison studies [131]. The structures of the
ligands L1-L3 are shown in Fig. 15. The ruthenium(II) indole
complexes display intense and long-lived orange-red >MLCT
(dm(Ru) — 7" (bpy-indole)) luminescence upon visible-light
irradiation (Table S1 of Supplementary Information). The emis-
sion properties of all the complexes are very similar and resemble
those of ruthenium(Il) derivatives coordinated with amide-
containing bpy ligands [80,132,133].

In contrast to the rhenium(I) indole complexes described
above, the indole moiety does not quench the emission of the
ruihenium(II) polypyridine complexes. It appears that there is
insufficient driving force for electron transfer reactions to occur
because the reduction potential of indole (EO[indole”O]:ca.
+1.1V versus SCE) renders the reduction of the excited
ruthenium(I) polypyridine moiety (E°[Ru**"*]=from +0.77
to +0.88 V versus SCE, estimated from E% (from +2.04 to
+2.08 eV) and E°[Ru2**] (from —1.20 to —1.27 V versus SCE))
by indole thermodynamically unfavourable.

The emission quenching of all the complexes by [Fe(CN)g]*~
in the absence and presence of BSA in 15 mM potassium phos-
phate buffer pH 7.4 has been studied. The Stem—Volmer results

Table 5
Relative emission intensities and lifetimes of complexes 18-20 and 18a—20a in
the absence and presence of BSA

Complex I(t (ns)*P I (1 (ns))>© I (z (ns)*4 I (z (ns)*©
18 1.00 (388) 1.15 (430) 1.00 (82) 2.08 (118)
19 1.00 (398) 1.07 (441) 1.00 (80) 2.58 (137)
20 1.00 (354) 1.01 (368) 1.00 (75) 1.60 (81)
18a 1.00 (418) 1.38 (618) 1.00 (113) 9.07 (511)
19a 1.00 (484) 1.19 (552) 1.00 (104) 3.90 (478)
20a 1.00 (389) 1.03 (392) 1.00 (80) 1.35 (95)

Reproduced from Ref. [131], with permission of Elsevier.

 Relative emission intensities and lifetimes in aerated 15 mM potassium phos-
phate buffer pH 7.4. [Ru] =12.5 M.

b [[Fe(CN)s1*~1=0M, [BSA]=0M.

¢ [[Fe(CN)6]*~1=0M, [BSA] =75 pM.

4 [[Fe(CN)s]*~1=1mM, [BSA] =0 puM.

¢ [[Fe(CN)6]*~1=1mM, [BSA]=75 uM.

show that the emission of all the complexes is quenched effi-
ciently by [Fe(CN)g]*~ in the absence of BSA; however, in the
presence of BSA (75.0 uM), the emission quenching of all the
complexes becomes much less efficient (data not shown). The
decrease of the quenching efficiency is much more significant
for the ruthenium(II) indole complexes 18, 19, 18a and 19a than
their indole-free counterparts complexes 20 and 20a, sugges-
tive of the binding of the indole moieties of complexes 18, 19,
18a and 19a to BSA [109-111]. The reduced quenching effi-
ciency could be due to the immobilisation of the complexes
by the protein matrix and/or the coulombic repulsion between
the anionic [Fe(CN)g]*~ and the high negative charge of BSA,
which renders the quencher ions less accessible to the protein-
bound complexes.

The emission properties of all the complexes in the absence
and presence of BSA have been studied. Unfortunately, the emis-
sion intensities and lifetimes of the ruthenium(Il) complexes
are only slightly increased by 1.01-1.38- and 1.01-1.48-fold,
respectively) in the presence of BSA (Table 5). However, the
enhancement factors are substantially improved after using
[Fe(CN)6]*~ as a quencher. For example, the emission intensi-
ties are enhanced by 1.35-9.07-fold; and the emission lifetimes
are elongated by 1.19-4.60-fold (Table 5), which indicates
that ferrocyanide ions preferentially quench the free complexes
compared to the BSA-bound ones. On the basis of these results,
we have performed emission titrations of the complexes using
BSA as the titrant and [Fe(CN)g]*~ (4.8 mM) as a quencher in
the bulk solution. The titration curves for all the complexes are
shown in Fig. 16. The ruthenium(Il) indole complexes display
more significant enhancement in emission intensity in the pres-
ence of BSA (2.5-, 3.1-, 19.7- and 6.3-fold for complexes 18, 19,
18a and 19a respectively, at [BSA]=61.2 pM) (Fig. 16), owing
to the less efficient quenching of the complexes by [Fe(CN)g]*~
after their binding to the protein. Although the indole-free
complexes also show an increase in emission intensity in the
presence of BSA (ca. 1.5- and 1.4-fold for complexes 20 and
20a, respectively, at [BSA] =61.2 uM), the increase is relatively
small and is probably caused by non-specific interactions. The
binding constants of the ruthenium(Il) indole complexes to
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Fig. 16. Emission titration curves for the titrations of complexes 18 (A), 19
(W), 20 (@), 182 (#), 19a (O) and 20a (x) with BSA in the presence of 4.8 mM
[Fe(CN)g]*~. I, and I are the emission intensities of the complexes in the absence
and presence of BSA, respectively. Reproduced from Ref. [131], with permission
of Elsevier.

BSA are estimated to be ca. 6.6 x 10* to 9.5 x 10* M~! from
the Scatchard analysis [134].

4. Estrogen complexes

The role of estrogen receptors (ERs) in hormone-dependent
breast cancer is the focus of many clinical studies because
the receptor content gives the most accurate index of the can-
cer [135-137]. ERs are considered to be target proteins of a
number of compounds known as endocrine disrupters, some of
which are environmental pollutants and hazardous to humans
and animals [138,139]. The design of probes for these pro-
teins includes radioactive estradiol derivatives such as those
containing trittum [140] and technetium [141,142] because
of their high detection sensitivity. Estradiol molecules labeled
with biotin [143,144], organometallics [141,142,145-147], tran-
sition metal complexes [148,149] and organic fluorophores
[150-152] have also been reported. However, the possibil-
ity of using luminescent organotransition metal complexes
as probes for ERs has not been explored. Thus, we have
designed a series of luminescent rhenium(I) estradiol complexes
[Re(N—N)(CO)3(L)](CF3S03) (N—N =phen, L =py-est (21a),
py-C6-est (21b); N—N =Mes-phen, L =py-est (22a), py-C6-
est (22b); N—N =Ph;-phen, L =py-est (23a), py-C6-est (23b))
(Fig. 17) [153]. The lipophilicity and ER-binding properties of
these complexes have also been examined. Upon photoexcita-
tion, all the complexes display intense and long-lived green to
orange-yellow luminescence (Table S2 of Supplementary Infor-
mation). The emission origin of the complexes is assigned
to a SMLCT (dm(Re) —» 7 (N—N)) excited state [83,84]. The
excited state of the py-C6-est complexes is expected to be
longer-lived due to their more hydrophobic local environment
associated with the longer spacer-arms. However, the py-C6-
est complexes 21b-23b actually display shorter excited-state
lifetimes, especially in CH,Cl,, compared to their py-est coun-

J(CF380;)

=R2=H(21a)
=R2=CH; (22a)
= H, R2 = CgH5 (23a)

R1=R2=H(21b)
R1=R2=CH, (22b)
R1=H, R2 = C5Hs (23b)

py-CB-est

Fig. 17. Structures of complexes 21a—23a and 21b-23b. Reproduced from Ref.
[153], with permission of The American Chemical Society.

terparts (Table S2 of Supplementary Information). There are
two possible reasons for these interesting observations. First, the
electron-withdrawing ethynyl substituent on the pyridine ligand
of the py-est complexes reduces the non-radiative decay rate
of the complexes, as observed in other thenium(I) polypyridine
systems [154]. Second, it is possible that the longer and more
flexible spacer-arms of the py-C6-est complexes facilitate their
non-radiative decay, giving rise to a shorter-lived excited state.

The lipophilicity of estradiol derivatives is a good correla-
tion with their in vivo uptake rate in fatty tissues and their
non-specific binding affinity to the receptor [155]. These two fac-
tors affect the in vivo distribution and transportation of estradiol
derivatives. The log Py values of these rhenium(I) estradiol
complexes, determined by reversed-phase HPLC [156], are
summarised in Table 6. Most of the complexes display larger
log Py values than that of 17a-ethynylestradiol (3.20). We
attribute these observations to the hydrophobic nature of the
rhenium(I) polypyridine moieties despite their formal cationic
charge. The log P, values of the complexes follow the orders:
2la<22a<23a and 21b <22b <23b, which is consistent with
the hydrophobic character of the diimine ligands (phen < Me4-
phen < Phy-phen). The presence of a spacer-arm in complexes
21b-23b increases the log Py, values by ca. 1.3—1.5.In general,
the log Pow values of the py-C6-est complexes (4.34—6.48) are
comparable to those of other organometallic estradiol derivatives
such as 17a-[(C=CCHN(CHj3)CoH4N(CHj3),)Pt(I), ]-estradiol
(4.02) [142], 170-[(C=CCcHs)Cr(CO)3]-estradiol (5.03) [145],
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Table 6

Lipophilicity (log P values) and results of ERa-titrations of complexes 21a—23a and 21b-23b

Complex log Posy I, 7o (s™©) T (™) K, M~18:d) np®°
21a 3.07 1.08 0.53 0.53 = f
21b 434 5.06 0.56 1.32 (14%), 0.25 (86%) 2.0 x 107 2.1
22a 3.91 0.84 1.03 1.03 £ f
22b 5.44 6.08 1.30 4.60 (14%), 0.70 (86%) 1.5 % 107 2.1
23a 4.99 1.38 1.24 1.31 = f
23b 6.48 5.05 1.20 1.82 (14%), 0.26 (86%) 1.9 x 107 2.0

Reproduced from Ref. [153], with permission of The American Chemical Society.

 In aerated 50 mM potassium phosphate buffer at pH 7.4/methanol (9:1, v/v) at 298 K.
b I, and I are the emission intensities of the complexes in the presence of 0 and 250 nM of ERa, respectively.

c

d Binding constants to ERa.
¢ Hill coefficients for the binding to ERa.
f These complexes do not show ERa-binding properties.

17a-[(C=CCs5H4)Re(CO)3]-estradiol (5.31) [145], and To-
[(CeH12SC2H4SCH3)Re(CO)3Br]-estradiol (6.29) [146].

In the presence of ERa, the emission intensities of the
py-C6-est complexes 21b—23b are enhanced and the emission
maxima are blue-shifted. The emission spectral traces of
complex 21b are shown in Fig. 18. The emission intensities of
complexes 21b-23b are increased by 5.1-, 6.1- and 5.1-fold,
respectively (Table 6). The emission decays are bi-exponential.
The longer-lived components vary from 1.3 to 4.6 s, which
are longer than the lifetimes of the free complexes (Table 6).
The increase of emission intensities and excited-state lifetimes
is ascribed to the specific binding of the estradiol moieties of
the complexes to ERa because the estradiol-free complexes
[Re(N—N)(CO)3(py)I(CF3S03) (N—N =phen (21c), Mes-phen
(22¢) and Phy-phen (23¢)) do not display similar observations.
Also, when ERa which has been bound with excess estradiol
is used, no significant changes are observed. The emission
titration curves for complexes 21a, 21b and 21c¢ with ER«a
are shown in Fig. 19. The protein-induced emission enhance-
ment and lifetime elongation of complexes 21b—23b are due

Emission Intensity (A.U.)

450 500 550 600 650 700
Wavelength / nm

Fig. 18. Emission spectral traces of complex 21b in 50 mM potassium phosphate
buffer pH 7.4/methanol (9:1, v/v) at 298 K in the presence of 0, 50, 100 and
200nM ERa. Reproduced from Ref. [153], with permission of The American
Chemical Society.

7, and 7 are the excited-state lifetimes of the complexes in the presence of 0 and 250 nM of ERa, respectively.

to the increase in hydrophobicity and rigidity of the local
environment of the metal complexes. The emission intensities
of the py-est complexes 21a-23a do not show significant
changes in the presence of ERa. It is likely that the lack of
a long spacer-arm substantially reduces the protein-binding
affinity of these complexes [77,82,122,123]. The binding
parameters of complexes 21b-23b to ERa, determined using
the Hill equation [157], are summarised in Table 6. Similar
to other estradiol systems [151,158], positive cooperativity is
observed for the binding of the py-C6-est complexes to ERa,
as evidenced by convex Scatchard plots and that the ny values
are >1. The binding constants of these complexes are smaller
than that of unmodified estradiol (K;=5 x 10° M~ [159].
The lower binding affinity may be a result of the bulkiness
of rhenium(I) polypyridine moieties, which increases the
steric hindrance between the complexes and the receptor.
Nevertheless, these binding constants are comparable or
larger than those of other related estradiol systems such
as 17a-[(L)Re(CO)3]-estradiol (L =4',4"-bis(ethanethio)-4’-

T T T T T T T
5 | =l
4L m i
3r 4
L)

2F 1
1k & & 8 2 4 0 & 2 & 2

| | 1 1 1 1 L 1

0 50 100 150 200 250

[ERc] / nM

Fig. 19. Emission titration curves for complexes 21a (@), 21b (M) and 21c
(A) with ERa. The emission intensities of the complexes are monitored at
ca. 548 nm. Reproduced from Ref. [153], with permission of The American
Chemical Society.
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carboxy-butyn-1’-yl,  6,6'-bis(ethanethio)-6'-carboxy-hexyn-
I'-yl; K;=1.3x107 and 1.1 x 10’ M~!, respectively) [141]
and 17a-[(C=CCH;N(CH3)C,H4N(CHj3),)Pt(X)]-estradiol
(X =diiodide, malonato; K, =1.0x 107 and 2.5x 10°M~1,
respectively) [142].

5. Concluding remarks

Many luminescent transition metal complexes possess
variable coordination geometry and rich photophysical and elec-
trochemical properties that can be exploited in understanding
biological systems. It is evident that luminescent rhenium(I),
iridium(III) and ruthenium(II) polypyridine complexes can act
as probes for various proteins. Given the high environment-
sensitive emission behaviour of these complexes, and the use of
other entities such as quenchers, macromolecular architectures
such as hydrophobic micellar and dendritic systems, we antici-
pate that luminescent metal complexes can further contribute to
the design of new biological probes and analytical assays.
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