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Metal-ligand complexes containing ruthenium, osmium, or rhenium display a high photostability, 
with polarized emission and decay times from 100 ns to 100 Its. Such probes have considerable 
potential in biophysics, clinical chemistry, and fluorescence microscopy. In this review we sum- 
marize recent developments from this laboratory on the spectral properties of conjugatable metal- 
ligand complexes. We also suggest how improved probes can be developed based on the selection 
of organic ligands. 
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INTRODUCTION 

Time-resolved fluorescence measurements on the 
nanosecond time scale are now routine in many labo- 
ratories. Modem time-domain or frequency-domain in- 
strumentation, combined with laser light sources, 
provides resolution of complex intensity and anisotropy 
decays. The applications of  fluorescence are now more 
limited by probe chemistry than by instrumentation. In 
particular, most fluorophores display decay time's of 1 to 
10 ns. Hence, it is difficult to use fluorescence to mea- 
sure biopolymer motions on a slower time scale. Addi- 
tionally, the autofluorescence of biological samples, also 
on the nanosecond time scale, limits the sensitivity to 
detection of signals above the background level. 

We are circumventing the limitations of short decay 
times by developing a new class of metal-ligand fluo- 
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rophores which display decay times ranging from 100 
ns to several microseconds. These complexes display 
useful anisotropy and, thus, can be used to measure pro- 
tein hydrodynamics on the microsecond time scale. 
These metal-ligands are highly photostable and should 
thus be useful in fluorescence microscopy. We describe 
the present status of these probes and the possibility for 
advanced metal-ligand complexes with improved spec- 
tral properties. With such long-decay time probes one 
can imagine increased sensitivities, with off-gating of 
the prompt autofluorescence and simple instrumentation 
for lifetime-based sensing and imaging. 

RESULTS 
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Metal-Ligand Probes for Biochemistry 

In designing a fluorescence experiment one can se- 
lect among thousands of  fluorophores with different ab- 
sorption and emission wavelengths. However, the range 
of  available decay times is rather limited, with most de- 
cay times being in the range of  1 to 10 ns. Since a typical 
protein with a molecular weight of  60,000 displays a 
rotational correlation time near 50 ns, the 1- to 10-ns 
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Scheme I. Chemical structure of  three Ru metal-ligand probes. 
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Fig. 1. Absorption and emission spectra of  [Ru(bpy)2(dcbw)], 
[Ru(bpy):(mcbpy)l § and [Ru(bpy)2 phen-ITCl 2+ conjugated to HSA. 

time scale is too short to study rotational or translational 
motion of larger macromolecules. For many biochemical 
experiments it would be valuable to have longer decay 
times, which would allow measurement of slower do- 
main-to-domain motions in proteins, lipid diffusion in 
membranes, or rotational motions of membrane-bound 
proteins. Probes with long decay times would allow in- 
tensity and anisotropy decay measurements with rela- 
tively simple instrumentation for clinical applications. 
The sensitivity of the measurements can be increased by 
off-gating of the interfering autofluorescence. Addition- 
ally, the development of long-lived probes would allow 
fluorescence lifetime imaging microscopy (FLIM) 2 with 
simple solid-state instrumentation. 

We have developed a series of conjugatable and 
luminescent metal-ligand complexes (MLC) which dis- 
play decay times up to 1 ~ts,O-3) and other molecules in 
this class can have decay times as long as 100 I.tS/4,5) 
Several of these MLC probes are shown in Scheme I. 
The parent compound [Ru(bpy)3] 2§ has been widely 
studied for use in solar energy conversion. However, 
such molecules have not been used as anisotropy probes. 
As a result of its symmetric structure, it was thought that 
the anisotropy of [Ru(bpy)3] 2§ would be low and, thus, 
not useful for measuring the hydrodynamics of biomo- 
lecules. The anisotropy of [Ru(bpy)3] 2§ could also be low 
due to exchange of energy among the identical diimine 
ligands. We have now found that the presence of a suit- 
able nonidentical ligan d on [Ru(bpy)3] 2+ results in a high 
fundamental anisotropy. One such ligand is the dicar- 
boxy derivative of 2,2'-bibyridyl (dcbpy) (Scheme I, 
center). This ligand allows coupling of 
[Ru(bpy)2(dcbpy)] to macromolecules by formation of a 
reactive N-hydroxy succinimide ester. MLCs have been 
developed which contain a isothiocyanate group for cou- 
pling with amines or a maleimide (not shown) for cou- 
pling with sulfhydral groups/6) 

It is informative to examine the absorption and 
emission spectra of the three MLCs shown in Scheme I. 
These spectra are shown in Fig. 1 for the MLCs cova- 
lently bound to human serum albumin (HSA). Important 
aspects of these spectral properties are the convenient 
excitation and emission wavelengths and the large 
Stokes' shift. The large Stokes' shift indicates that the 
probes will not be sensitive to self-quenching, as is 
known to occur with fluorescein-type probes. These 
complexes can be excited with visible wavelengths rang- 
ing from 400 to 500 nm, which are available from a 
variety of laser sources and even from simple and in- 
expensive light-emitting digdes (LEDs). The emission is 
shifted by nearly 200 nm, which results in easy separa- 
tion of the scattered excitation and emission of the sam- 
ple. The long-wavelength emission centered at 650 nm 
can potentially be observed in biological samples and 
even in whole blood. Another important property of the 
MLCs is their high photostability. We have had an aque- 
ous solution [Ru(bpy)2(dcbpy)] exposed to the room 
light for over 2 years with no change in its absorption 
spectrum. This suggests that MLCs will be valuable in 
fluorescence microscopy, where the usual fluorophores 
often photobleach in seconds or minutes. 

In Fig. 1, one notices that the absorption and emis- 
sion maxima are longer for the carboxy derivatives than 
for the amino derivative. The differences observed for 
the absorption bands of the three complexes are smaller 
(15 rim) than observed for the emission maximum (45 
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Fig. 2. Excitation anisotropy spectra of [Ru(phen-ITC)-(bpy)2] 2§ 
[Ru(dcbpy)(bpy)2 ] and [Ru(mcbpy)(bpy)2] § conjugated to HSA. 
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Fig. 3. Frequency-domain intensity decay of a [Ru(bpy)2(dcbpy)] free 
probe in air equilibrium and [Ru(bpy)2(phen-ITC)]" HSA in the ab- 
sence of oxygen. 

rim). The excitation polarization spectra (Fig. 2) mea- 
sured in frozen solutions reveal the anisotropy (ro) of the 
probe in the absence of rotational diffusion. The highest 
value for the initial anisotropy (r0 = 0.23) was observed 
for the (dcbpy)-HSA conjugate, followed by the 
(mcbpy) and (phen-ITC) derivatives, with ro values of 
0.17 and 0.14, respectively. Hence it appears that a long- 
wavelength emission is correlated with a high funda- 
mental anisotropy (%). 

At present our understanding of the factors govern- 
ing the anisotropy of MLCs is incomplete. However, it 
seems that a necessary requirement is the presence of at 

least one nonidentical ligand in the M(L)3 complex. If 
one of the ligands can exist in a lower-energy metal- 
ligand charge transfer (MLCT) state, then the excited 
state can be localized between the metal and the li- 
gand(s) with the lowest energy. A high anisotropy (t"o) 
is expected if there is only one nonidentical ligand with 
the lowest MLCT energy. This has already been sup- 
ported by anisotropy measurements of [Ru(bpy)3] 2§ and 
[Ru(bpy)E(dcbpy)]. (2.7) Randomization of the energy 
among the ligands appears to be one reason why 
[Ru(bpy)3] 2§ exhibits a lower r0 value (0.15) compared 
to Ru(bpy)2(dbpy) (0.23). (2) The value of r o is strongly 
dependent on properties of the nonidentical ligand rela- 
tive to the others/7) The MLCT state energies of bpy and 
phen are sensitive to the substitution patterns and intro- 
duction of heteroatoms into their ring system. Electron- 
donating substituents (methyl, amino, alkylamino 
groups) in 4 and 4' positions of the bipyridine ring sys- 
tem were observed to increase the MLCT energy, and 
electron-withdrawing groups such as COOH, COOEt, 
and SO3H are expected to lower the MLCT energy. The 
lower value of r e observed for the phen-ITC probe may 
be explained by similar MLCT energies of the phen-ITC 
and the bpy MLCT states/7) 

The maximum emission wavelength of the three 
complexes increases in the order phen-NH2, mcbpy, and 
dcbpy; the maximum anisotropies increase in the same 
order. This suggests that the principles of MLCT state 
energy can be used to predict which metal-ligand probes 
will display the highest anisotropy. However, the ani- 
sotropy values of the MLCs are not completely predict- 
able. For instance, we expected a higher ro value for 
[Ru(mcbpy)(bpy)2] ~+ because the excited state may be 
localized on the carboxy side of mcbpy (Scheme I). 
However, the observed value of 0.17 is markedly lower 
than for dcbpy (0.23). This result is somewhat unex- 
pected since the emission spectrum of 
[Ru(mcbpy)(bpy)2] ~§ is much closer to that of 
[Ru(dcbpy)(bpy)2 ] than that of [Ru(bpy)3] 2+. Evidently, 
the presence of two electron-withdrawing carboxyl 
groups provides higher localization of the MLCT state 
than a single carboxy group. 

Another important characteristic of the MLC probes 
is the decay times. To date, the longest-decay time probe 
we have characterized is [Ru(bpy)2(phen-ITC)] 2§ conju- 
gated to HSA, which displays a decay time of over 1 Ixs 
(Fig. 3). The mono- and dicarboxy MLCs display decay 
times near 400 ns. An investigation of the effect of ox- 
ygen on the quantum yields of the free and protein 
bound Ru complexes showed that the sensitivity of the 
protein-bound form is modest and will not require elim- 
ination of oxygen. Compared to their deoxygenized so- 
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Fig. 4. Comparison of anisotropy measurement with decay times of 4 
and 400 ns. 

lutions, the relative fluorescence intensities for free 
[Ru(bpy)2(dcbpy)] and the complex conjugate to HSA 
in air-equilibrated buffer solutions were 0.77 and 0.89, 
respectively. The intensity of the free Ru complex is 
more sensitive to dissolved oxygen than the protein- 
bound form. 

Microsecond Rotational  Motions 

The advantage of long decay times is illustrated by 
how the anisotropy of a probe is affected by changes in 
molecular weight. To illustrate this point we consider 
how the anisotropy can be expected to change for a 
probe with a 4-us lifetime conjugated to HSA (Scheme 
II). The rotational correlation time of HSA is near 50 
ns. The steady-state anisotropy can be calculated from 
the Perrin equation 

r~ -- 1 + (z/0) (1) 
r 

where r o is the fundamental anisotropy, r the measured 

anisotropy, -r the lifetime, and 0 the rotational correlation 
time. The expected dependence of the anisotropy or mo- 
lecular weight is shown in Fig. 4. Because the correla- 
tion time of HSA is longer than the 4-ns lifetime, the 
emission of the 4-ns probe is almost completely polar- 
ized. Hence such a probe cannot be expected to display 
a significantly increased anisotropy if the protein rotation 
is slowed, as would occur upon binding to antibody. The 
anisotropy can increase by only 0.02. In contrast, if the 
decay time is 400 ns, then the emission of the HSA is 
mostly depolarized, and the anisotropy can increase by 
0.165 or more upon binding to other proteins (Fig. 4). 
Hence, by use of probes with longer decay times, one 
can expect to observe slower rotational motions. 

The measurement of slow rotational motions is il- 
lustrated by the frequency-domain anisotropy decays 
(Fig. 5) of HSA labeled with [Ru(bpy)2(dcpby)] in the 
presence of increasing amounts of antibody to HSA. 
These data were analyzed globally in terms of a two- 
correlation time model, 

r(t)  = 2~ ro/ e-a~ (2) 
1 

where 0/are the correlation times and roj the amplitudes. 
For the global analysis the correlation times were the 
global parameter since it was assumed that the two cor- 
relation times would be present in all samples: the fast 
component near 50 ns due to free HSA and the slow 
component due to the complexes of HSA with antibody. 
The global analysis revealed two correlation times of 36 
and 5.1 ~ts (Table I), with the amplitudes of the slow 
component increasing with increased antibody concen- 
tration. These results demonstrate the possibility of 
measuring microsecond rotational motions with MLC 
probes. 

It should be noted that MLC probes can also be 
used to study the complex hydrodynamics of DNA, 
Turro, Barton, and co-workers have described MLCs 
which display luminescence only when bound to 
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Fig. 5. Frequency-domain anisotropy decays of Ru(bpy)2(dcpby)-HSA 
in the absence and presence of the polyclonal antibody to HSA. 

Table I. Global Anisotropy Decay Analysis of  [Ru(bpy)(dcbpy)] 
Conjugated to HSA in the Presence of Various Amounts of 

Antibody to HSA 

Ru(bpy)2(dcbpy)-HSA 
(0, = 36 ns; 02 = 5115 ns) 

Ratio 
Ab/Ag r m ro2 Zre~ 

0 0.173 0.008 0.181 
1.0 0.117 0.072 0.189 
2.0 0.103 0:t05 0.208 
4.0 0.078 0.145 0.223 
8.0 0.086 0.140 0.226 

DNA. (s,9) The chemical structure of  one such complex is 
shown in Scheme III. An advantage of this type of  probe 
is that it is essentially nonfluorescent in water and be- 
comes highly fluorescent when bound to DNA. The 
mode of binding is apparently intercalation of  the dppz 
ligand between the base pairs of double-helical DNA. 
Contact of  the nitrogen atoms in dppz with water results 
in quenching, and such contact is prevented when bound 
to DNA. This result suggests that it is possible to de- 
velop environmentally sensitive MLC probes, analogous 
to the widely used DNS and ANS fluorophores. We have 

Ru(bpy)~,(dppz) OPF6). ~ 

Scheme III. Chemical 

2+ 

structure of  a DNA anisotropy probe, 
Ru(bpyh(dppz). 

shown that the emission from [Ru(bpy)2(dppz)] 2§ is po- 
larized and can be used to measure DNA dynamics.OO> 
Such measurements can be used to test the available the- 
ories for the bending and twisting motions of DNA. <u.t2> 

Domain Motions in Proteins 

In addition to rotational diffusion, the long-lifetime 
MLC probes can be useful for studies of  translational 
diffusive processes on a time scale presently not acces- 
sible with the usual fluorescence probes. For instance, 
there is considerable interest in the rates and amplitudes 
of domain-to-domain motions in proteins, ('3) and there 
have been repeated attempts to study such motions by 
time-resolved fluorescence resonance energy transfer 
(FRET).U4-,6) These measurements have been mostly 
unsuccessful because of the 5- to 10-ns decay times and 
the limited extent of  interdomain motions on this time 
scale. The use of  longer-lived MLC emission can allow 
measurements of these motions. This possibility is illus- 
trated in Fig. 6, which shows the effect of site-to-site 
motions on the frequency-domain intensity decay of do- 
nors with decay times of  2 and 200 ns. The assumed 
diffusion coefficient of 10 -7 cm2/s is comparable to that 
one can expect for such motions. Such slow diffusion 
has no significant effect on the intensity decay of the 2- 
ns probe (Fig. 6, top), and hence the intensity decay 
cannot be used to measure the diffusion coefficient. In 
contrast, diffusion has a significant effect on the intensity 
decay of the 200-ns probe (Fig. 6, bottom) as is shown 
by the shaded area. The effect of  diffusion is to increase 
the extent of energy transfer and thus decrease the donor 
decay time. Since MLC probes with longer microsecond 
decay t~mes are likely to be available soon, one can an- 
ticipate measuring diffusion rates of 10-8-10 -9 cm2/s. 
We have now detected FRET for a MLC donor in a 
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Fig. 6. Possibility of measuring domain motions in proteins with long- 
lifetime probes. 

donor-acceptor pair, (17) so that one can expect measure- 
ments of domain motions to follow soon. We note that 
such measurements are not the equivalent of diffusion- 
enlaanced energy transfer using the lanthanide donors, in 
which the rate of diffusion is not determined, and the 
data reveal only the distance of closest approach of the 
donor and acceptor. 
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Scheme IV. Synthesis of a reactive osmium metal-ligand complex. 
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Fig. 7. Absorption (--) and excitation anisotropy spectra ( - - - - - )  of 
[Os(bpy)~(dcbpy)] 2*. The dotted line shows the absorption spectrum of 
[Ru(bpy)(dcbpy)] 2.. 

Advanced MLC Probes 

The sensitivity of fluorescent measurements in bi- 
ological samples, especially for clinical testing, is deter- 
mined by the amount of background fluorescence from 
the samples. Background fluorescence (background scat- 
tered light and fluorescence signals from endogenous 
sample components) is highly reduced at longer wave- 
lengths beyond 650 urn. Additionally, probes absorbing 
near 650 um allow the use of laser diode light sources. 
Hence we synthesized os) an Os analogue of the dicar- 
boxy Ru complex, [Os(bpy)2(dcbpy)] (Scheme IV). This 
Os complex exhibits long-wavelength absorption up to 
700 nm (Fig. 7) and an emission maximum at 750 nm 

(Fig. 8). The complex was activated and coupled to a 
protein. Importantly, there are two maxima in the exci- 
tation anisotropy spectrum (Fig. 8), one at 505 nm and 
one at 685 nm. The high anisotropy value at 685 nm of 
0.14 is ideal for tracing protein interactions using a 690- 
nm diode laser, though the lifetime of the Os complex 
is short (19 ns). 

Osmium complexes with longer lifetimes, in the 
range of a few hundred nanoseconds can be obtained by 
replacing the bpy ligands with tppz [tetrakis-(pyri- 
dyl)pyrazine], which should allow the measurement of 
longer correlation times using diode laser excitation. For 
instance, we have synthesized two such fluorophores 
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Scheme V. Long-lifetime laser diode-excitable osmium complexes. 

(Scheme V). Both osmium complexes can be excited at 
680 nm. Os(antbpy): displays a decay time of 200 ns in 
deoxygenated methanol, and Os(tppz): a decay time of 
175 ns. Hence it is possible to obtain both long decay 
times and long--wavelength absorption using Os com- 
plexes. A disadvantage of the complexes shown in 
Scheme V are the low quantum yields of the Os com- 
plexes. This problem can be circumvented by using ar- 
sine or phosphine ligands.O 9,2~ One such complex 
synthesized in this laboratory is shown in Fig. 9. In ace- 
tonitrile this complex displays a quantum yield of 0.4 
and a decay time of  2.3 ~ts (Fig. 10). The lifetime re- 
mains long in water, 1.43 Its (Fig. 10). While the dppy 
ligand is rather hydrophobic, a sulfonated dppy ligand 
is commercially available. Hence, MLC probes can be 
made with high quantum yields and lifetimes. However, 
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Fig. 9. Structure and emission spectrum of a high-quantum yield Os 
complex. 

the use of arsine or phosphine ligands results in spectral 
properties similar to those of the Ru complexes. 

The use of arsine and phosphine ligands can be 
extended to include DNA probes. Two such potential 
structures are shown in Scheme VI. Based on previous 
literature one can expect these probes to display quan- 
tum yields near 0.4 and decay times of several micro- 
seconds. Synthesis and characterization of structures 
similar to those in Scheme VI are in progress. 

Re-Based MLCs with Millisecond Lifetimes and 
High Quantum Yields 

Extremely long lifetimes and high quantum yields 
are characteristic of some Re(I)-based metal com- 
plexes3 z') The isonitrile derivatives (L)Re(CO)3C = NR 
(L = phen, bpy; R = n - Bu, t - Bu) of such Re-MLC 
have excited-state lifetimes in the range of hundreds of 
microseconds and quantum yields of >0.7 at room tem- 
perature in aqueous solutions32]) These properties make 
them very attractive for applications as sensors or mo- 
lecular probes. Demas and co-workers have recently de- 
scribed the synthesis and spectral properties of rhenium 
(Re) MLCs.(zz) When such complexes contain an isoni- 
Wile ligand the quantum yields are near 0.8 and the de- 
cay times as long as 100 p.s. Surprisingly, the long-lived 
isonitrile derivatives are reported to be stable in alcohol 
and aqueous solutions.(zz) Other reports have also de- 
scribed highly fluorescent and long-lived Re corn- 
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Highly Luminescent Probes for DNA 
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plexes. (~'-2') One obvious application for long-lived Re 
complexes is gated detection following decay of  the 
prompt autofluorescence from biological samples. Gated 
detection is widely used with the long-lived lanthanides, 
especially in immunoassays, c25) Another application 
could be in fluorescence polarization irnmunoassays, as- 
suming that the Re complexes display polarized emis- 
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Fig. 11. Absorption (top) and excitation anisotropy spectrum (bottom) 
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sion. The excitation polarization spectrum of C1- 
Re(CO)3(phen) is shown in Fig. 11 (bottom) and reveals 
high polarization values for this compound. (26) These 
preliminary anisotropy studies illustrate the potential of 
the Re complexes as high-quantum yield biophysical 
probes. 

One disadvantage of  the Re probe is the short- 
wavelength absorption spectra (Fig. 11, top). However, 
this is now less of  a problem because of the development 
of  UV-emitting LEDs, tzT) and the possibility of  blue laser 
diodes328) 

DISCUSSION 

In the past several years we have demonstrated the 
possibility of cellular imaging based on the fluorescence 
lifetime or decay time at each point in the image, (29z~ a 
method now referred to as fluorescence lifetime imaging 
microscopy (FLIM). As presently accomplished, FLIM 
requires a light source modulated near 100 MHz and a 
high-speed gain-modulated image intensifier. These re- 
quirements can be eliminated using long-lived MLC 
probes. It is now known that the output of  LEDs can be 
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Scheme VII. Fluorescence lifetime imaging microscopy (FLIM) with 
long-lived probes. The excitation can be an amplitude-modulated LED 
and the emission detected with a gatable CCD. 

modulated at frequencies up to 50 MHz. (3t) The output 
of blue LEDs is well matched to the absorption spectra 
of the Ru metal-ligand complexes. Importantly, CCDs 
are becoming available with gated detection near 50 
ns. (32) Such detectors would allow collection of the 
phase-sensitive images for FLIM without an image in- 
tensifier (Scheme VII). Hence, the instrumentation for 
FLIM can be rather simple, and the use of  a LED light 
source and photostable MLCs may minimize problems 
of photobleaching. The capabilities for FLIM may then 
become a routine part of a fluorescence microscope. 
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