Biophysical
Chemistry

Biophysical Chemistry 80 (1999) 143-151 www.elsevier.nl/locate/bpc

Synthesis and spectral characterization of a
long-lifetime osmium (II) metal-ligand complex:
a conjugatable red dye for applications in biophysics

Zakir Murtaza®, Petr Herman, Joseph R. Lakowicz

Department of Biochemistry and Molecular Biology, University of Maryland School of Medicine, Center for Fluorescence
Spectroscopy, 725 West Lombard Street, Baltimore, MD 21201, USA

Received 2 December 1998; accepted 30 April 1999

Abstract

There is a need for luminescent probes, which display both long excitation and emission wavelengths and long
decay times. We synthesized and characterized an osmium metal-ligand complex which displays a mean decay time
of over 100 ns when bound to proteins. [Os(1,10-phenanthroline),(5-amino-1,10-phenanthroline)l(PF,), can be
excited at wavelengths up to 650 nm, and displays an emission maximum near 700 nm. The probe displays a modest
but useful maximum fundamental anisotropy near 0.1 for 488-nm excitation, and thus convenient when using an
argon ion laser. [Os(phen),(aphen)l(PF;), is readily activated to the isothiocyanate for coupling to proteins. When
covalently linked to bovine serum albumin the intensity decay is moderately heterogeneous with a mean decay time
of 145 ns. The anisotropy decay of the labeled protein displays a correlation time near 40 ns. This relatively long
lifetime luminophores can be useful as a biophysical probe or in clinical applications such as fluorescence

polarization immunoassays. © 1999 Published by Elsevier Science B.V. All rights reserved.

1. Introduction

During the past 10 years there has been an
extensive effort to develop fluorescent probes for
use with red and near infrared (NIR) wavelengths
[1-3]. Most such fluorophores have been based

*Corresponding author. Tel.: +1-4107067978; fax: +1-
4107068408.

on the cyanine, squaraine, oxazine and similar
structures [4-7]. These probes display the favor-
able characteristics of high extinction coefficients
and moderately high quantum yields. However,
the currently available red—NIR probes do suffer
disadvantages. They typically display small Stokes’
shifts, which makes it difficult to reject scattered
light. Additionally, the high extinction coefficient
of these dyes results in a high probability of
emission [8] and thus short decay times. The
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decay times of red—NIR probes are typically <1
ns. In fact, if one examines all available fluores-
cence probes, most decay times are below 10 ns.
Since the autofluorescence from biological sam-
ples is also on the nanosecond timescale, the
autofluorescence cannot be rejected with time-
gating methods.

In order to circumvent the usual nanosecond
limits of fluorescence there have been efforts to
use alternative luminescent substances. The emis-
sion from lanthanides has been used because of
the millisecond decay times [9-11]. Also, the lan-
thanides are not quenched by dissolved oxygen.
These long lifetimes have resulted in the use of
lanthanides with gated detection for high sensitiv-
ity immunoassays [12-17]. However, the lan-
thanides do not display useful polarization and
thus have not been used as hydrodynamic probes.
Phosphorescence has also been used for mi-
crosecond to millisecond timescale measurements
[18]. However, the use of phosphorescence is
limited by the small number of substances, which
display useful phosphorescence, and the large ex-
tent of quenching by dissolved oxygen.

The luminescent metal-ligand complex provide
a general approach to develop microsecond probes
with moderately long wavelengths. Transition
metals such as ruthenium, rhenium, and osmium,
when bound to diimine ligands, display a wide
range of spectral properties [19-22]. The emission
spectra range from the near ultraviolet to the
NIR, and the decay times range from 10 ns to
over 10 ws. Importantly, some MLCs display high
fundamental anisotropies [23,24], making them
useful for measurement of rotational diffusion on
the microsecond timescale and in clinical assays.

An unfortunate property of the metal-ligand
complex is that the quantum yields and decay
times decrease at longer absorption and emission
wavelength. This effect is due to the energy gap
law, which states that the rate of non-radiative
decay increases as the excited state energy be-
comes closer to the ground state [21,25]. As a
result complexes such as [Os(2,2-bipyridine);]**
display low quantum yields and decay times near
15 ns in water [26].

In an effort to obtain a long wavelength MLC
with a larger quantum yield and lifetimes we
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Scheme 1. Chemical structure of [Os(phen),(aphen)]**.
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synthesized the phenanthroline complex of os-
mium (Os) shown in Scheme 1. The use of
phenanthroline ligands, rather than bipyridyl lig-
ands, resulted in an approximate 10-fold longer
lifetime than for the bipyridyl complex, consistent
with the higher quantum yield observed for
[Os(phen);1(PF,), vs. [Os(bpy);I(PF,),[27]. The
amino group was activated for conjugation to
proteins. This osmium MLC displays modest and
useful anisotropy, and its decay time is adequately
long to allow gated detection.

2. Methods
2.1. Experimental

Ammonium hexachloroosmate (IV), 1,10-
phenanthroline (phen), 5-amino-1,10-phenanthro-
line (aphen), all solvents and phosphate salts for
buffer were purchased from Aldrich and used
with out further purification. The starting mate-
rial, cis-Os(phen),-Cl,, for making [Os(phen),-
(aphen)l(PF,), was prepared by using reported
methods [28,29].

2.2. Synthesis of [Os(phen),(aphen)](PF,),

cis-Os(phen),Cl, and 5-amino-1,10-phenan-
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throline in 1:1.2 molar ratios, respectively, were
heated to reflux under nitrogen for 8 h in DMF
(dimethyl foramide). On completion of the reac-
tion DMF was removed by vacuum and the brown
powder was dissolved in water and filtered. The
compound was isolated from water by adding a
saturated water solution of ammonium hexafluo-
rophosphate, which gave a dark brown precipi-
tate, then were filtered and dried. The compound
was further purified by column chromatography
by passing over alumina with solvent (aceto-
nitrile /toluene) mixture.

To activate the amino group of [Os(phen),-
(phenNH,)I(PF,),, the compound was dissolved
in dry CH,Cl,. Thiophosgene (thiocarbonyl chlo-
ride — CSCl,) was added in approximately five-
fold molar excess to the solution and the mixture
was stirred for 1 h in a fume hood. Then the same
amount of thiophosgene was added and the reac-
tion was left to proceed for 1 more hour. The
progress and completion of the reaction was
checked by thin layer chromatography using Silica
Gel 60 F,;, plates with acetonitrile as the solvent.
After the completion of the reaction the solvent
was evaporated by a gentle flow of nitrogen.

2.3. Protein labeling

Bovine serum albumin (Sigma) was dissolved in
50 mM Tris buffer (pH 9.0) and activated MLC
was added to the solution. The coupling reaction
was left to proceed for 30 min and the labeled
BSA was separated from the free probe by pass-
ing the mixture through a Sephadex G15 column
equilibrated with the Tris buffer (pH = 9.0).

2.4. Spectroscopic measurements

Absorption spectra were recorded using a
Hewlett Packard 8543 spectro-photometer. Emis-
sion spectra were recorded using a AB2 spec-
trofluorometer from Spectronics, Inc. Excitation
and emission anisotropy spectra were measured
on a SLM 8000 spectrofluorometer, in glycerol at
—65°C. Unless otherwise indicated, all measure-
ments were performed at 23°C.

Luminescence intensity and anisotropy decay
were performed using frequency-domain instru-

mentation described previously [30,31]. Excitation
was accomplished with an air-cooled argon ion
laser operating at 488 nm. The laser output was
amplitude modulated using an electro-optic mod-
ulator. For measurements of the intensity decay
of osmium complex in water we used a
frequency-doubled Ti:Sapphire laser, 445 nm, with
a pulse picker to reduce the repetition rate to 80
kHz. Magic angle polarizer conditions were used
to measure the intensity decays. The emission was
isolated using a 700-nm interference filter, 75-nm
bandpass, from Intor, Inc., Socorro, NM. For some
measurements we also used a Corning 3-70 filter
which transmits above 500 nm.

The FD intensity decay data were fit to the
multi-exponential model

I(t) = Zaiexp(—t/*r,-) (D

where «; are the pre-exponential factors and T,
are the decay times. The fractional contribution
of each component to the steady state intensity
are given by
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Fig. 1. Spectral characteristics of [Os(phen),(aphen)(PF,),
complex in glycerol. The absorption spectra (dotted line) and
emission spectra (dashed line) were collected at 23°C. The
excitation anisotropy (solid line, \.,, = 680 nm), and emission
anisotropy (opened circles, \ ., = 580 nm) spectra were mea-
sured at —65°C.
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The mean decay time is given by
T=)fm 3)

The parameter values «; and 7; were recovered
by non-linear least squares analysis [32,33]. The
uncertainties in the phase and modulation values
were taken as 8p = 0.3° and &m = 0.008, respec-
tively. The range of o; and 7; values consistent
with the data were determined with consideration
of correlation between the parameters [34].

Anisotropy decays were obtained by least

squares analysis of the differential polarized phase
and modulation ratio data [31,35]. These data
were fitted to

r(t) =Y roexp(—1/6,) ()]
k

where r,, are the amplitudes and 6, the rotatio-
nal correlation times. The uncertainties in the
differential phase and modulation ratios were as-
sumed to be 8A =0.3°C and 38A = 0.008, respec-
tively.

Table 1
Fluorescence decay of [Os(phen),(aphen)(PF;),
Solvent 7, (ns) At o A, fe (ns)* X
Acetonitrile 56.4 0.4 1.0° 1.00 56.4 23
Glycerol 138 (2.0) 1.0 1.00 138.0 16.4
18.5 (3.0) 0.125 (0.008) 0.018
145.4 (1.3) 0.875 (0.008) 0.982 143.0 1.8
Water (air) 61.8 0.7 1.00 1.00 61.8 571
7.4 (=23, +2.8) 0.068 (—=0.009, +0.02) 0.008
63.5 (=07, +0.8) 0.932 (—0.02, +0.009) 0.992 63.0 2.7
6.8 (-18, +2.4) 0.064 (—=0.007, +0.011) 0.007
62.9 0.6) 0.936 (—0.01, +0.005) 0.981
3300.0 (—=2000.0, +30000.0) 0.00022 (—=0.0002, +0.0005) 0.012 102.0 23
Water (Ar) 65.0 (5.0) 1.00 1.00 65.5 241.0
61.0 3.0) 0.998 (—0.004, +0.02) 0.852
5300.0 (—3500.0, +62000) 0.0020 (—0.0002, +0.0004) 0.148 838.0 72.1
5.1 0.9 0.32 (—-0.01, +0.02) 0.029
69.7 0.9 0.68 (—0.02, +0.1) 0.852
11000.0 (—=3000.0, + 7000.0) 0.0006 (—0.0002, + 0.003) 0.119 1360.0 3.1
2.7 (-0.8, +0.6) 0.36 (—0.03, +0.05) 0.019
58.0 (6.0, +3.0) 0.52 (—=0.1, +0.06) 0.593
112.0 (20.0) 0.12 (—0.05, +0.08) 0.264
21000.0 (—=6000.,+ 11 000.0) 0.0003 (0.0001) 0.124 2660.0 1.4
BSA 111.0 (5.0 1.00 1.00 111.0 96.5
26.0 2.0) 0.38 (0.02) 0.100
143.0 (=3.0, +4.0) 0.62 (0.02) 0.900 131.0 53
19. 2.0) 0.29 (0.02) 0.056
111.0 (-8.0, +7.0) 0.63 (—0.05, +0.03) 0.715
280.0 (—40.0, +60.0) 0.08 (—0.04, +0.06) 0.229 145.0 1.8

“Standard deviations calculated by the Support plane or Bootstrap methods [34].
For experimental uncertainties 8p = 0.3° and dm = 0.08.
“Fractional fluorescence intensity.

4Mean lifetime, 7 = 3f;7,.

°Room temperature.



Z. Murtaza et al. / Biophysical Chemistry 80 (1999) 143-151 147

3. Results and discussion

3.1. Spectral properties of [Os-
(phen),(aphen)] (PF, ),

Absorption and emission spectra of
[Os(phen),(aphen)|(PF, ), are shown in Fig. 1. The
absorption extends to over 600 nm, allowing this
complex to be excited with laser diodes at 635 nm
or red light-emitting diodes. The emission dis-
plays a large Stokes’ shift with a maximum near
700 nm. We estimated the luminescence quantum
yield of [Os(phen),(aphen)]** by comparison with
[Os(bpy);]** which is reported to have a quantum
yield of 0.00074 in water at room temperature
[26]. The intensity of [Os(phen),(aphen)]** is
3.9-fold higher, suggesting a quantum yield of
0.0029. In deoxygenated acetonitrile at room tem-
perature the intensity of [Os(phen),(aphen)]*" is
approximately 1.83-fold higher than that of
[Os(bpy);]**, suggesting a quantum yield of 0.085
[27].
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Fig. 2. Frequency-domain intensity decay of [Os(phen),-
(aphen)|(PF,), complex in glycerol (closed circles) and ace-
tonitrile (opened circles), room temperature, air. The solid
lines show the best single decay time fit in acetonitrile, and
the best two-decay time fit in glycerol.

For measurements of rotational diffusion it is
important that the probe displays a non-zero
anisotropy. Excitation and emission anisotropy
spectra of [Os(phen),(aphen)]** in glycerol at
—65°C are shown in Fig. 1. A maximum
anisotropy near (0.1 was found for excitation near
488 nm. While this anisotropy is less than that
found for other metal-ligand complexes [23,24,-
26,27], this value is adequate for measurement of
steady-state or anisotropy decay, but with some-
what decreased resolution.

We examined the intensity decay of [Os-
(phen),(aphen)]** in solvents (Fig. 2) and in wa-
ter (Fig. 3). The intensity decay was dominantly
due to a 63-ns component, which increased to
near 70 ns upon purging with argon to remove
dissolved oxygen (Table 1, three decay time fits).
A surprising result is the presence of a very long
decay time component, 3300 ns in the presence of
oxygen, and 11000 ns in the absence of oxygen
(Table 1). The contribution of this long compo-
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Fig. 3. Comparison of frequency-domain intensity decay of
[Os(phen),(aphen)(PF;), in aerated (closed circles) and de-
oxygenated (opened circles) water solution in room tempera-
ture. The solid lines show the best three decay time fits to the
data for the aerated sample, and the best four decay time fits
for the deareated sample (Table 1).
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nent to the intensity decay is only 1.2% in the
presence of dissolved oxygen, but increases to
12.4% in the absence of oxygen. The presence of
this long lifetime component in the frequency-do-
main data can be seen by the modulation value
below 0.9 frequencies below 1 MHz (Fig. 3). Be-
cause of this component four decay times were
required to fit the data (Table 1). At present we
do not understand the origin of this microsecond
timescale component in the decay. Such long
decay times are known for rhenium complexes
which display ligand-centered phosphorescence
[36-40], but we are not aware of any reports
of ligand-centered phosphorescence from os-
mium complexes comparable to [Os(phen),-
(aphen)]l(PFE,),.

3.2. Spectral properties of Os(phen),(aphen) — BSA

To determine the usefulness of this osmium
complex it was covalently linked to bovine serum
albumin. The amino form of the probe was con-
verted to the isothiocyanate. The labeling proce-
dure resulted in approximately one osmium com-
plex bound per BSA molecule. The emission
spectra and quantum yield of the labeled protein
were comparable to that of the complex in glyc-
erol.

The frequency-domain intensity decay of the
label protein is shown in Fig. 4. The intensity
decay was moderately heterogeneous, requiring
three decay times for an adequate fit (Table 1).
The intensity decay was dominantly due to a
component with a decay time near 111 ns. The
effect of dissolved oxygen was modest. Removing

Table 2
Anisotropy decay of [Os(phen),(aphen)l(PF,), attached to BSA
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Fig. 4. Frequency-domain lifetime data of [Os(phen),-
(aphen)](PF,), covalently attached to BSA, 50 mM Tris buffer
(pH 9.0). The solid line shows the best three-decay time fit to
the data.

oxygen increases the intensity of the labeled pro-
tein by 6%.

To characterize [Os(phen),(aphen)]** as a hy-
drodynamic probe we measured the anisotropy
decay of the labeled BSA (Fig. 5). The
frequency-domain data were fit to the multi-cor-
relation time model (Table 2). The anisotropy
decay displays both a 40-ns component expected
for overall rotational diffusion of the BSA, and a
subnanosecond component typical of rapid mo-

&; (ns)*” A Toi Ar; 8i Ag; Xr
38.7 (—1.1, +0.9F° 0.07 (—0.001, +0.001) 1.0 2.11¢
40.4 (=03, +1.3) 0.12 (—0.04, +0.02) 0.58 (—=0.11, +0.25)

0.23 (—0.09, +0.73) 0.42 (—0.25, +0.11) 1.84

[Os(phen),(aphen)](PFy), in Tris 50 mM tris buffer (pH 9.0), room temperature.

" Values calculated for triple exponential decay from Table 1.
“Standard deviations calculated by the Monte Carlo method.

4For experimental uncertainties 3A = 0.3° and 3A = 0.008.
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Fig. 5. Frequency-domain anisotropy decay measurements of
[Os(phen),(aphen)l(PF;), covalently attached to BSA, 50 mM
Tris buffer (pH 9.0).

tions of the probe attached to the protein. Ap-
proximately one-half of the anisotropy decays by
each motion. Because of the low limiting
anisotropy (0.12), and the rapid motions of the
probe, the maximal differential phase angle is
only 4°. While this was adequate to determine the
rotational correlation time of BSA, a larger value
of the fundamental anisotropy and less indepen-
dent motions are desirable for an anisotropy
probe.

4. Conclusions

[Os(phen),(aphen)(PF;), was characterized as
a luminescent probe. The mean decay time in
solution and when coupled to proteins in over 100
ns. The long excitation and emission wavelengths
allow excitation with simply solid-state light
sources. The long lifetime will allow the use of
gated detection to suppress the autofluorescence
from biological samples. While the quantum yield
of the osmium complex is rather low, osmium
metal-ligand complexes are known to be ex-

tremely photostable [41,42]. Hence it should be
possible to compensate for the low quantum yield
by repeated pulsed illumination, even with high-
light intensities, until the signal-to-noise is ade-
quate for a given application.

The properties of [Os(phen),(aphen)l(PF;), as
an anisotropy probe are adequate but not opti-
mal. A higher fundamental anisotropy would be
desirable, as would chemical coupling, which
minimizes independent motions of the probe. In
spite of these limitations this osmium probe does
provide a considerable improvement over
presently available long-wavelength probes in sit-
uations which require long decay times.

5. Nomenclature

MLC: metal-ligand complex

phen: 1,10-phenanthroline

aphen:  5-amino-1, 10-phenanthroline

FD: frequency-domain

BSA: bovine serum albumin

FPI: fluorescence polarization immunoassay
NIR: near infrared
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