1duosnuey Joyiny 1duosnuen Joyiny 1duosnuey Joyiny

1duosnuey Joyiny

Author manuscript
Anal Chem. Author manuscript; available in PMC 2020 January 06.

-, HHS Public Access
«

Published in final edited form as:
Anal Chem. 1998 February 01; 70(3): 632-637. d0i:10.1021/ac970827k.

Use of a Long-Lifetime Re(l) Complex in Fluorescence
Polarization Immunoassays of High-Molecular-Weight Analytes

Xiang-Qun GuoT, Felix N. Castellano, Li Li, Joseph R. Lakowicz
Center for Fluorescence Spectroscopy, Department of Biochemistry & Molecular Biology,
University of Maryland School of Medicine, 725 West Lombard Street, Baltimore, Maryland 21201

Abstract

We describe a new class of fluorescence polarization immunoassays based on the luminescence
from a Re(I) metal-ligand complex. Re(l) complexes are extremely photostable and possess useful
photophysical properties including long lifetimes, high quantum yields, and high emission
polarization in the absence of rotational diffusion. In the present study, a conjugatable, highly
luminescent Re(l) metal-ligand complex, [Re(bcp)(CO)3(4-COOHPY)](CIO,), where bep is 2,9-
dimethyl-4,7-diphenyl-1,10-phenanthroline and 4-COOHPY is isonicotinic acid, has been
evaluated for use in fluorescence polarization immunoassays (FPIs) with high-molecular-weight
antigens. This Re(l) complex (Re) displays highly polarized emission (with a maximum
anisotropy near 0.3) in the absence of rotational diffusion and a long average lifetime (2.7 15)
when bound to human serum albumin (HSA) in oxygenated aqueous solution. The emission
polarization of the Re—HSA conjugate is sensitive to the binding of anti-HSA, resulting in a
significant increase in anisotropy. The labeled HSA was also used in a competition immunoassay
where unlabeled HSA was also used as an antigen. These experimental results, combined with
theoretical predictions, demonstrate the potential of this Re(l) metal-ligand complex as a
luminescence probe in FPIs of high-molecular-weight analytes (10°-108 Da).

Fluorescence polarization (FP) was first theoretically described by Perrinl in 1926; this
description was subsequently expanded and measured by Weber.22 Dandliker and co-
workers adapted FP for use in analytical biochemistry, including antigen (Ag)—antibody
(Ab) interactions*-6 and hormone-receptor interactions.” Since establishment of the theory
and method by Dandliker et al.,*~5 the use of fluorescence polarization immunoassays (FPIs)
for the quantitative and qualitative measurement of various types of molecules and
bioconjugates has been reported. Such uses include therapeutic drug monitoring and
determination of hormones, drugs of abuse, proteins and peptides, proteases, and inhibitors,
as well as DNA binding interactions.”=2® In fact, FPI technology is presently in widespread
commercial use in several instruments. A generic representation of a FPI as it applies to the
present study is shown in Scheme 1.

A serious limitation of the present immunoassays is that they are limited to low-molecular-
weight antigens. This limitation is a result of the use of fluorophores, such as fluorescein,
which display lifetimes near 4 ns. A FPI requires that emission from the unbound labeled
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antigen be depolarized, so that an increase in polarization may be observed upon antigen
binding to antibody. For depolarization to occur, the antigen must display a rotational
correlation time much shorter than the lifetime of the probe (in the case of fluorescein, less
than 4 ns), which limits the dynamic range of the FPI to antigens with low molecular
weights (Figure 1). Some long-lifetime fluorophores, such as chelates of Eu3* and Th3*,
have been used in time-resolved immunoassays,16-18 but they do not display polarized
emission and are thus not useful in FPIs.

More recent studies have shown that [Ru(bpy),(dch)]%*, where bpy is 2,2”-bipyridine and
dcb is 4,4"-dicarboxy-2,2” -bipyridine, displays high polarization in the absence of rotational
diffusion (~0.25), as well as a long lifetime (~400 ns).1® The experimental results
demonstrated that the steady-state polarization of [Ru(bpy),(dcb)]?* labeled to HSA was
sensitive to the binding of anti-HSA, which resulted in a 200% increase in polarization.
Another metal-ligand complex, [Os(bpy)»(dch)]?*, was also used in a FPI to detect a high-
molecular-weight bioconjugate using red excitation and emission wavelengths.20

In the present report, we describe a new FPI probe for high-molecular-weight antigens. A
highly luminescent Re(l) metal-ligand complex, [Re(bcp)(CO)3(4-COOHPY)](CIO,), where
bep is 2,9-dimethyl-4,7-diphenyl-1,10-phenanthroline and 4-COOHPYy is isonicotinic acid,
was synthesized and used in a FPI. This Re(l) complex displays highly polarized emission
(with a maximum polarization near 0.4 and maximum anisotropy near 0.3) in the absence of
rotational diffusion and a long average lifetime (2.7 4s) when bound to proteins in air-
equilibrated aqueous solution. We found that the steady-state polarization of the Re(l)
complexlabeled HSA conjugate (Re—HSA) was sensitive to the binding of anti-HSA,
resulting in a significant increase in luminescence polarization. The labeled HSA was also
used in a competitive format, with unlabeled HSA acting as an antigen. More importantly,
the lifetime of this probe when covalently labeled to HSA in air-equilibrated aqueous
solution is near 3 /s, which theoretically allows immunoassays of antigens with molecular
masses to 108 Da (Figure 1).

The theory of fluorescence polarization and its application to immunoassays has appeared
previously,*7:19 however, it is quite useful to present it here for clarity. The fluorescence
polarization (P) of a labeled macromolecule depends on the fluorescence lifetime (z) and the
rotational correlation time (6):

bb- (- 2+

where A is the polarization observed in the absence of rotational diffusion. The effect of
molecular weight on the polarization values can be seen from an alternative form of eq 1:

(l_l)_(L_l)(Hk_TT) )
P~3)7\P, 3 Ty @

where ks the Boltzmann constant, 7is the absolute temperature in kelvin, A is the viscosity
of the solution, and Vis the molecular volume. The molecular volume of the protein is
related to the molecular weight (M;) and the rotational correlation time by
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where Ris the ideal gas constant, v is the specific volume of the protein, and /s the
hydration, typically 0.2 g of H,O/g of protein. Generally, the observed correlation times are
about 2-fold longer than those calculated for an anhydrous sphere (eq 3 with /= 0) due to
the effects of hydration and the nonspherical shapes of most proteins. Therefore, in aqueous
solution at 20 °C (7= 1 cP), one can expect a protein such as HSA (M; ~ 65 000, with
v+ h = 1.9) to display a rotational correlation time near 50 ns.

The advantage of using a luminophore with a long lifetime is illustrated by comparing the
expected polarization values of HSA when free and bound to 1gG (M ~ 160 000, Scheme
1). It is convenient to use the anisotropy (/) in this calculation. The anisotropy and
polarization are related by

o @
I” +1;
I, -1
"
r=T57 ®)
Iy +2I,
where /; and /, are the vertically and horizontally polarized components of the emission.
The values of Pand rcan be interchanged using
_ 2P 6
"T3CP ©
3r
P= 2+4r {0

The parameters Pand rare both commonly used to describe rotational diffusion processes of
fluorophores in solution. The values of Pare more often used in FPI because they are
entrenched by tradition and are slightly larger than the anisotropy values. The parameter ris
preferred on the basis of theory. The anisotropy of a labeled macromolecule is

To

-7 8
"= 1x70 ®

where rg is the anisotropy in the absence of rotational diffusion and is typically near 0.3 for
most fluorophores, although the theoretical limit given collinear transition dipoles for
absorption and emission is 0.4.

We simulated the expected anisotropy values for a range of photoluminescence lifetimes.
These calculations were based on egs 3 and 8, established on the assumptions that the
limiting anisotropy (rp) was 0.3 in the absence of rotational diffusion, the solution viscosity
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was 1 cP, and v + h = 1.9 for the protein. These simulations demonstrate how the lifetime of
the luminophore determines the range of molecular weights which can be resolved by the
luminophore in an immunoassay. Presently, most immunoassays rely on fluorescein and
rhodamine derivatives as fluorescent probes (z % 4 ns). If one considers that most low-
molecular-weight antigens are in the range of M; < 1000, the expected anisotropy of the
labeled antigen can be estimated from Figure 1 to be in the range of 0.05. Upon antigen
association with antibody, the molecular weight increases (M ~ 160 000), and the
anisotropy of the bioconjugate approaches 0.30. Hence, a large change in anisotropy is
found upon binding of Ag to Ab for low-molecular-weight antigens when utilizing a 4 ns
lifetime fluorophore.

However, if the molecular weight of the labeled antigen is larger, above M ~ 20 000, then
the anisotropy changes only slightly upon binding to antibody if the same fluorophore is
used. For instance, suppose the molecular weight of the labeled antigen is 160 000, with a
rotational correlation time of 125 ns, and that of the antibody-bound form is 600 000, with a
rotational correlation time of 470 ns. In this particular case, the anisotropy values will differ
by less than 2% between the two forms when using a short-lifetime fluorophore. This small
change is attributed to the large discrepancy between the lifetime of the fluorophore and the
rotational correlation time of the labeled macromolecular complex. It is for this reason that
FPIs are performed only in the low-molecular-weight range with conventional short-lifetime
fluorophores.

Suppose the lifetime of the luminophore is in the range of 3 /s, as is the case with [Re(bcp)
(CO)3(4-COOHPy)]*. For the example described above, the binding assay would now be
detectable using luminescence polarization (Figure 1). Theoretically, a luminophore with a
lifetime of 3 x5 could allow the analysis of biological systems with molecular weights up to
100 million and correlation times up to 80 /s, thereby greatly expanding the capabilities of
FPIs to include the study of entire cells, viruses, and other large biomolecules and
biomolecular complexes.

EXPERIMENTAL SECTION

Human serum albumin (HSA), human immunoglobulin G (IgG), and monoclonal 1gG
specific for HSA (anti-HSA) from mouse ascites were obtained from Sigma Chemical Co.
and were used without further purification. All other reagents and all solvents used were
reagent grade. The synthesis of [Re(bcp)(CO)3(4-COOHPY)](CIO,4) was described in a
previous report.21

Synthesis of the NHS Ester of [Re(bcp)(CO)3(4-COOHPY)](CIO,4) and Protein Labeling

Five milligrams of A,V -dicyclohexylcarbodiimide (DCC) and 3 mg of N-
hydroxysuccinimide (NHS) were dissolved in 0.15 mL of DMF with stirring. [Re(bcp)
(CO)3(4-COOHPY)](CIO4) (10 mg in 0.15 mL of DMF) was added, and the mixture was
stirred for 20 h. The formed precipitate was removed by filtration through a syringe filter,
and the filtrate containing the activated Re complex was used for labeling the substrates.
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The protein HSA (10 mg) was labeled by adding a 15-fold molar excess of the activated Re
complex in 50 L of DMF to 1 mL of stirring protein solution (0.2 M carbonate buffer, pH
8.5), followed by a 5 h incubation. The conjugate was purified by gel filtration
chromatography on Sephadex G-25, using 0.1 M PBS, pH 7.0, as eluent. The dye:protein
ratio of the Re—HSA conjugate was determined to be 2:1. The concentration of the protein
was determined by the Coomassie Plus protein assay. The concentration of the Re(l)
complex was determined by its absorbance at 400 nm, assuming the extinction coefficient
was the same as that of the free dye (esgg = 5040 M~1cm™1).21 The equilibrium association
constants of the bioconjugates were determined from luminescence anisotropy data as
described in the literature.®

Photoluminescence Measurements

RESULTS

Uncorrected emission spectra were recorded on an SLM AB2 spectrofluorometer. The
frequency domain lifetime measurements were performed on an 1SS K2 fluorometer, using a
high-intensity Panasonic blue lightemitting diode (LED) configured to provide amplitude-
modulated light centered at 390 nm.2122 An Andover 500 nm long-pass filter (500FH90—
50S) was used to isolate the emission.

The frequency domain intensity decay data were fit by a nonlinear least-squares procedure,
generally to a sum of three single-exponential decays. The intensity decays were described

by

—tlt.

I(t) = Zotl-e ! (9)
1

where /(t)is the luminescence intensity at time £ and a;and the z;are the pre-exponential
weighting factors and the excited-state lifetimes, respectively. The subscripts denote each
component. Mean lifetimes were calculated using

<T> = Z 0‘1'112/ Z aT; (10)
1 1

The excitation anisotropy spectrum is defined by

I”—Il

y = —
I”+21l

(1

where /; and /, are the emission intensities measured with vertically polarized excitation
and the emission polarization parallel (/) or perpendicular (/) to the excitation. The values
of the polarized intensities were corrected for the transmission efficiency of the polarized
components by the detection optics.

The molecular structure of [Re(bcp)(CO)3(4-COOHPY)]* is shown in Figure 2. The
absorption and emission spectra of [Re(bcp)(CO)3(4-COOHPY)]* labeled to HSA are shown
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in Figure 3. The spectra are normalized to unity for comparative purposes. The absorption
profile in the low-energy region (340-425 nm) and the more intense higher energy band at
290 nm are characteristic metal-to-ligand charge transfer (MLCT) and —r* transitions,
respectively. The emission spectrum is broad and has a maximum near 550 nm. These
photophysical characteristics are similar to that observed with the parent complex [Re(bcp)
(CO)3(Py)]*, where Py is pyridine.2% The large Stokes shift of MLCT complexes in general
can be exploited in biological media, where multiple labeling of close proximity residues
will not result in self-quenching processes.

0, quenching is commonplace from MLCT excited states of Re(l) complexes.21:29 |n the
case of [Re(bcp)(CO)3(4-COOHPY)]*, the oxygen quenching is modest when the probe is
bound to HSA in air-equilibrated aqueous solution. Compared to a deoxygenated buffer
solution (1.0), the relative photoluminescence intensity of Re—HSA in air-equilibrated buffer
solution is 0.69 (Figure 4). Complete photophysical characterization of [Re(bcp)(CO)3(4-
COOHPY)]* has recently appeared.2!

We examined the steady-state excitation anisotropy spectrum of [Re(bcp)(CO)3(4-
COOHPy)]* in vitrified solution (glycerol, —60 °C), where rotational diffusion does not
occur during the excited state lifetime (Figure 3). This complex shows a maximum
anisotropy near 0.3, whose values are constant from 390 to 450 nm.

Frequency domain intensity decays of Re—-HSA in air-equilibrated and argon-equilibrated
0.1 M PBS buffer solutions are shown in Figure 5. The analysis of the frequency domain
intensity decays are summarized in Table 1. The decays were best fit to a sum of three-
exponential decay laws. The mean lifetimes are 2.75 /s in air-equilibrated and 3.44 s in
argon-equilibrated buffer solutions, respectively. The elimination of oxygen is, therefore, not
required for use in fluorescence polarization immunoassays of high-molecular-weight
analytes.

To evaluate the feasibility of using [Re(bcp)(CO)3(4-COOHPY)]* in a polarization
immunoassay, Re—HSA was used as an antigen. We examined the changes in anisotropy of
Re-labeled HSA in the presence of increasing amounts of anti-HSA. The polarization
increased about 4-fold from 0.023 to 0.108, which corresponds to anisotropy values ranging
between 0.017 and 0.075 (Figure 6). Similar results were obtained when using two different
batches of anti-HSA with antibody (Ab) concentrations ranging from 0 to 8 times that of
Re-HSA (Ag). An association constant was calculated from the data in Figure 6 and found
to be 3.3 M1, We used nonspecific human IgG as a control, and no detectable changes in
polarization of Re-HSA were observed in that experiment (Figure 6).

We attempted to develop a competitive assay for HSA wherein labeled and unlabeled
antigens are allowed to simultaneously compete for the binding sites on the antibody. The
simultaneous exposure of the labeled and unlabeled HSA to anti-HSA resulted in a constant
anisotropy at all concentrations. This may reflect a higher affinity of anti-HSA for labeled
HSA or the formation of aggregates around the labeled antigen. However, preincubation of
the unlabeled HSA with anti-HSA for 30 min, followed by the addition of the Re-labeled
antigen, resulted in measurable changes in anisotropy. In this sequential assay, the
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anisotropy was found to decrease with increasing amounts of unlabeled HSA (Figure 7). The
concentrations of Re-labeled HSA and anti-HSA were 2.5 and 4.5 uM, respectively. At high
concentrations of unlabeled HSA, the anisotropy could not be reversed to the value for
unbound Re-HSA (r=0.017, p=0.023), which should be observed on total replacement of
Re-HSA with unlabeled HSA. This effect could be explained by nonspecific binding of Re—
HSA to other proteins present in the solution. However, the polarization of Re—-HSA was not
influenced by the presence of nonspecific proteins in the 1gG ascites fluid (Figure 6).
Another reason for this behavior may be a result of a higher binding affinity for Re—-HSA
than for free HSA or, possibly, irreversible interactions between the Ab and Ag.

DISCUSSION

The results described above, combined with our early reports,19-20 demonstrate the utility of
fluorescence polarization immunoassays of high-molecular-weight analytes using
luminescent metal-ligand complexes which display highly polarized emission and long
lifetimes. Many different approaches have been used to circumvent the present limitation of
FPIs to low-molecularweight substances.10:23-25 An early attempt to develop FPIs for high-
molecular-weight antigens was reported by Grossman.23 The dansyl
(dimethylaminonaphthalenesulfonic acid) fluorophore was used because of its 20 ns
lifetime. Tsuruoka and co-workers attempted to develop a FPI with IgG by increasing the
molecular weight of the antibody.24 This was accomplished by immobilizing the antibody
with latex beads or colloidal silver. Urio and Cittanoval® decreased the size of the labeled
antibody by using Fab fragments in place of complete IgG molecules. Another approach to
enable the measurement of high-molecular-weight antigens was introduced by Wei and
Herron.25 They used a tetramethylrhodamine-labeled synthetic peptide, which has a high
binding affinity for the Ab of hCG (human chorionic gonadotrophin), as the tracer antigen in
their FPI for hCG. In this assay, the tracer antigen, which has a low molecular weight, is
replaced by hCG (high molecular weight), thus reducing the amount of polarization.

In our opinion, a superior approach for the direct measurement of high-molecular-weight
analytes in an immunoassay is to develop luminescence probes with lifetimes that are
comparable to the rotational correlation times of the antibody, the antigen, and the
bioconjugates they form. The use of the photoluminescence from MLCT excited states in
this regard is the proper direction of this research. As mentioned above, the sensitivity and
dynamic range of a generic immunoassay can be correlated well to the lifetime of the probe
used and the hydrodynamic volumes (molecular weight) of the bound and free tracer antigen
(Figure 1). To observe anisotropy values for a 2.7 /s probe comparable with those obtained
for a 4 ns probe, the molecular weight range can be at least 3 orders of magnitude larger in
the former case.

Two disadvantages of MLCT complexes are their low extinction coefficients and quantum
yields when compared to those of a probe like fluorescein. The extinction coefficients of
MLCT compounds are generally 2-5-fold lower than that of fluorescein. There is generally
about a 10-fold difference in quantum yield between fluorescein and MLCT compounds as
well. These photophysical differences result in a lower sensitivity in the present assay.
However, we did not attempt to optimize our conditions to obtain the highest possible
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sensitivity. Under these conditions, our assay is sensitive in the ~100 nM range, whereas
typical fluorescein-based assays are 1-2 orders of magnitude more sensitive. However, these
disadvantages are offset by the fact that the photostability of MLCT complexes is
remarkable compared to that of fluorescein.19:27:30-32 Demas and co-workers have recently
stated that certain Ru(11) MLCT compounds are stable in solution for periods of years,32
which is in agreement with observations in this laboratory.1® MLCT compounds based on
Re(1) and Os(I1) show higher photochemical stability than their Ru(ll) analogues, owing to
reduced accessibility of dissociating ligand field states.2” Therefore, immunochemical
reagents based on Re(I) complexes can be stored in solution for extended periods of time
and will show little or no photochemical decomposition. In addition, MLCT complexes do
not display any probe—probe interactions, quite unlike fluorescein, which allows for a much
larger dye:protein ratio when labeling macromolecules. The long lifetimes of MLCT
complexes permits the off-gating of the autofluorescence from biological samples which
takes place on the 1-10 ns time scale, which is not possible with fluorescein. The use of off-
gating in time-resolved anisotropy measurements may increase our detection limits as in the
case of lanthanide-based time-resolved immunoassays.16-18

MLCT probes are presently known to display lifetimes that range from sub-nanosecond to
>100 15.2%-31 This leads us to believe that MLCT compounds can be specifically tailored to
be used in any immunoassay. MLCT compounds can be systematically engineered to alter
their spectroscopic, photophysical, and chemical properties.26-31 The spectral and chemical
versatility of MLCT complexes allows the design of probes displaying lifetimes that respond
to specific molecular weights. Compared to the previously reported [Ru(bpy),(dch)]%+,19
[Re(bcp)(CO)3(4-COOHPY)]* displays a higher quantum efficiency, higher anisotropy, and
longer lifetime. The quantum yields of [Ru(bpy)2(dcb)]2* and [Re(bcp)(CO)3(4-COOHPY)]*
are about 0.05 and 0.12, respectively, when bound to protein. It seems probable that further
studies will reveal other structures with even more favorable luminescence spectral
properties and, possibly, higher initial anisotropy values. It should also be noted that this
new Re(l) probe can be of value in biophysical studies of macromolecules, such as for
studies of membrane-bound proteins or domain-to-domain motions in proteins.
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Molecular-weight-dependent anisotropy for a protein-bound luminophore with luminescence
lifetimes of 4, 40, 400, and 2700 ns. The curves are based on egs 3 and 8 assuming an
aqueous solution at 20 °C with a viscosity of 1 cP and v + h = 1.9.
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Figure2.
Molecular structure of [Re(bcp)(CO)3(4-COOHPY)]*.
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Figure 3.

Room temperature absorption and emission spectra of [Re(bcp)(CO)3(4-COOHPY)]*
conjugated to HSA in 0.1 M PBS buffer, pH 7.0. The emission spectrum was obtained with
400 £ 4 nm excitation. The solid line shows the excitation anisotropy spectrum measured in
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Figure4.
Emission spectra of [Re(bcp)(CO)3(4-COOHPy)]* conjugated to HSA in 0.1 M PBS buffer,

pH 7.0, equilibrated with argon or air at 20 °C. The excitation wavelength was 400 = 4 nm.
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Figureb.
Frequency domain intensity decays of [Re(bcp)(CO)3(4-COOHPyY)]* conjugated to HSA.

Sample was the under same conditions as in Figure 4. The modulated excitation was
centered at 390 nm (Panasonic blue LED) and a 500 nm long-pass filter was used to isolate
the emission.
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Figure 6.
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Steady-state fluorescence polarization of Re—HSA at various concentrations of 1gG specific

for HSA (anti-HSA, @) or nonspecific IgG (H) measured at 20 °C. Anisotropy is also

displayed on this plot for comparative purposes. The excitation and observation wavelengths
were 400 and 550 nm, respectively, with a bandpass of 8 nm.
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Figure 7.
Steady-state fluorescence anisotropy of Re—-HSA added to preincubated mixtures of anti-

HSA with various concentrations of unlabeled HSA measured at 20 °C. The excitation and
observation wavelengths were 400 and 550 nm, respectively, with a bandpass of 8 nm. Error
bars represent the standard deviations of three anisotropy readings.
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HSA

©=50ns IgG ©=150ns

Scheme 1.
Intuitive Description of a Fluorescence Polarization Immunoassay (Re-L is [Re(bcp)

(CO)3(4-COOHPY)]*, and @is the Rotational Correlation Time)
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Recovered Intensity Decay Parameters of [Re(bcp)(CO)3(4-COOHPy)]* Conjugated to HSA, Measured in 0.1

M PBS at 20 °C

condition 7 (us)

air 5.76
1.27
0.053

argon 6.23
1.39
0.051

]
0.02
0.13
0.85
0.02
0.11
0.87

Table 1.

mean t (Us)

2.75

3.44
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