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We report the synthesis, characterization, and avidin-binding properties of two novel ruthenium
complexes, [Ru(bpy)2(phen-biotin)][PF6]2 1 and [Ru(phen)2(phen-biotin)][PF6]2 2 (bpy ) 2,2′-bipyridine;
phen ) 1,10-phenanthroline, phen-biotin ) 5-(10-amidobiotinyl)-1,10-phenanthroline)). We demon-
strate that both biotinylated compounds bind to avidin through their biotin moieties with high affinity
and in a 4:1 ratio. The binding of compounds 1 and 2 to avidin results in an enhancement in
luminescence intensity (∼1.4×, ∼1.6×, respectively), relative to the unbound biotinylated ruthenium
complexes. This behavior is markedly different from biotinylated organic dyes, whose fluorescence is
quenched upon binding to avidin. Thus, ruthenium-biotin complexes 1 and 2 can form the basis of
new, simplified biotin-avidin assays, which involve luminescence detection of the relevant biotinylated
molecule through cross-linking with avidin.

INTRODUCTION

The binding of biotin to (strept)avidin has found
widespread applications in biomolecule detection, medical
diagnostics, immunoassays, cytochemistry, and nano-
science (1-7). This is primarily due to the strength of
the interaction between the ligand and the protein (Kd
) 1.3 × 10-15 M) and to the presence of four binding sites
for biotin on avidin, which in turn allows for the cross-
linking of different biotinylated molecules (1). Bioana-
lytical applications based on the biotin/avidin interaction
have typically used enzymatic reactions, radiolabeling
techniques, and fluorescence for detection/visualization
(8-12). Of these, fluorescence-based assays are some of
the most straightforward and rapid detection techniques

(13-16). The simplest design for these biotin-avidin
assays would be covalent attachment of the fluorescent
dye to biotin, followed by fluorescence detection of the
relevant biotinylated molecule through cross-linking with
avidin. However, biotinylated organic dyes have been
shown to lose their luminescence intensity upon binding
to avidin, likely through resonance energy transfer
mechanisms (17-22). To overcome this problem, long
spacers, such as poly(ethylene glycol), have been used to
maximize the distance between the biotin-conjugated
organic dyes and the avidin binding site (17, 18). As a
result of these difficulties, most fluorescence-based detec-
tion methods have relied on the more difficult conjugation
of the organic dyes to the protein itself, rather than
simple attachment to biotin (18, 19).

Among many inorganic chromophores, ruthenium(II)
bipyridyl or phenanthroline complexes have recently
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emerged as promising candidates for a variety of bioana-
lytical applications (13, 23-26). These complexes present
some unique photophysical properties, which distinguish
them from their organic counterparts, including their
chemical inertness and photostability, the tunability of
their photophysical characteristics, the relative insensi-
tivity of their photophysical properties to environmental
changes, their large Stokes shifts, and their long excited-
state lifetimes (13). We here report the facile synthesis
of ruthenium complexes 1 and 2, where a (bpy)2Ru-
(phen)2+ or (phen)3Ru2+ center is conjugated to a biotin
moiety (bpy ) 2,2′-bipyridine, phen ) 1,10-phenanthro-
line). Unlike organic dyes, binding of these Ru(II)-biotin
complexes to avidin results in an enhancement in their
luminescence intensity, thus making them useful tools
for fluorescence-based biotin-avidin assays.

The synthesis of complexes 1 or 2 was carried out by
first coupling 5-amino-1,10-phenanthroline (27, 28) with
the acyl chloride (29) derivative of biotin, to give the
biotin-phenanthroline ligand 3. The target complexes 1
and 2 were then obtained by refluxing ligand 3 with Ru-
(bpy)2Cl2 or Ru(phen)2Cl2 (30) in good yield (70-80%) and
were isolated as their PF6

- salts (Scheme 1) (46).
The UV/vis absorbance spectrum of ruthenium-biotin

complexes 1 and 2 in CH2Cl2 shows bands at 450 nm,
assigned to Ru(II) dπ-π* metal-to-ligand charge transfer
(MLCT) transitions (Figure 1) (46). In addition, more
intense bands at 250-300 nm were assigned to ligand-
centered π-π* transitions. These absorbances and as-
signments are consistent with a number of related
complexes in the literature (13, 30). Steady-state emis-
sion spectra were recorded for complexes 1 and 2 in
dichloromethane and showed strong luminescence at 589
nm for 1 and 580 for 2, upon excitation of the MLCT band

at 450 nm (Figure 1). The emission wavelength showed
a slight increase with increasing solvent polarity, likely
due to the stabilization of the MLCT state with polar
solvents (46).

The binding properties of the Ru-biotin complexes 1
and 2 to avidin were first examined using the 4′-
hydroxyazobenzene-2-carboxylic acid (HABA) assay (32,
46). HABA can bind to avidin at the same binding site
as biotin, with an association constant of 107 M-1 and
with the same stoichiometry as unmodified biotin (4:1).
Upon binding to avidin, HABA displays a new peak in
its absorption spectrum at 500 nm. When biotin or
biotinylated molecules are added, the displacement of
HABA from avidin results in the reduction of this
HABA-avidin absorption at 500 nm. The HABA-avidin
complex was thus generated and was then titrated with
the Ru-biotin complex 1. An immediate decrease in the
absorption at 500 nm was detected, and a new peak at
ca. 450 nm, corresponding to the ruthenium complex 1,
was observed. The titration required exactly 4 mol equiv
of complex 1 to avidin, after which no further changes
in the absorption peak at 500 nm were detected (46).
These results are consistent with immediate displace-
ment of HABA from avidin and concomitant binding of
Ru-biotin complex 1 to the protein. Similar results were
obtained when the HABA-avidin complex was titrated
with complex 2 (46). Thus, complexes 1 and 2 bind to
avidin in a 4:1 ratio and with greater affinities than the
HABA-avidin interaction.

To investigate the luminescence changes of complexes
1 and 2 in the presence of avidin, an avidin solution (in
buffer A, containing 100 mM NaCl, 50 mM NaH2PO4, 1
mM EDTA, pH adjusted to 7.5 using NaOH) was titrated
with complex 1 (16 µM), and luminescence at 615 nm was
monitored (Figure 2, curve II). In addition, a blank buffer
solution was titrated with complex 1 (16 µM, Figure 2,
curve I). These experiments were repeated using complex
2 (Figure 3). Comparison of the titration curves I and II
revealed that the luminescence of the Ru-biotin com-
plexes is enhanced upon binding to avidin (33).

The emission intensity of the Ru-biotin complex 1 fully
bound to avidin (4:1) ratio was measured to be ca. 1.4
times greater than unbound complex 1, and complex 2
showed a greater enhancement of 1.6 (Figure 4). As a
control experiment, the titration of avidin with Ru-
(bpy)3

2+, which has similar structural and photophysical
properties to complexes 1 and 2, but lacks a biotin moiety,
showed no detectable change in its luminescence inten-
sity. Thus, complexes 1 and 2 bind to avidin through their
biotin moiety in a 4:1 ratio and show luminescence
enhancement as a result of this interaction. This is in
marked contrast with the behavior of biotinylated organic

Scheme 1. Synthesis of Ru(II)-Phenanthroline-
Biotin Complexes 1 and 2

Figure 1. Electronic absorption (I) and emission (II) spectra of complexes 1 (a) and 2 (b) in CH2Cl2 at ambient temperature.
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fluorophores, whose fluorescence is quenched upon bind-
ing to avidin. The increase in luminescence intensity of
the ruthenium complexes may be a result of the position-
ing of these chromophores in a more hydrophobic envi-
ronment upon binding to avidin. Indeed, Ru(II) polypy-
ridine complexes show a higher luminescence quantum

yield in organic solvents, compared to water (34-36).
Interestingly, preliminary experiments performed on the
interaction of complex 2 with streptavidin, which is more
hydrophobic and less positive in charge than avidin,
showed a greater luminescence enhancement of ∼1.9 (9,
47). To our knowledge, there is only one previous report
describing a rhenium-biotin complex, which binds to
avidin with luminescence enhancement (37). The tris-
chelated Ru-complexes 1 and 2 are expected to display
greater stability than the rhenium complex, which pos-
sesses monodentate pyridine and carbonyl ligands (38).
In addition, ruthenium (II) bipyridine complexes are
redox active, and can be used for electrochemilumines-
cence experiments, with a significant amplification of
their luminescence signals (41).

To compare the avidin binding affinity of the Ru-biotin
complexes to that of biotin itself, a complex of avidin-
biotin in a 1:4 ratio was generated. This sample was then
titrated with Ru-biotin complexes 1 (or 2) (16 µM), and
the luminescence intensity at 615 nm was monitored
(Figures 2 and 3, titration curves III). Complex 2 showed
consistently higher luminescence intensity than unbound
Ru-biotin (curve I in Figure 3). This suggests partial
displacement of biotin from avidin by molecule 2 and
concomitant binding of this complex to avidin, resulting
in an increase in its luminescence intensity. Complex 1,
on the other hand, showed similar luminescence intensity
to that of unbound Ru-biotin, which increased only when
relatively high concentrations were attained (curve III
in Figure 2). Thus, the binding constant of complex 2 to
avidin is likely higher than that of complex 1. A similar
preliminary experiment was performed with streptavidin,
where 4 equiv of molecule 2 were added to a preformed
streptavidin:biotin complex. In this case, an enhancement
of ∼1.8 was noticed, consistent with an even greater
binding affinity of complex 2 to streptavidin (47).

A final experiment was carried out, where a preformed
complex of avidin-Ru-biotin in a 4:1 ratio was generated
and then titrated with a solution of biotin (16 µM). The
titration curves for both complexes 1 and 2 showed a
steady decrease in luminescence intensity, until a ratio
of biotin:avidin of approximately 4:1 was reached, upon
which the luminescence intensity of the ruthenium
complexes was unchanged with further biotin addition
(46). This result is consistent with displacement of
complexes 1 and 2 from avidin by biotin itself, suggesting
that biotin binds to avidin with a higher affinity than
complexes 1 and 2. Thus, complexes 1 and 2 showed a
relatively high binding affinity to avidin, albeit lower
than biotin itself (Kd ) 10-15 M), with a 4:1 binding
stoichiometry and concomitant luminescence enhance-

Figure 2. Luminescence titration curves for the titrations of
(I) a blank buffer A solution with complex 1, (II) an avidin
solution (20 nmol) with complex 1, (III) a preformed complex of
avidin (20 nmol), and biotin (80 nmol) with complex 1 (16 M);
the time delay between each addition was approximately 8 min.

Figure 3. Luminescence titration curves for the titrations of
(I) a blank buffer A solution with complex 2, (II) an avidin
solution (10 nmol) with complex 2, (III) a preformed complex of
avidin (10 nmol), and biotin (40 nmol) with complex 2 (16 M)
the time delay between each addition was approximately 8 min.

Figure 4. (a) Emission of complex 1 in buffer A (I) and in buffer A with avidin (II) (4:1 ratio). (b) Emission of complex 2 in buffer
A (I) and in buffer A with avidin (II) (4:1 ratio).
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ment. Interestingly, when a similar experiment was
performed using streptavidin instead of avidin, the
addition of 4 equiv of biotin to a preformed complex of
streptavidin:molecule 2 did not cause any decrease in
luminescence intensity, even after 12 h. This is consistent
with little displacement of complex 2 from avidin by
biotin and again suggests higher binding affinity of
complex 2 to streptavidin, as compared to avidin (47).

In conclusion, we have generated a new class of ruthen-
ium complexes, where (bpy)2Ru(phen)2+ or (phen)3Ru2+

centers are conjugated to a biotin moiety. These com-
plexes bind to avidin and streptavidin through their
biotin moiety with high affinity, in a 4:1 ratio, and with
concomitant enhancement in their fluorescence intensity.
This is in marked contrast with organic dyes, which lose
their fluorescence upon binding to avidin. Thus, these
new ruthenium-biotin complexes can form the basis of
new, simplified biotin-avidin assays, which consist of
cross-linking the unknown biotinylated molecule and the
ruthenium-biotin complex to avidin, for luminescence
detection. Ru(II) polypyridine complexes present other
advantages over the currently used chromophores, in-
cluding their photostability and resistance to photo-
bleaching, and their large Stokes shifts, which allow
many of these chromophores to be linked to the protein
for signal amplification, without quenching their lumi-
nescence (19, 21, 39-45). Further work is in progress in
our laboratory to extend the applications of these and
related transition metal-biotin complexes to more selec-
tive bioassays.

ACKNOWLEDGMENT

We thank the Natural Sciences and Engineering
Research Council of Canada (NSERC), the Canada
Foundation for Innovation, the Centre for Self-Assembled
Chemical Structures, the Research Corporation, and the
NSERC Strategic Grant program for financial support.
H. F. Sleiman is a Cottrell Scholar of the Research
Corporation.

Supporting Information Available: Synthesis of the
phenanthroline-biotin ligand. Synthesis of complex 1
[Ru(bpy)2(phen-biotin)](PF6)2. Synthesis of complex 2 [Ru-
(phen)2(phen-biotin)](PF6)2. Electronic absorption and
emission data for complexes 1 and 2. Binding specificity
of complexes 1 and 2 toward avidin:HABA assays.
Competitive binding assay: titration of Ru-biotin-
avidin complexes 1 and 2 with biotin. This material is
available free of charge via the Internet at http://
pubs.acs.org.

LITERATURE CITED

(1) Wilchek, M., and Bayer, E. A. (1990) Methods of Enzymology;
Vol. 184, Academic Press, San Diego.

(2) Weizmann, Y., Patolsky, F., Katz, E., and Willner, I. (2003)
Amplified DNA Sensing and Immunosensing by the Rotation
of Functional Magnetic Particles. J. Am. Chem. Soc. 125 (12),
452-3454.

(3) Rivera, V. R., Merrill, G. A., White, J. A., and Poli, M. A.
(2003) An Enzymatic Electrochemiluminescence Assay for the
Lethal Factor of Anthrax. Anal. Biochem. 312 (1), 125-130.

(4) Guggiero, F. P., and Sheffield, J. B. (1998) The Use Of Avidin
as a Probe for the Distribution of Mitochondrial Carboxylases
in Developing Chick Retina. J. Histochem. Cytochem. 46 (2),
177-183.

(5) Richter, J., Adler, M., and Niemeyer, C. M. (2003) Monte
Carlo Simulation of the Assembly of bis-Biotinylated DNA
and Streptavidin. ChemPhysChem. 4 (1), 79-83.

(6) Cao, R., Gu, Z., Hsu, L., Patterson, G. D., and Armitage, B.
A. (2003) Synthesis and Characterization of Thermoreversible
Biopolymer Microgels Based on Hydrogen Bonded Nucleobase
Pairing. J. Am. Chem. Soc. 125 (35), 10250-10256.

(7) Caswell, K. K., Wilson, J. N., Bunz, U. H. F., and Murphy,
C. J. (2003) Preferential End-to-End Assembly of Gold
Nanorods by Biotin-Streptavidin connectors. J. Am. Chem.
Soc. 125 (46), 13914-13915.

(8) Hermanson, G. T. (1996) Bioconjugate Techniques; Academic
Press, San Diego.

(9) Schetters, H. (1999) Avidin and Streptavidin in Clinical
Diagnostics. Biomol. Eng. 16 (1-4), 73-78.

(10) Lo, K. K.-W., Chung, C.-K., Lee, T. K.-M., Lui, L.-H., Tsang,
K. H.-K., and Zhu, N. (2003). New Luminescent Cyclometa-
lated Iridium(III) Diimine Complexes as Biological Labeling
Reagents. Inorg. Chem. 42 (21), 6886-6897.

(11) Hadour, N., Gondran, C., and Cosnier, S. (2004) A New
Biotinylated tris Bipyridinyl Iron(II) Complex as Redox
Biotin-Bridge for the Construction of Supramolecular Bio-
sensing Architectures. Chem. Commun. (3), 324-325.

(12) Adamczyk, M., Mattingly, P. G., Moore, J. A., and Pan, Y.
(2003) Regiodependent Luminescence Quenching of Biotinyl-
ated N-Sulfonyl-acridinium-9-carboxamides by Avidin. Org.
Lett. 5 (21), 3779-3782.

(13) Lakowicz, J. R. (1999) Principles of Fluorescence Spectro-
scopy, 2nd ed.; Kluwer Academic and Plenum Publishers,
New York.

(14) Fang, X., Liu, X., Schuster, S., and Tan, W. (1999) Desiging
a Novel Molecular Beacon for Surface-Immobilized DNA
Hybridization Studies. J. Am. Chem. Soc., 121 (12), 2921-
2922.

(15) Sueda, S., Yuan, J., and Matsumoto, K. (2002) A Homo-
geneous DNA Hybridization System by Using A New Lumi-
nescence Terbium Chelate. Bioconjugate Chem. 13 (2), 200-
205.

(16) Kumer, J. M., Wolfbeis, O. S., and Klimant, I. (2002)
Homogeneous Luminescence Decay Time-Based Assay Using
Energy Transfer from Nanospheres. Anal. Chem. 74 (9),
2151-2156.

(17) Gruber, H. J., Marek, M., Schindler, H., and Kaiser, K.
(1997) Biotin-Fluorophore Conjugates with Poly(ethylene
glycol) Spacers Retain Intense Fluorescence after Binding to
Avidin and Streptavidin. Bioconjugate Chem. 8 (4), 552-559.

(18) Marek, M., Kaiser, K., and Gruber, H. J. (1997) Biotin-
Pyrene Conjugates with Poly(ethylene glycol) Spacers are
convenient Fluorescence Probes for Avidin and Streptavidin.
Bioconjugate Chem. 8 (4), 560-566.

(19) Gruber, H. J., Hahn, C. D., Kada, G., Riener, C. K., Harms,
G. S., Ahrer, W., Dax, T. G., and Knaus, H.-G. (2000)
Anomalous Fluorescence Enhancement of Cy3 and Cy3.5
versus Anomalous Fluorescence Loss of Cy5 and Cy7 Upon
Covalent Linking to IgG and Noncovalent Binding to Avidin.
Bioconjugate Chem. 11 (5), 696-704.
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