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1. INTRODUCTION

1.1. General Description of Applications

The emission from lanthanide ions has been utilized extensively in 
biological systems. The applications range from luminescent labels of 
biologically-relevant molecules and the detection of cellular functions 
in vivo to the elucidation of structure and function of enzymes and 
proteins. Various techniques have been employed, including enhancement 
or quenching of the lanthanide emission, energy transfer, and delayed 
luminescence. The luminescence of aqueous solutions of Tb(III) and 
Eu(III) ions is weak owing to the low absorption cross section of the ions 
in the UV-visible region. In addition, there is significant nonradiative 
deactivation of the emissive states of various lanthanide ions through the 
O–H vibrations of coordinated water molecules. It has been shown that 
the addition of chelating agents or encapsulation of the lanthanide leads to 
longer emission lifetimes and higher quantum yields. Significantly greater 
emission intensities can be obtained upon chelation of the ion by ligands 
that, when excited with light, can transfer energy to the emissive state of the 
lanthanide. The photophysical properties of lanthanides typically used and 
recent applications to biological systems will be discussed in the sections 
to follow. 

The emission from lanthanides has proven useful as a sensitive 
detection method in biological systems and has facilitated their 
understanding. The changes in the intensity of the Eu(III) luminescence 
upon binding to proteins and enzymes have been utilized to examine the 
ligation sphere within the active site, whereas distance and conformational 
information under physiological conditions has been obtained from energy 
transfer studies either between two lanthanide ions or from the protein’s 
residues to Eu(III) or Tb(III) bound to the active site.
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The sensitive detection of single-stranded regions of DNA, including 
mutations and mismatches, is critical in nucleic acid hybridization 
assays with applications that range from the determination of genetic 
and infectious diseases to providing accurate personal identification. 
Luminescence enhancement of a given probe in the presence of nucleic 
acids can in principle yield such detection, with marked safety and 
environmental advantages over radioactive labeling. Owing to the 
emissive properties of Tb(III) and Eu(III), including their luminescence 
enhancement through energy transfer, and their ability to bind single-
stranded regions of DNA, these ions are potentially valuable for the 
selective detection of base mismatches.

Single-stranded oligonucleotides are known to enhance the emission 
of Eu(III) and Tb(III) ions in solution. This feature has been utilized in the 
detection of distorted DNA regions, and to probe the interactions of DNA 
and RNA with enzymes, proteins, and drugs. Lanthanide chelating agents 
tethered to oligonucleotides have proven important in luminescence energy 
transfer experiments, as well as in the sequence specific detection of DNA.  

2. PHOTOPHYSICAL PROPERTIES OF LANTHANIDES

2.1. General Photophysical Properties

The valence 4f electrons of trivalent lanthanide ions, Ln(III), are well 
shielded from the environment by the outer core 5s and 5p electrons and 
are minimally involved in bonding. Because of this shielding, the atomic 
properties of these ions are typically retained after complexation. The total 
ligand-field (LF) splitting of an f-electron term is rarely more than a few 
hundred cm–1, while for transition metal complexes, d-orbital splittings of 
25,000 cm–1 are not uncommon [1].  As a result of the small LF splitting 
for the Ln(III) complexes, radiationless decay processes are relatively 
inefficient and emission from these complexes is common.

The absorption and emission spectra of Ln(III) ions consist of sharp, 
narrow bands corresponding to the ff transitions of the metal ion. Figure 
1 shows the important energy levels for several lanthanide ions. The 
ff transitions are Laporte forbidden, resulting in low molar absorption 
coefficients in the near-UV and visible ranges (<10 M–1 cm–1) and long, 
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millisecond, luminescence lifetimes [2].  The number of bands depends on 
the particular lanthanide ion and its arrangement of electronic states. Upon 
complexation with ligands, only minimal changes are observed in the 
electronic absorption and emission spectra, such as small displacements 
in the peak positions, usually toward longer wavelengths, and changes in 
the relative intensities of some of the emission peaks [3].   

Direct excitation with UV radiation into the Ln(III) ff transitions leads 
to weak emission, whereas the sensitized emission in chelate complexes 
can result in an increase in the lanthanide-based emission by several 
orders of magnitude. In this case the ligand excitation is followed by 
intramolecular energy transfer from the ligand triplet state to the lower 
lying emissive lanthanide excited state.

Emission from Ln(III) ions can often be quenched by high frequency 
vibrations of solvents or ligands such as those of OH, CH, or NH bonds 
[4].  There is also the possibility of thermal quenching by the ligand triplet 
state in chelate complexes. Both of these types of quenching will be 
discussed below as they apply to a particular ion.

2.2. Europium

The photophysical properties of europium(III) ions are perhaps the most 
studied of all of the lanthanide ions. Since both of the levels involved in 
the luminescent transition are nondegenerate, only one emission line is 
observed at ~580 nm when a single chemical species is present [1,5,6]. As 
shown in Figure 1, the lowest energy emissive state, 5D0, is 17,250 cm–1 
above the 7F0 ground state.

In coordinating solvents the emission of the Eu(III) ion is quenched 
by OH, NH and CH groups at or near the coordination site, and it has been 
shown that this quenching can be reduced by deuterium substitution [7-
9]. The number of coordinated OH groups from water or methanol can be 
estimated from changes in the lifetime by the Horrocks equation, although 
this relation is not very accurate when the number of OH groups in the 
first coordination sphere is small [10]. Encapsulation of the ion by various 
chelators can increase the emission quantum yield of a complex compared 
to the free ion. For example, the complex Eu(TTA)3·2DMSO (TTA = 
thenoyltrifluoroacetonate) in DMSO showed Eu(III) based emission with 
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a lifetime of 0.72 ms, whereas the hydrated complex exhibits only weak 
emission from the ligand triplet state [11].

An increase in the lifetime from 0.26 ms in EuCl3 to 0.68 ms was 
reported for CH3OH solutions of the europium(III) complex with the 
terphenyl-based ligand shown in Figure 2a [12].  In addition, the use of 
methanol-d1 (CH3OD) as the solvent led to a further increase in the lifetime 
of the complex to 0.97 ms. In each case, an increase in  the emission 
lifetime was accompanied by an increase in the quantum yield (φ).

FIG. 1.  Energy levels of various Ln(III) ions (closed circles = HOMO, open 
circles = LUMO).

Energy transfer (EnT) from 3ππ* states of aromatic ligands to 
the Eu(III) emissive 5D0 state can also result in enhanced lanthanide 
emission. This type of sensitization is very common for Eu(III) complexes 
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because many ligand triplet states lie just above the 5D0 emissive state 
and it has been reported for many different types of ligands including, 
diketonates [11,13], tetraphenyl imidodiphosphinate [14], Schiff base 
ligands [15], multidentate pyridine [16], bipyridine [17], terpyridine [18], 
polyaminopolycarboylates [19–20,21,22], cryptands [23,24], calixarenes 
[25,26], cyclodextrins [27], and crown-ether derivatives [28]. 

FIG. 2.  Structures of typical ligands utilized in luminescent Ln(III) complexes 
(see text).

When the 3ππ* state of the ligand lies just above the 5D1 state of 
the Eu(III) ion (see Figure 1), as in the case of tris(dibenzoylmethide), 
luminescence from both the 5D1 and 5D0 states is observed upon excitation 
of the ligand [29].  Emission from the 5D1 level exhibits a rapid initial rise 
and a lifetime, τ, of ~2 μs. Concurrently, the 5D0 emission exhibits an 
initial fast rise followed by a slow rise of ~2 μs, then a characteristic decay 
of ~ 0.5 ms. These observations have been attributed to energy transfer 
from the 3ππ* of the ligand to the 5D1 state of the Eu(III) ion, followed by 
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relaxation to the 5D0 state. Quantum yields for this type of sensitization 
tend to be lower than when the energy transfer is directly from the ligand 
to the 5D0 state because of nonradiative deactivation from the 5D1 state.

Thermal quenching of the Eu(III) based emission is possible if the 
energy of the triplet state of the ligand is close enough to the emissive 5D0 
state for there to be significant back energy transfer. This phenomenon was 
reported for Eu(III) complexes of the tridentate aromatic ligand shown in 
Figure 2b [30]. A dramatic decrease in the emission quantum yield was 
observed upon going from Eu(NO3)3L(MeOH) (2.8%) to [Eu(L)3](ClO4)3 
(8.2 x 10–5%).

2.3. Terbium

Tb(III) emission has also been utilized extensively in biological systems. 
The luminescence from the Tb(III) ions is quenched by OH groups of 
coordinated water molecules to a much lesser extent than Eu(III) owing 
to the larger energy gap between the ground state and the emissive state 
for Tb(III) (20,500 cm–1) compared to that in Eu(III) (17,250 cm–1). The 
nonradiative deactivation through vibrational levels of coordinated water 
molecules becomes less efficient as the gap between the emissive state and 
the ground state increases [31,32].  

Sensitized luminescence is common in Tb(III) complexes resulting 
from energy transfer from the lowest-lying ligand triplet excited state to 
the emissive 5D4 state. It was shown that for strong chelators the energy 
of the donor triplet state, which must lie above the 5D4 excited state of 
Tb(III), is the most important parameter for efficient energy transfer to take 
place [27].  Sensitized luminescence has been observed for ligands such as 
phenyl phosphonic and phenyl phosphinic acids [33], imidophosphinate 
[13], calixarenes [34], terpyridines [35], and terphenyl based ligands 
[36].  When anionic transition metal complexes such as [Au(CN)2]– and 
[Ag(CN)2]– are used as counter ions for Tb(III) in solution, sensitized 
emission is also observed [37].  In general, the sensitized luminescence 
from Tb(III) is temperature dependent and results in activation energies 
consistent with the predicted energy separation between the 5D4 state 
of the Tb(III) ion and the triplet state of the ligand or transition metal 
complex. 
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2.4. Other Lanthanides

Pr(III), Ho(III), Er(III), Tm(III), and Yb(III) ions are only weakly 
emissive because the energy gap between the ground state and emissive 
states is small in each case, thus making non-radiative decay an important 
factor in the luminescence intensities of these ions. The f0 and  f14 
electron configurations of La(III) and Lu(III), respectively, result in no 
ff transitions for these ions. Complexes of Gd(III) generally exhibit only 
ligand centered emission, since the lowest-lying excited state of the ion 
is very high in energy at ~32,000 cm–1 (Figure 1) [1,38,39].  As a result, 
these complexes are often used to determine the energy of ligand triplet 
states.

Yb(III), Nd(III), and Er(III) display near-infared emission centered 
at 880 nm, 1060 nm, and 1330 nm, respectively, with lifetimes in the 
millisecond range [40].  The smaller energy gap between the ground 
state and emissive state of these ions compared to Eu(III) and Tb(III) (see 
Figure 1) results in more efficient nonradiative decay through solvent or 
ligand vibrations [1].  However, sensitized emission is still observed in 
complexes of these ions [40].  

The energy gaps between the emissive excited states and the ground 
states for Sm(III) and Dy(III) are 7400 cm–1 and 7850 cm–1, respectively, 
also significantly smaller than those of Eu(III) and Tb(III) (see Figure 
1) [1].   These ions, therefore, commonly exhibit emission in the near-
infrared region both from direct excitation into the emissive states and 
from intramolecular energy transfer from ligand triplet states [41-43].  

2.5.  Complexes for Biological Applications

As discussed above, complexes of Tb(III) and Eu(III) can in some cases 
be highly luminescent and typically exhibit emission lifetimes in the 
millisecond range. These long lifetimes provide a means to detect the 
biomolecules labeled with lanthanide ions with high sensitivity, since the 
measurement of delayed luminescence from these systems permits a zero-
background measurement, thus eliminating the short-lived background 
emission from biosystems. Recently, lanthanide ion complexed to a 
variety of ligands have been developed, which permits the tuning of the 
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emission wavelenghts from 520 nm to 680 nm and lifetimes from 50 to 
500 μs [44].  Complexes of Tb(III) and Eu(III) that appear promising for 
biological applications are abundant. Some prominent recent examples 
will be discussed here.

Dipicolinic acid (DPA) and various derivatives have been shown to 
greatly enhance the Tb(III) emission upon complexation owing to favorable 
energy transfer from the ligand’s 3ππ* excited state to the 5D4 excited state 
of the ion. In the 4-X-DPA ligands shown in Figure 3a, variation in the 
substituent, X, resulted in the following order of the emission intensity:  
NH2 > OH > NHAc > H > Cl > Br [45].  For 4-NH2-DPA the quantum 
yield of sensitized Tb(III) emission was 13.6 and the lifetime 1.58 ms. 
The DPA ligand with the –NHCOCH2– linker in the 4-position has been 
utilized as a covalent label for goat immunoglobulin and may prove useful 
as a highly sensitive luminescent probe in immunoassays. The labeled 
protein exhibited strong emission upon treatment with Tb(III), and the 
strong binding of the lanthanide is evident by its ability to remain bound 
to the DPA ligand upon soaking in EDTA. 

Calixaranes, such as those shown in Figure 3b, have also been 
shown to bind lanthanide ions upon deprotonation of three hydroxyl 
groups and to result in the formation of dimeric structures of the type 
[Ln(H2L)2(DMSO)x], where H5L5 = calixa-5-rane and Ln = Gd3+, Tb3+ 
with x = 4 or Eu3+ with x = 3 [46].  Although the Eu(III) calixarane 
complexes are non-emissive due to a low-lying ligand-to-metal (LMCT) 
state, the Tb(III) complex is emissive upon ligand excitation. However, 
the enhancement is modest due to back energy transfer deactivation to the 
3ππ* state of the ligand. In order to achieve greater Tb(III) and Eu(III) 
luminescence enhancement with calixaranes, the ligand was functionalized 
with crown ethers and related moieties that are able to tightly bind 
lanthanide ions [47].  The structures of crown-modified calixa-4-anes are 
shown in Figure 3c (3 and 4), along with the control compounds (1 and 
2). The greatest luminescence enhancement was measured for the Tb(III) 
complex of 3, which was ~15 times greater than that observed for 1, 2 and 
4. It is believed that 3 binds Tb(III) more strongly than the other ligands. 
In contrast, Eu(III) complexes of these ligands are only weakly emissive 
owing to low-lying LMCT states.
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FIG. 3.  Structures of  (a) 4-X-DPA, (b) p-tert-butylcalix[n]arane, and (c) ligands 
based on p-tert-butylcalix[4]arane utilized in emission enhancement studies (see 
text).
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3. NUCLEIC ACIDS

3.1. Nucleobases, Nucleotides, and DNA

The enhancement of Tb(III) emissision typically occurs through energy 
transfer from a coordinated ligand excited state to the emissive 5D4 state 
of the ion. Although energy transfer is also observed for Eu(III), the 
luminescence enhancement mechanism typically exploited in aqueous 
environment arises from the decrease in the number of coordinated H2O 
molecules upon ligand binding. Owing to this intrinsic difference in the 
mechanisms of emission enhancement that are typically employed for 
each ion, the Tb(III) and Eu(III) will usually be discussed separately in 
the sections to follow.

The enhancement of Tb(III) luminescence by nucleic acids through 
energy transfer requires the efficient production of the long-lived 3ππ* 
state of the base upon its absorption of light, that the 3ππ* lies above 
the 5D4 state of Tb(III), and strong binding of the ligand to the ion. The 
5D4 state of Tb(III) is located 20,500 cm–1 above the ground state, and 
the 3ππ* states of all nucleobases in the 26,300 to 27,900 cm–1 range. 
It has been shown that for ligands with similar 3ππ* energies as those of 
the nucleobases, strong emission enhancement of Tb(III) through energy 
transfer was observed. It is expected that intersystem crossing from 
the initially produced 1ππ* of the base to the 3ππ* should be efficient 
for systems in which Tb(III) is strongly bound to the base owing to 
spin-orbit coupling induced by the lanthanide ion (heavy atom effect). 
Therefore, when discussing systems composed of DNA bases, the greatest 
consideration should be the strength of the binding of Tb(III) to the ligand, 
as well as the distance from the bound ion to the energy transfer donor.

The luminescence enhancement of Eu(III) from the decrease in 
coordinated H2O molecules upon complexation is modest compared to 
sensitized Tb(III) emission. In the Eu(III) experiments the excitation 
wavelengths are consistent with transitions of the ion in the visible 
region. Comparisons of the emission lifetime of the Eu(III) ion in H2O, 
D2O, and in the presence of a given ligand, such as nucleotides, can be 
utilized to calculate the number of coordinated water molecules assuming 
a coordination number of 8 or 9 around the ion. In turn, this information 
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can be used to calculate the number of atoms from the ligand bound to the 
each Eu(III) ion in solution. In addition, species with different lifetimes 
can be assigned to Eu(III) ions in different coordination environments 
(or binding modes), which differ from one another in the number of 
coordinated H2O molecules. 

The enhancement of Tb(III) luminescence through energy transfer 
was measured for the four DNA nucleobases whose structures and 
numbering scheme are shown in Figure 4 [48].  The greatest Tb(III) 
emission enhancement monitored at λem = 545 nm was observed upon 
addition of cytosine (C) with λexc = 260 nm. An overall decrease in the 
Tb(III) luminescence was observed upon addition of guanine (G), adenine 
(A), and thymine (T) due to an inner-filter effect resulting from absorption 
of 260 nm photons by the bases with small or no subsequent energy 
transfer to the lanthanide. However, the decrease in emission observed 
for G was not as pronounced as those measured for A and T, indicative of 
some enhancement of Tb(III) luminescence by G. With 25 μM Tb(III) and 
50 μM bases, the emission intensities were enhanced by factors of 12 and 
2 in the presence of C and G, respectively, relative to A and T. 

These results indicate that in the absence of the phosphate group 
available for electrostatic binding to the lanthanide ion, C is able to 
coordinate to Tb(III) such that energy transfer can take place upon 
excitation of the base. To a lesser extent, this is also the case for G, but 
not for A or T. From these observations it may be postulated that nearby O 
and N atoms available for coordination in each nucleobase are necessary 
for binding to Tb(III). As shown in Figure 4, such sites are only found in 
C (O2 and N3) and in G (O6 and N7).

Although cytosine alone enhances the Tb(III) emission, the 
deoxynucleotide dCMP does not, indicating that the lanthanide bound 
to the phosphate group is too far away from the base for efficient energy 
transfer. Conversely, the enhancement of the Tb(III) luminescence by 
dGMP is greater than that of G, where the phosphate appears to aid in the 
binding of the ion to the base. The enhancement of Tb(III) luminescence 
by GMP and dGMP has long been known [49].  Enhacement of Tb(III) 
luminescence with λexc = 260 nm was not observed for dAMP or dTMP.

A possible explanation for the markedly different Tb(III) luminescence 
enhancement in G and dGMP is that the latter is able to fold over and 
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FIG. 4.  Molecular structures and numbering schemes of the nucleobases. 
adenine (A), thymine (T), gnanine (G), and cytosine (C).

permit coordination of the ion to the O6 and/or N7 atoms of the base 
while still bound to the anionic phosphate oxygens, thus increasing the 
binding affinity and promoting efficient energy transfer. Evidence for such 
foldover of nucleotides upon binding La(III) and Tb(III) was observed 
with 1H NMR and FTIR spectroscopies, showing interaction of the ions 
with both the phosphate group and N7 from the base [50].  In addition, it 
has been shown that the luminescence enhancement of the ion is greater 
for GMP than GTP, indicating that proximity of Tb(III) to the base is 
important [51].  Evidence for interaction of Tb(III) to N7 of guanine was 
also found in guanine tetrads [52].

The displacement of H2O molecules from the coordination sphere 
of Eu(III) also results in the enhancement of emission of the ion in the 
presence of nucleotides. The emission lifetime in solutions containing 
dCMP, dAMP, and dTMP exhibit biexponential decays, assigned to two 
different binding modes of the Eu(III) ion to the nucleotides [53].  The 
short lifetime is likely free Eu(III) with ~9 bound H2O molecules, whereas 
the number of waters coordinated to the ion in the presence of dAMP, 
dCMP, and dTMP are 3, 2, and 6, respectively, and is consistent with a 
strong binding mode. However, the stoichiometry of these complexes is 
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unclear.  A more careful study revealed that the strong binding of dGMP 
to Eu(III) ion in the 1:1 complex corresponded to 3 or 4 atoms from the 
nucleotide bound to each ion, indicative of simultaneous coordination 
from the phosphate and the base [50].    

3.2. Probes of RNA and DNA Structure

Single-stranded oligonucleotides greatly enhance the Tb(III) emission, 
but duplexes do not [48]. Single mismatches in the sequence of a duplex 
lead to selective luminescence enhancement in the presence of Tb(III). 
The largest enhancement was observed for the GG mismatch, followed by 
CA, GA, and CC, and the smallest emission intensity was measured for 
TT and TG mismatches. It was concluded that A is able to transfer energy 
to Tb(III) when bound to the ion, but in the absence of the supramolecular 
assembly it cannot coordinate strongly enough to the lanthanide to effect 
energy transfer. The low emission enhancement by the TG mismatch has 
been explained in terms of wobble pair formation. These findings show 
that the enhanced emission of lanthanides can be successfully utilized to 
selectively detect single mismatches in duplex DNA.

The ability of single-stranded DNA to enhance Tb(III) emission has 
been utilized in the detection of single-stranded regions of duplex DNA and 
to study DNA conformation. Luminescence enhancement was observed 
upon denaturation of ds-DNA, but not following single- or double-strand 
breaks [54].  It was also shown that the emission enhancement observed 
for Tb(III) by single-stranded regions of DNA requires coordination of 
the ion to the bases in addition to binding to the phosphate backbone, 
since it competes for Cu(II) binding sites [55].  In addition to denatured 
duplex, an increase in Tb(III) emission intensity was observed in the 
presence of poly(G) and poly(C), and excitation spectra showed that 
energy transfer was operative [49b].  In contrast, no enhancement was 
observed for Dy(III), Lu(III), Eu(III), or Sm(III) under similar conditions. 
The changes in the emission lifetime of Eu(III) were utilized to monitor 
the conformational change from B- to Z-DNA, showing that on average 
there are fewer H2O molecules coordinated to the ion when bound to Z-
DNA than to B-DNA [56].  
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3.3. Binding of Proteins and Drugs to DNA and RNA

The luminescence of lanthanide ions and various experiments utilizing 
their energy transfer properties have provided information on the binding 
of proteins, drugs, and transition metal ions and complexes to DNA and 
RNA, as well as resulting distortions. For example, the emission of Eu(III) 
ions was recently utilized to determine the metal-binding domains of RNA 
hairpin loops, indicating it binds at the same nonpolar site as Mg(II) ions 
with ~7 water molecules being displaced [57].

It was shown that lanthanide ions could be utilized in long-range EnT 
for distance measurements in labeled oligonucleotides, where an Eu(III) 
chelate donor and an organic acceptor, such as Cy5, result in a 50-100 
fold improvement in signal-to-background [58,59].  Furthermore, the 
enhancement of EnT signal has been utilized for the rapid detection of 
sequence-specific DNA binding proteins by bringing together two labeled 
DNA fragments that make up approximately half of the DNA sequence 
corresponding to the protein’s binding site, thus producing EnT signal 
[60].   In other work, the distortion of DNA was determined in solution 
under standard transcription conditions upon binding of catabolite activator 
protein (CAP) to form the CAP-DNA complex utilizing EnT between 
a donor in the protein and a complementary probe placed at various 
locations on the DNA, leading to results similar to those measured in the 
crystal structure [61].  It has also been reported that binding of HMG1 
to a 30-bp duplex DNA sequence results in ~150o bend angle, measured 
utilizing EnT labels covalently tethered to the ends of the oligonucleotide 
[62].  Similarly, EnT measurements with Eu-DTPA-AMCA (DTPA = di
ethylenetriaminepentaacetic acid, AMCA = 7-amino-4-methylcoumarin) 
and Cy5 donor-acceptor couple were utilized to elucidate the bend angle 
in B-DNA were determined upon the binding of HMG1 proteins from 
evolutionary distant organisms, showing that they distort DNA in a similar 
manner [63].  The protein-bound Eu-DTPA-AMCA system was recently 
utilized in EnT experiments designed to elucidate the structure of the 
polymerase-bound fork junction DNA, where various positions of the 
DNA were labeled with Cy5. The results show little perturbation of the 
duplex part of the fork, however, a sharp kink of the DNA was observed in 
the ds/ss boundary upstream of the transcription bubble [64].  
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3.4. Oligonucleotide Hybridization and Gene Analysis

The luminescence from lanthanide ions or energy transfer signal from or 
to lanthanide complexes has been utilized extensively in hybridization 
assays to detect certain DNA or RNA sequences [65].  For example, the 
delayed luminescence from an Eu(III) chelate labeled ss-oligonucleotide 
was detected when it bound to the corresponding complementary sequence 
of DNA attached to a microparticle. After washing, luminescence is only 
observed from particles to which the correct sequence was attached, and 
those with a single mismatch resulted in 2 orders of magnitude lower 
emission from the Eu(III) chelate [66].  In addition, methods utilizing 
particle-bound oligonucleotide sequences tagged with combinations 
of various organic dyes have been utilized to simultaneously detect 
six oligonucleotides labeled with an Eu(III) chelate, showing that it is 
possible to screen mutations and deletions related to cystic fibrosis in the 
same sample [67].

DNA hybridization techniques that require immobilization of the 
target DNA on a solid support can be time consuming, therefore the use 
of EnT techniques that permit the utilization of homogeneous solutions 
to greatly simplify the measurement are desirable. One approach, shown 
schematically in Figure 5a, is to attach a Tb(III)-DTPA energy transfer 
donor complex to approximately half of the complementary strand of the 
target DNA sequence and salicylate energy transfer donor to the other, 
such that when both complementary strands bind to the template the donor 
and acceptor are in close proximity resulting in strong energy transfer 
[68].  Similarly, direct coordination form a β-diketone tethered to half 
of the complementary strand to an Eu(III)-EDTA complex linked to the 
other half results in enhanced Eu(III) emission owing to energy transfer 
from the diketone upon hybridization with the trarget sequence, resulting 
in a detection limit of 6 pM (0.6 fmol per assay) [69].  Tb(III) chelates 
whose emission is sensitive to the environment have been employed for 
high throughput screening of genetic markers combining the enhanced 
luminescence from the Tb(III) complex upon cleavage during PCR [70].  

Related homogeneous assays utilizing a biotin label with its high 
affinity binding partner, streptavidin (SA), in addition to the lanthanide 
chelate and organic dyes that effect EnT have been reported, thus resulting 
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FIG. 5.  Examples of two schemes utilized in hybridization assays, showing (a) 
the labeling of the two halves of the complementary strand for energy transfer and 
(b) the additional use of biotin (B) and stepavidin (SA) for stronger binding.

the detection of small concentrations of a given target oligonucleotide 
sequence. In the assay shown in Figure 5b, half of the complementary 
strand is labeled with biotin and the other with Cy5, such that upon 
hybridization with the target sequence the biotin and dye would be 
brought into close proximity [71].  In the presence of SA labeled with 
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an Eu(III) chelate, efficient EnT takes place, thus resulting in increased 
Cy5 emission which can be monitored by steady-state or time-resolved 
techniques. A similar method was recently  reported utilizing a Tb(III) 
chelate and Cy3 dye, resulting in a detection limit of 30 pM of taget DNA 
[72].  In addition, a related method utilizing the biotin-SA couple along 
with various chelates of distinct combinations of Eu(III), Tb(III), and 
Sm(III) tethered to oligonucleotides was utilized to detect seven target 
sequences simultaneously [73].  In a related method, UTP covalently 
labeled with an Eu(III) complex can be incorporated directly into RNA, 
along with biotin-labeled CTP, thus providing a means to selectively bind 
the RNA to an SA conjugate labeled with an appropriate organic dye for 
EnT [74].   

4. PROTEINS AND ENZYMES

4.1. Probes of Coordination Environment in Active Sites

Lanthanides are known to form complexes with many functional groups 
found in biological molecules, especially with donor groups that posses 
a lone pair of electrons, such as oxygen atoms in the carboxylic groups 
of amino acids. Lanthanides can bind at the active sites of biomolecules, 
replacing various ions that include Ca(II), Zn(II), Mg(II), Mn(II), Fe(II) 
and Fe(III). The ability of lanthanide ions to luminesce at room temperature 
and their specific spectroscopic characteristics made them a widely used 
probe for the study of the biochemical processes that take place in metal 
binding proteins and metalloenzymes.

Information regarding the composition and structure of the metal 
binding site can be obtained from the emission and excitation spectra of 
Tb(III) and Eu(III)-protein complexes. Furthermore, binding constants of 
metal ions such as Ca(II) and Zn(II) to proteins can also be calculated 
using Eu(III)-metal competition titration method [75]. The binding 
constant of Eu(III) is first determined using the titration curve of the 
intensity of the 7F0 – 5D0 (λexc = 579 nm) emission as a function of total 
equivalents of Eu(III) added to the protein. The intensity of the Eu(III) 
luminescence decreases as a known quantity of the competing metal ion 
is added, which is proportional to the amount of replaced Eu(III), making 



340 TURRO, FU, AND BRADLEY Ln IONS AS LUMINESCENT PROBES OF PROTEINS 341

the relative binding constant measurement possible [75,76].
The hydration number (the number of water molecules) in the inner 

coordination sphere of the metal can also be determined by measuring the 
differences of emission lifetime of Tb(III) and Eu(III) in H2O and D2O 
[76,77]. As discussed earlier, the excited state lifetime of Eu(III) is very 
sensitive to the number of water molecules coordinated to the ion [78], 
thus replacing H2O by D2O can cause lifetimes to increase dramatically 
(by a factor of ~9) [76].  For example, two water molecules were found 
at the Ca2+ binding site in the Satellite tobacco necrosis virus [77], and 
four waters were found to coordinate at the catalytic Mg2+ site in the ATP 
dependent enzyme glutamine synthase [79].  Knowledge of the number 
of water molecules leads to the direct estimation of the total number of 
coordinating atoms supplied by the protein, since Ln(III) ions usually 
possess total coordination numbers of 7 to 9.

Laser-excited Ln(III) ion has been widely used to identify the metal 
binding site in a variety of proteins and metalloenzymes [75–78,80].  
Analysis of the 5D0–7F0 band in the excitation spectrum and luminescence 
titration of Eu(III) in a complex with bovin α-lactalbumin, at least two 
different calcium binding sites and three kinds of  ligands have been 
determined [78,81]. Studies were also performed of the emission 
intensity and lifetime of the excited state of Tb(III) in bovine prothrombin 
protein, which revealed the functional structural fragment containing γ-
carboxyglutamic acid [82].  Furthermore, the measurement of the decay 
kinetics of the enhanced luminescence by Tb(III) in metalloenzymes, 
such as alkaline phosphatase, has provided information on the amino acid 
residues present at the catalytic site [80,83].

4.2. Distance Measurements with FRET

Fluorescence resonance energy transfer (FRET) has been widely used for 
distance measurements in biological molecules and in their complexes in 
solution [84–85,86,87]. The advantage of FRET is its ability to determine 
both inter- and intramolecular distances in solution under many different 
conditions. Its major limitation is that the largest measurable distances are 
~90 Å. Energy transfer distance measurements using luminescent Eu(III) 
and Tb(III) ions have been reported for some time, where the lanthanide 
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ion is usually introduced in specific protein or enzyme sites via chemically 
modified reactive residues. Several amino- and thio-reactive fluorescent 
chelates derived from AMCA and DTPA have been designed primarily for 
FRET measurements [88]. The lanthanide chelates can then be used either 
as energy donors or acceptors in these distance measurements. These 
energy transfer processes usually take place from aromatic amino acids 
(donor) to Tb(III) (acceptor) or from Tb(III) donor to Fe(III) (acceptor) in 
the metal binding proteins [81].

The Ln(III) ions have been used extensively to study calcium-
binding proteins since Ca(II) and Ln(III) are very similar in size, with 
ionic radii of 0.100-0.118 nm for Ca(II) and 0.086-0.122 nm for Ln(III) 
[76,77,80,89]. Their bonding and coordination geometry in biological 
environments of both ions are also alike, with coordination numbers of 6 
to 9, and both have similar rate constants of ligand exchange (~108 s–1) 
[76]. Furthermore, both ions show the same preference of certain donor 
atoms, oxygen > nitrogen > sulfur. These similarities make the trivalent 
lanthanide ions isomorphous replacement probes for Ca(II) in a variety of 
calcium binding proteins [81,82,90–91,92,93,94].  

Protein-bound Tb(III) ions exhibit a significant luminescence 
enhancement upon irradiation with 280 nm excitation, a wavelength 
where the aromatic amino acids such as phenylalanine (Phe), tyrosine 
(Tyr), and tryptophan (Trp) absorb light. Nonradioactive energy transfer 
between an intrinsic fluorescent amino acid (energy-donor) and protein-
bound Tb(III) or Eu(III) ions (energy-acceptor) has been well investigated 
to measure the distance between these intrinsic fluorophores and bound 
metal ions [88].  

Calmodulin (CaM) is a small (Mr = 16,790), heat-stable, acidic (pI 
= 3.9-4.3) protein found in both prokaryotes and eukaryotes [92].  One 
of its functions is to mediate the rapid, transient increases in intracellular 
calcium concentration and thereby modulate the action of various 
enzymes. There are four calcium binding sites. The binding of calcium to 
CaM is a sequential process, with binding occurring initially at two high-
affinity sites (domains III and IV), followed by binding at two low-affinity 
sites (domains I and II). An examination of the amino acid sequences 
of CaM from numerous sources reveals high homology and strongly 
suggests a common ancestor. Domains I and II are typically conserved, 
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such that the variability in the primary sequence occurs in domain III and 
IV [94]. The effects of minor differences in the amino acid sequences 
between vertebrates and invertebrates on metal binding were extensively 
investigated using laser-induced Eu(III) and Tb(III) luminescence 
[75,78,84,85,95–96,97,98,99]. 

4.3. Fluoroimmunoassays

Time-resolved fluoroimmunoassay is a technique based on the long-
lived lanthanide fluorescence [77,79,100–101,102,103]. Detection of the 
delayed emission from the lanthanide ions increases the signal-to-noise 
ratio of the probe, thus improving the detection limit (usually on the 
order of μg to pg/mL) of the probe [99]. The chelates of Eu(III), Tb(III), 
Dy(III), and Sm(III) have been successfully used as labels of antigens and 
antibodies for the immunological analysis. The method has widespread 
applications in the field of immunoassays in both clinical and diagnostic 
studies, such as the determination of hormones and viral antigens in 
humans, herbicides in water, and steroids in animals [104–105,106]. 
The technique is based on the binding of an antigen (analyte) with an 
appropriate antibody, thus forming an immunological complex. Usually 
the immunoassay is carried out on a solid support, such as a plastic 
surface, microtitration strip wells, microbeads, or electrophoretic gel, to 
which antibody is covalently linked. 

In order to measure the amount of analyte in the solid phase, the 
emissive label is attached to one of the reactants of the immunological 
reaction. Fluoroimmunoassays are safer, more sensitive, and relatively 
fast and simple compared to radioimmunoassays [81,89]. The large 
Stokes shifts and long excited state lifetimes are some of the advantages 
of using lanthanides instead of fluorescent organic compounds as labels 
[98]. Quantification of the laser induced luminescence of an appropriate 
lanthanide complex is usually performed using the time-resolved 
method with a decay of the order of 200-400 μs [81,103–105]. These 
characteristics make it possible to avoid background interference from 
other sample constituents, such as emissive proteins and light-scattering 
particles, thus ensuring that only the lanthanide emission is measured.

A lanthanide chelate suitable for fluoroimmunoassays should be 
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water soluble and should also contain a high absorbance ligand (to ensure 
a good excitation spectrum), as well as a high yield of energy transfer 
from the ligand to the lanthanide ion. Furthermore, it should contain 
functional groups capable of covalent binding with the immunological 
active compounds such as antigens or antibodies. There are two different 
commercially available fluoroimmunoassays, DELFIA [77,79] and 
FIAgen [100,101].

Dissociation-enhanced lanthanide fluoroimmunoassay (DELFIA) 
contains two different lanthanide complexes and the assay is carried out 
in two steps. In the first step, the lanthanide ions form a complex with 
the isothiocyanate derivative of EDTA. The thiocyanate group of this 
complex then covalently binds with the free amino group of the protein 
that is coated on the solid phase. After the immunological reaction, the 
antigen-antibody conjugate labeled with lanthanide is then treated with an 
enhancement solution, which results in the dissociation of the lanthanide 
ions from the primary complex, forming a chelate with 2-naphthoyltrif
luoroacetone present in the enhancement solution.  The latter complex 
exhibits very intense luminescence.  

The FIAgen fluoroimmunoassay labels the antigen (analyte) in 
solution instead of the antibody in the solid phase. It utilizes Tb(III) or 
Eu(III) chelates with 4,7-bis(chlorosulphophenyl)-1,10-phenanthroline-
2,9-dicarboxylic acid (BCPDA) as the emissive label, since the two 
sulphonyl chloride groups in BCPDA can react with the free amino 
groups of the analyte proteins (antigen). This label is more effective 
when the analyte is also covalently tethered to streptavidin and is used 
against the solid phase (antibody) tagged with biotin for more sensitive 
and stronger binding [101,103,104]. The presence of an immunological 
complex was detected for fetoprotein and thyroxin hormone in human 
serum.  In addition, the emission from alkaline phosphatase bound to 
streptavidin-europium or terbium chelate labels was detected upon the 
formation of the corresponding antigen-antibody immunological complex 
[100,101]. Measurement of the resulting luminescence can be utilized 
to accurately determine the amount of analyte bound to the appropriate 
antibody [81,100,101].

Other lanthanide complexes have also been developed for 
immunoassays over the years. Terbium complexed with transferrin 
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has been used to detect the antibiotic gentamycin and europium-4-
iodoacetamidodipicolinic acid was used to label immunoglobulin G 
[107]. Multidentate chelating agents such as bipyridine and terpyridine 
derivatives have also been explored for further development of 
fluoroimmunological assays [81,102]. 

5. CONCLUSIONS

The physical and chemical properties of the lanthanide ions and its 
chelates have provided a means to investigate various biological systems 
utilizing their luminescence. Their coordination characteristics and long 
lifetimes provide a means to detect small quantities of sample accurately. 
In addition, the ease in the techniques make lanthanide luminescence a 
valuable tool in biological assays.  Although much research has been 
conducted in this area to date, new techniques are currently being 
developed to further understand new biological systems or to selectively 
detect biomolecules.
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ABBREVIATIONS

A adenine
AMCA 7-amino-4-methylcoumarin
ATP adenosine 5’-triphosphate
BCPDA 4,7-bis(chlorosulphophenyl)-1,10-phenanthroline-

2,9-dicarboxylic acid
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C cytosine
CaM calmodulin
CAP catabolite activator protein
CTP cytidine 5’-monophosphate
Cy3 cyanine dye 3
Cy5 cyanine dye 5
dAMP 2’-deoxyadenosine 5’-monophosphate
dCMP 2’-deoxycytidine 5’-monophosphate
DELFIA dissociation-enhanced lanthanide 

fluoroimmunoassay
dGMP 2’-deoxyguanosine 5’-monophosphate
DMSO dimethylsulfoxide
DPA dipicolinic acid
dTMP thymidine 5’-monophosphate
DTPA diethylenetriaminepentaacetic acid
EDTA ethylenediamine-N,N,N’,N’-tetraacetate
EnT energy transfer
FRET fluorescence resonance energy transfer
FTIR Fourier transform infrared
G guanine
GMP guanosine 5’-monophosphate
GTP guanosine 5’-triphosphate
HMG1 high mobility globulin 1
HOMO highest occupied molecular orbital
LF ligand field
LUMO lowest unoccupied molecular orbital
LMCT ligand-to-metal charge transfer
Phe phenylalanine
PCR polymerase chain reaction
SA streptavidin
T thymine
Trp tryptophan
TTA thenoyltrifluoroacetonate
Tyr tyrosine
UTP uridine 5’-monophosphate
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