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Lanthanides have recently found applications in different fields of biomolecular and medical re-
search. Luminescent lanthanide chelates have created interest mainly due to their unique luminescent
properties, such as their long Stokes’ shift and exceptional decay times allowing efficient tempo-
ral discrimination of background interferences in the assays, such as immunoassays. Recently, new
organometallic complexes have been developed giving opportunities to novel applications, in het-
erogeneous and homogeneous immunoassays, DNA hybridization assays, high-throughput screening
as well as in imaging. In addition, encapsulating the chelates into suitable matrix in beads enables
the use of new members of lanthanides extending the emission wavelength to micrometer range and
decays from a few microseconds to milliseconds. As the luminescence is derived from complicated
intrachelate energy transfer, it also gives novel opportunities to exploit these levels in different types
of energy transfer based applications. This review gives a short overview of recent development of
lanthanide chelate-labels and discusses in more details of energy levels and their exploitation in new
assay formats.

KEY WORDS: Lanthanide chelates; luminescence; time-resolved fluorometry; fluoroimmunoassays; TR-FIA;
TR-FRET; high throughput screening.

INTRODUCTION

Lanthanide chelates, due to their unique lumines-
cence properties, are gaining expanding applications in
wide variety of bioanalytical assays, in diagnostic, re-
search, drug discovery, as sensing tools and in imaging.
The development of novel, highly luminescent chelates,
chelating ligands, and various forms of luminescent
lanthanide-based nanobeads has made it possible to con-
struct wide variety of assay technologies enabling not
only highly sensitive assays through background discrim-
ination, but also very easy and robust assays suitable
for high throughput screening and miniaturization. The
unique spectral and temporal properties of lanthanides al-
low also multi-label assays to monitor several analytes
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simultaneously or to gather more analytical data from a
single sample.

The ligand enhanced lanthanide luminescence is a
complicated process involving several energy levels on
ligand site and on the excited levels and ground state levels
of different ions. Some of the processes are not fully un-
derstood, which makes the optimization of chelates com-
plicated. But on the other hand, the complicated nature of
energy transfer processes gives new opportunities to de-
velop labels of widely different properties and novel assay
technologies to be applied in different applications, e.g.
by extending the range of used ions and range of energy
transfer processes applied.

In the current review, we concentrate on basic ana-
lytical luminescence properties of lanthanide chelates and
give a short survey of most recent ligand developments.
We collected also an overview of their most recent ap-
plications in diagnostics and research. In particular, the
applications of various lanthanide chelate probes in as-
says related to signal transduction and high throughput
screening are reviewed.
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Fig. 1. Energetic levels of various luminescent lanthanides. Black dots relate to the emittive energy level.

LUMINESCENCE PROPERTIES OF
LANTHANIDE CHELATES

When chelated with suitable light absorbing ligand,
lanthanides express luminescence characterized by ion-
specific narrow banded emission lines of exceptionally
long decay times. The decays are ranging from upper
nanosecond range with ytterbium, neodymium and er-
bium chelates, to microseconds scale with dysprosium
chelates, and up to a few milliseconds with europium and
terbium chelates [1,2]. The long decay times were the
primary reason to the initial interest to luminescent lan-
thanide chelates, as they allowed easy and efficient back-
ground discrimination by simple and robust gating in the
fluorometric analysis [1]. The long decays together with

narrow-banded emissions and exceptionally large Stokes’
shifts makes lanthanide chelates a versatile group of la-
bels for a wide variety of bioanalytical assays including
both heterogeneous and homogeneous assays, assays with
multiplexing, and multivariate analysis.

Intrachelate Energy Transfer

Lanthanides express very specific luminescence
emissions due to their unfilled 4fn electronic orbital, in
which the 4f electrons are well shielded from the envi-
ronment by the outer core electrons and are minimally
involved in bonding. Figure 1 shows a simplified dia-
gram of the relevant energy levels of various lumines-
cent lanthanides [3–6]. The energy flow in the lanthanide
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chelate derives from excited singlet level through inter-
system crossing to ligand triplet state, and from the ligand
triplet state to the emittive levels of the chelated central
ion [7]. The trivalent ions in the chelates function both
as efficient triplet sensitizers creating rapid and efficient
intersystem crossing and as energy acceptors whereby
shortening the triplet state lifetimes [8].

Based on a series of ligand triplet state measurements
[9,10] and on a theoretical model [11], europium(III)
can accept energy by several of its 5Dj levels provided
that they lay below the ligand triplet state, but the major
accepting levels seems to be 5D1 and 5D2. Terbium, on the
other hand, accepts excited energy directly by its emittive
level (5D4) and does not have other low lying resonance
levels involved in the excitation process.

The excitation of lanthanide chelates is mostly re-
stricted to near-UV range, seldom exceeding 350 nm. The
maximum excitation is limited by the gap between singlet
and triplet state of the ligand [12]. Based on theoretical
calculations [13] and in practical measurements [9], eu-
ropium chelates accept energy only through some of the
higher resonance levels and not directly by 5D0, limiting
of the possibility of visible excitation. Excitation with a
higher wavelength light would be beneficial for instru-
mental and interference point of view. Near IR emittive
lanthanides, erbium, neodymium and ytterbium, due to
their lower excited state energies, can be excited with a
wider range of antenna moieties.

Excited State Lifetimes

The major transitions in the highly luminescent
chelates (e.g. 5D0–7F2 in Eu(III)) are electric dipole
‘forced’ and since have relatively long lifetime [14]. The
excited state lifetimes of the chelates are regarded to be a
function of the natural luminescent lifetime of the central
ion and the sum of non-radiative deactivation processes
according to equation (1),

τ = 1

kr + knr
(1)

where τ is the measured luminescence lifetime, kr the rate
constant for radiative transition of the central ion and knr

is the sum of rate constants for all the non-radiative relax-
ation processes. Additionally, in luminescent lanthanide
chelates the triplet state of the ligand can have a lifetime
from few nanoseconds to several microseconds and the
intrasystem crossing from ligand to the central ion can
have influence on the observed lifetime [8]. The main
emittive transitions of some of the lanthanides commonly
used in bioanalytical applications are collected in Table I
[1,2,15–18].

Table I. The main emittive transitions of some lanthanide metals

Lanthanide Emission Decay range in
(III) Transition (nm) solution (µs)

Eu 5D0 → 7F0 580 300–1500
5D0 → 7F2 613
5D0 → 7F4 690

Tb 5D4 → 7F6 490 100–1500
5D4 →7F4 545

Sm 4G5/2 → 6H7/2 598 20–50
4G5/2 →6H9/2 643

Dy 4F9/2 → 6H13/2 575 1–20
Yb 2F5/2 → 2F7/2 980 0.5–2
Nd 4F3/2 → 4F13/2 880 0.03–1

4F3/2 → 4F9/2 1065
Er 4I13/2 → 4I15/2 1522

In practice, the excited state lifetimes of the chelates
are also regarded to be a function of the quantum yield
of the central ion qLn, which is defined by rate constants
according to equation (2). The overall quantum yield of
the chelate is also affected by the energy transfer efficiency
(probability) from the ligand to the central ion.

qLn = kr

kr + knr
(2)

Chelate-bound, inner sphere water molecules (O---H vi-
brational overtones) is the most common excited state
non-radiative relaxation route with all the luminescent
lanthanide chelates (section ‘Luminescence Quenching’).
Multi-dentate chelates exhibit reduced quenching by wa-
ter due to better shielding which also results in increased
quantum yields and prolonged decay times.

The decay behavior of terbium(III) chelates is more
complex. Due to the larger energy gap between the low-
est excited level and highest ground state manifold, ter-
bium is not as sensitive to O---H vibrations as the other
lanthanides. On the other hand, due to the direct energy
transfer to excited state 5D4, it posses an energy back-
flow quenching route [19]. Energy back-flow shortens the
decay times with ligands having triplet-state energy lev-
els near the 5D4 level of terbium [9]. It has been also
found that those chelates express additionally enhanced
environmental sensitivity, and are strongly quenched upon
conjugation to proteins [10].

In a number of terbium(III) chelates it has been
found, however, that shortening of the decay times is not
directly related to respective decrease in quantum yield.
An example of an opposite phenomenon is the aliphatic
diketone chelates in aqueous solution [20]. Gradual sub-
stitution of hydrogen by fluorines from zero to six in
2,4-pentanedione not only increased ligand protonation
allowing low pH to be used, but also decreased the decay
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times of the respective terbium chelates from 390 µs with
pentanedione to 73 µs with trifluorosubstituted and fur-
ther to 30 µs with hexafluorosubstituted derivatives. The
luminescence intensity was, on the contrary, increased
by 26- and 32-fold upon fluorination. Similar shortenings
of terbium(III) decays, not explained by energy back-flow
theory, are found with a number of other structures. The in-
crease of radiative emission rate, so far reported only with
lanthanides in close proximity to metallic silver island
surfaces [21], could explain some of these observations.
Efficient and short decay terbium(III) chelates—together
with long decay chelates—would provide valuable addi-
tional labels, e.g. for various multiplexing experiments.

Emission Properties

The excited lanthanides express ion-specific lumi-
nescence mainly originating from the lowest excited
state. Lanthanide emissions are characterized by tran-
sitions to ground state manifold resulting in ion- and
chelate-specific profile. The ligand field around the ion
can change the fine structure of the transition mainly ex-
pressed as a change in the relative intensities of the ma-
jor lines [14] as compared to the other transitions. Con-
trolling of the emission line proportions can be utilized
in optimizing total emission integration, to gather maxi-
mum amount of light with minimum bandwidth to avoid
background interference, and to minimize donor-related
background in energy transfer assays (e.g. relative eu-
ropium emission intensity at 665 used to measure FRET
acceptor emission as compared to overall excited state
energy).

Emissions emanating from upper excited levels are
less intense, but can be recorded with highly lumines-

cent chelates, as exemplified with a europium chelate in
Fig. 2. The transition from 5D1 or 5D2 levels have found
practical applications in search for new, more sensitive
wavelength areas for TR-FRET applications (see section
‘Energy Transfer’). The excited state lifetime of 5D1 is
at microsecond range, and is found to be independent of
triplet quenching oxygen or O---H vibrations [22].

The major emission lines and the respective tran-
sitions of the luminescent lanthanides are collected in
Table I [1,2,23]. The near infrared (NIR) emitting lan-
thanides ytterbium, neodymium, holmium, and erbium
have recently created interest, not only for telecommuni-
cation, but also as red-shifted, medium decay time probes
for bioanalytical applications [2,14–18,23]. In addition to
red-shifted emission, those lanthanides can also be excited
through visible light absorbing ligands. Their practical ap-
plications in bioaffinity assays are so far limited by their
sub-microsecond decay times and the strong quenching
related to their narrow energy gap requiring particularly
good shielding system.

Luminescence Quenching

Chelate-bound, inner sphere water molecules (O---H
vibrational overtones) is the most common excited state
non-radiative relaxation route with all the luminescent lan-
thanide chelates [24]. The decay differences when mea-
sured in deuterium oxide as compared to regular water, is
generally used as a measure to ligand coordination num-
ber [24]. The Horrocks equation (3) is particularly useful
in defining coordination with europium(III) chelates.

n = A
(
τ−1

H2O − τ−1
D2O

)
(3)

Fig. 2. Eu(III) emission spectrum measured with 2 µs delay time (A) and 7 µs delay time (B). Short delay enables
the detection of emittive transitions from 5D1 state (peaks at ∼535 nm and 555 nm). The spectra are un-corrected.
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where n is the number of coordinated water molecules in
the first coordination sphere, A is a lanthanide ion-specific
constant (e.g. 1.05 for Eu(III)).

Similarly to inner-sphere water molecules, outer-
sphere water also creates luminescence quenching, found
as a luminescence enhancement upon drying or upon
changing solvent, or when comparing luminescence in-
tensities of nona-dentate chelates in D2O and H2O. In
addition to O---H vibrational deactivation, also the N---H
and C---H vibrations create excitation state deactiva-
tions routes [25–27] and recently the Horrocks equa-
tion has been refined to take into account also other
oscillations [28]. In a fully coordinated europium(III)
chelate, replacing the hydrogen atoms by deuterium has
been found to increase both the quantum yield and decay
time [29].

Europium(III) chelates, due to the existence of two
possible oxidation states (III and II), suffer quenching by
charge transfer reaction, which is regarded as a major
quenching route in some europium(III) chelates [30,31].
Terbium(III) does not possess II state and hence its
chelates are not quenched by charge transfer. As stated
earlier, terbium, due to its electronic configuration, is
quenched by excited state energy back-flow, from excited
5D4 level to ligand triplet state, if their respective energies
are partly overlapping [9,11,20].

Luminescence quenching by assay matrix compo-
nents also has to be taken into considerations in bioanalyt-
ical applications [32]. For various applications the sample,
e.g. drug screening library compound, can have a strong
interference with the measured signal. Sample quenching
may take place through Förster-type energy transfer, be re-
lated to short distance Dexter type of energy transfer [33],
ionic interaction [34], may take place through paramag-
netic ions [35], free radicals [37], or metallic surface [37].
In addition, the long excited state lifetime sets additional
demand for luminescence due to the longer diffusion time
allowed for radiative or non-radiative reactions to take
place.

Oxygen, a well known triplet quencher, does not
have any strong quenching effect on commonly used
lanthanide chelates. Oxygen has higher effect on NIR
emitting chelates, but is reported to have negligible effect
on e.g. ytterbium(III) chelate due to rapid and efficient
triplet to metal energy transfer rate constant [14]. Ionic
interaction with charged chelates possibly comprises the
most severe interfering factors in homogeneous assays.
Positively charged chelates are efficiently quenched
by anionic compounds, such as serum uric acid for
europium(III) cryptate chelates [34] and respectively
negatively charged chelates are sensitive to cationic
compounds (such as metallic ions).

Calculated by the basic energy gap criteria, the most
luminescent lanthanide after gadolinium would be ter-
bium followed by europium. Samarium and dysprosium,
having much more narrow energy gap between the lowest
excited level and highest ground state manifold, exhibit
less intense and shorter decay emissions. Similarly, the
near infrared emitting lanthanides, neodymium, ytterbium
and erbium, having very narrow energy gap, exhibit very
short decay time emission. In regard to O---H quenching
terbium has been shown to be more robust. On the other
hand, the short decay luminescent chelates possess less
diffusion-related matrix quenching, which in part com-
pensates the gap differences in respect to sample-related
interferences [38].

Depending on the assay and measuring configura-
tion, matrix-related interferences may have to be elimi-
nated. In heterogeneous assays interfering matrix-related
compounds are generally washed away before measure-
ment, and optimal luminescence conditions are arranged
e.g. by using synergistic compounds such as TOPO and
Triton [39], urea and SDS [40,41], KCSN and solvent [42]
or simply by drying [43,44]. In homogeneous assays, the
matrix compounds are present also during measurement.
In FRET ratio-fluorometry is one way to avoid major part
of interferences because most of the signal interfering re-
actions take place either at excitation site or at donor site
[45]. In addition to the use of ratio between donor and ac-
ceptor emissions, analysis of changes of decay times, and
excitation attenuation, can be used to gather additional
information from the measurement and for deconvolution
of the real concentrations [32].

Energy Transfer

Application of probes of different decay times in
Förster-type energy transfer assays (TR-FRET) provides
a clear advantage over conventional FRET in that the pro-
duced energy-transfer derived acceptor emission is distin-
guished from donor and direct acceptor both in respect to
spectral and to temporal characteristics [46]. Lanthanide
chelates, due to their line-type emissions and exception-
ally long decay times, suit perfectly to TR-FRET [34]. A
scheme of TR-FRET with a europium donor is given in
Fig. 3.

Luminescent europium(III) chelates are the most
commonly used donors in TR-FRET, also commercialized
e.g. as TRACE/Kryptor system of Brahms, HTRF of
CisBio International, LANCE by Perkin-Elmer, and in
LRET of Amersham. Europium chelates have very long
decay times allowing very simple temporal discrimination
between donor, acceptor, and FRET signals. The long de-
cay time also allows efficient dynamic energy transfer
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Fig. 3. TR-FRET principle using europium chelates as energy donor and allophycocyanin (APC) as acceptor. Respective filters at
613 and 665 nm used for donor and acceptor measurement are shown by bars.

reactions with flexible complexes, and on the other hand,
diminishes orientational factor effect on FRET. The long
wavelength emission ensures low background for accep-
tor measurement (665 nm most generally applied), even
though the number of high efficient acceptors are some-
what restricted at that wavelength area. Europium pro-
duces typical emission spectrum characterized by several
transitions (Fig. 2), from which the magnetical dipole de-
fined transition (5D0–7F1) is not regarded as resonance
partner [33].

In a study based on a whole series of acceptors of dif-
ferent absorption properties in the range of 600–780 nm,
it was found that europium can potentially function as en-
ergy donor at its most transitions from 5D0 level [Laitala
unpublished data]. In addition to the typically applied
5D0–7F2 transition (613 nm), also the 5D0–7F4 transition
was found to be efficient donating transition. The NIR
lines at 690–710 nm have been applied in TR-FRET for
example using Alexa 680 as acceptor in an assay of
estradiol [47].

The most commonly used energy acceptor with eu-
ropium(III) chelates is allophycocyanin, which due to its
very high molar extinction coefficient (700.000) and quan-
tum yield (0.7) results in rather long Förster radius, up to
9 nm [34]. The other acceptors applicable in TR-FRET
with europium are Cy-5 [48,49] and its derivatives and
to Alexa dyes 647 [50] and −680 [47]. Those acceptors
show reasonable good spectral overlap integral and hence
are functioning well even in reasonably long distance as-
says, such as protein–protein interactions.

In addition to europium(III), terbium(III) has re-
cently found applications in TR-FRET [51–53] and is
also commercialized by Invitrogen under the trade name
Lanthascreen. Terbium can donate energy to fluorescein
through its first transition (5D4–7F6). Terbium is able to
transfer energy as well from the second transition (5D4–
7F5) to Cy-3, phycoerythrin, rhodamine derivatives or re-
spective Alexa dyes.

The TR-FRET induced acceptor emission has gen-
erally a decay directly related to donor decay time and
inversely to the energy transfer efficiency. In most of the
applications, the relatively long distance e.g. in protein–
protein complexes results in low energy transfer efficiency
and accordingly relatively long decay time, typically in
the range of 100–1000 µs. Such a FRET signal is easily
detected with commercially available time-resolving plate
fluorometers based on gated detection. The TR-FRET sig-
nal is distinguished from background and from directly
excited acceptor emission by temporal filtering and from
the long decay donor by its red-shifted emission (Fig. 3).

Short distance energy transfer by non-emitting
acceptors is generally termed quenching (TR-FQA).
TR-FQA has got applications in assays of hydrolysing
enzymes, such as proteases, where the flexibility of
donor- and quencher-labeled substrate peptides, together
with the long donor decay and efficient quenchers, allow
highly efficient dynamic quenching and thus monitoring
the enzymatic reaction by increasing signal [54]. Different
substrate structures require somewhat different designs
in respect to quenchers (overlap integral) and quenching
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efficiencies. In a study of different types of substrates [55]
proteases functioned best with QSY-7 as the quencher,
helicase with QSY-7 or dabcyl and phosphatase with
Cy-5. Cy-5 is a typical overlapping dye, and was used
to label anti-phosphotyrosine antibodies, which upon
excessive labeling resulted practically non-fluorescent
antibody conjugate.

In addition to europium, also terbium has been used
in TR-FQA e.g. in monitoring helicase activity [56]. In
protease multiplexing all four luminescent lanthanides,
europium, terbium, samarium, and dysprosium have been
tested and a triple-label assay was demonstrated for
caspases 1, 3, and 6 [57]. Multiplexing is also applied
in homogeneous, closed tube DNA hybridization assays
using both europium- and terbium chelates with QSY-7
as the generic quencher [58]. Lanthanide chelate based
assays allowed direct double-label analysis of genomic
sequences (SNP) from whole blood or blood spots in 96-
or 384-well plates.

In short distance FRET (e.g. in DNA hybridization
assays), the energy transfer efficiency does not necessar-
ily correlate directly to spectral overlapping, but rather
to energetic overlapping. The presence of practically non-
emittive higher level excited states allows the development
of highly sensitive FRET type assays, in which the accep-
tor emission takes place at a shorter wavelength than the
donor emission (anti-Stokes’ shift FRET) [59]. In this sort
of TR-FRET (nFRET), the induced acceptor emission has
multicomponent decay, likely related to the decays of 5D1

or 5D2 states of europium, and the signal behavior is not
following the Förster’s theory of energy transfer.

Intramolecular energy transfer has also been utilized
in making tunable label complexes, tandem-probes com-
posed of europium(III) and Cy-5, or terbium(III) and flu-
orescein as the acceptor [60]. The decay time was ad-
justable within the range from 50 to 500 µs by changing
the donor–acceptor distance on a nucleotide backbone.

An other ‘internal’ energy transfer phenomenon used
with lanthanide chelates is the chelate-to-chelate energy
transfer applied in co-fluorescence enhancement [61–63].
In co-fluorescence-based enhancement system the use
of excess of inert metallic ions, such as gadolinium or
yttrium, forms small chelate aggregates allowing effi-
cient chelate-to-chelate energy transfer, possibly by ligand
triplet level, and the luminescent chelates functions as ac-
ceptors whereby showing orders of magnitude increased
excitation efficiencies.

NOVEL LANTHANIDE PROBES

The types of chelating ligands developed for lan-
thanides can be divided by type of application, by

Fig. 4. Structure of a typical luminescent lanthanide chelate composed of
terpyridine antenna part, polycarboxylate complexing part and emittive
europium ion.

chelate formation moiety or by their antenna part [2]. For
enhancement-based assays, the labeling ligand does not
have to contain light-harvesting part (e.g. Delfia ligands)
but its solubility is of prime importance. In these systems
the enhancing ligands does not have to be highly water
soluble, neither very strong chelating agents [2,39]. Most
commonly these enhancement-based assays are com-
posed of polycarboxylate (EDTA, DTPA) based labeling
reagents and β-diketone-based chelators in enhancement
to create luminescence [1,2].

Increasing amount of novel chelate structures has
been published in recent years, not reviewed here in de-
tail. Figure 4 shows an example of luminescent lanthanide
chelate based on terpyridine as the light harvesting an-
tenna part and polyacids for creating nona-dentate com-
plex. Depending of binding arm position, terpyridine can
be used as antenna for europium, samarium, terbium, and
dysprosium. The most commonly used antenna moieties
are based on pyridine, bipyridine, terpyridine, salicylate,
coumarin derivatives, phenanthroline, and various pyra-
zole derivatives. Also the complexing part varies from
polyacid to various forms of macrocycles. Wide variety
of published structures has been recently reviewed [2].

One of the recent trends in the field has been the de-
velopment of various nanobeads composed of latex par-
ticles, silica-based beads or inorganic lanthanide doped
phosphors. The spectral properties of lanthanides make
them particularly well suited for nanobeads due to the lack
of inner-filter quenching. The novel nanobead structures
allow also the bioassay applications with near-infrared
emitting lanthanides, such as neodynium, erbium, praseo-
dynium, holmium, and ytterbium [18].

Qian et al. [64] described the development of
latex bead system composed of thenoyltrifluoroacetone
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europium chelates. Similar nanobeads have since become
commercially available, e.g. from Serono Inc., and used
e.g. in highly sensitive immunoassays [65–67]. Latex
beads modified with polyethylene glycol (PEG) have
been used in highly sensitive time-resolved fluorometric
immunoassay down to the level of zeptomolar sensitivity
[68].

Silica-based nanobeads functionalized for coupling
and containing stable lanthanide chelates [69] or tetraden-
tate β-diketones [70] have been developed and used
in sensitive immunoassays. Europium-labeled nanobeads
are also used as TR-FRET donors. The high background
derived from excessive chelates was avoided using rela-
tively small beads and near-infrared acceptors [47].

APPLICATIONS

Lanthanide chelates have found applications in var-
ious fields of biomedical assays starting form radiothe-
raphy based on some samarium isotopes, nuclear mag-
netic imaging (MRI) [71], specific cleavage of DNA or
RNA, and for sensing of various analytes and conditions.
Europium chelate have been used for sensing pH [72],
temperature [73], light doses, phosphate with unsaturated
europium chelate [74], glucose by time-resolved imaging
[75], catalase by using tetracycline as enhancing ligand
[76], neurotoxic agents for bioterror monitoring [77], and
anestethic agent using a dried strip reagent [78]. In bio-
analytical assays, the photoluminescent lanthanides have
the largest applications, even though terbium is also used
in time-resolved electroluminometric assays [79].

Immunoassays

The first bioanalytical applications of lanthanide
chelates were in the field of clinical immunodiagnostics,
and even to day that is the topic of most of the published
applications and several commercial product lines.
Two of the most frequently applied technologies are
DELFIA, a heterogeneous assay technology based
on fluorescence enhancement from Perkin-Elmer [39]
and homogeneous TR-FRET (TRACE) of Brahms.
Some examples of the most recent applications are e.g.
diabetes-related autoantibody assays [80,81], assay of
kallikrein for prostate screening [82] and hyaluronan
assay [83]. For nutritional analytes, Delfia has been
used for analysis of various sulfonamides [84], prion
protein (PrPc) on animal tissues [85] and E. coli caused
colitis in cider [86]. Enterolactones and phytoestrogens
are analyzed in serum as markers for healthy food and

prognosis of cancers [87,88]. In celiac research, Delfia
has been applied to study transglutaminase activity based
on gliadin substrate [89]. Detection of different infectious
microbes as potential terror and warfare agents have been
developed for monitoring biohazard [90].

Stable luminescent chelates and direct surface mea-
surement has recently been reported e.g. in assays of in-
sulin [91], TSH [92], Hepatitis B surface antigen [70], a
herbicide atrazine [93] and PSA [65,66,69] using beads.
TR-FRET technology has been reported for PAPP-A
[94], microalbumin in urea [67], and 17-β estradiol using
nanobeads as europium containing acceptors [71].

Molecular Diagnostics

Molecular diagnostics assays are mainly used today
to analyze microbes, such as streptococcus [95], but are
gaining interest in respect to pharmacogenomics, person-
alized medicine and for genetic testing of predisposition to
diseases. In addition to more conventional detection prin-
ciples, such as Delfia used for example analysis of Factor
V Leiden mutation [96], various forms of TR-FRET and
TR-FQA are applied for more convenient homogeneous
PCR detection assays. Lanthanides provide good sensitiv-
ity and a wide variety of opportunities to do also focused
multiplexing. A method to label oligonucleotides with lu-
minescent chelates during synthesis has been developed
to simplify labeling [97].

Use of two or more lanthanides simultaneously is
applied for PCR detection of diabetes susceptibility [98],
bacterial toxin related gene detection [99] and seven-color
hybridization assay of papilloma virus types using com-
bination of three lanthanides [100]. In prostate screening,
PSA-related mRNA was detected from periferal blood
samples with reverse transcription and europium chelate-
labeled probes [101].

Tsourkas et al. used DTPA-cs124 chelate in a dual-
label TR-FRET hybridization assay based on two beacon-
type probes labeled with dancyl as a quencher and ei-
ther with europium or terbium chelates as donors [102].
Matsumoto et al. used a terbium chelate together with
Cy-3 in a TR-FRET hybridization assay [103].

Luminescence quenching assay based on short
oligonucleotide sequences labeled with a generic
quencher has been used to develop TR-FQ assays for
PCR quantitation [58,104,105]. The technology allows
focused multiplexing and totally integrated closed tube
analysis. In addition, the possibility to control proximity
allows highly efficient energy transfer assays. The non-
overlapping type of TR-FRET can be applied to further
improve sensitivity in hybridization assays [59].
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Drug Discovery Applications

In drug discovery, and in particular in the primary
screening (high-throughput screening), there is a need
for sensitive, robust and preferable homogeneous assay
technology. That is why a number of commercial ven-
dors have begin to utilize stable fluorescent lanthanide
chelates and energy transfer-based technologies for drug
discovery, including CisBio International HTRF, Invitro-
gen Lanthascreen, Amersham LRET, and Perkin-Elmer
Lance TR-FRET, and TruPoint TR-FQA technologies.

Receptors, and G-protein coupled receptor in
particular, create the largest group of drug targets.
Receptor–ligand interaction is the first step in cellu-
lar signal transduction, exemplified with Delfia assays
of MHC binding [106], α-MSH [107], and androgens
[108]. Ligand stimulated receptor activation has also
been followed by thermoimaging by utilizing europium-
threnoyltrifluoroacetone as temperature sensitive probes
[109].

Since the receptor activation, a wide variety of sec-
ondary functional assays are applied to follow downs
stream signaling. For example GTP binding can be fol-
lowed with europium-labeled GTP [110]. Various kinases
are the next largest target group, and very widely analyzed
in screening with various lanthanide-based technologies,
both heterogeneous and homogeneous by various combi-
nations of TR-FRET technologies. Recent examples in-
clude serine/threonine kinases [111,112] and use of sol–
gel for kinase sensing by TR-FRET [113]. Sadler et al.
compared Delfia to TR-FRET in I kappa B kinase [114]
and Minor studied receptor phosphorylation with Delfia
[115]. TR-FRET assay on a flow injection analysis is
applied for measuring epidermal growth factor receptor
kinase with europium cryptate and APC derivative as ac-
ceptor [116].

Protein–protein interaction is most commonly mea-
sured by FRET, and improved by use of lanthanide la-
bels in TR-FRET [117–119]. Receptor dimerization or
oligomerization have quite recently found to be an impor-
tant signal transduction and controlling mechanism, ana-
lyzed commonly by TR-FRET [120–123]. Nuclear recep-
tor coactivator recruitment assays relate to downstream
signaling cascades at nuclear level [124,125] exemplified
by hypoxia induced factor binding to p300 transcription
coactivator [126].

Antigen stimulated cytokine release by T cells [127]
as well as expression of three adhesion markers is ac-
complished by triple-label assay using europium, terbium,
and samarium in Delfia technology [128] and interferon-
γ production by TR-FRET [129]. TR-FRET has been
used also for bacterial transcription assays [130,131]. Heat

shock protein inhibition assays [132–134] and tumor sup-
pression by cellular quantitation of pRb phosphorylation
[135] by Delfia technology.

Besides kinases and phosphatase, various other en-
zymes, in particular proteases, create an important target
group and application field for lanthanide-based screening
assays. Apoptotic cell death assays by following caspases
have been developed by TR-FQ technology [54,55,57]
performed also in microspot format having 8640 com-
pound spots on planar plate [136]. In addition to TR-
FQA, also TR-FRET has been applied for caspase as-
says [137] and well as for BACE (β-secretase) related to
Alzheimer disease [138]. Other TR-FRET enzyme assays
recently published include telomerase (TRAP) [139], he-
licases [49,56], ubiquitin transferases assays [140,141],
and HIV proteases [142].

Drug discovery and subsequent ADME and toxicity
studies are becoming a bottleneck in drug discovery pro-
cess. Therefore, there is a tendency towards more cellular
and more functional assays. Cytotoxicity and natural killer
cell activity measurements are traditionally done with ra-
dioactive chromium release test, which can be replaced
with non-radiative alternatives based on lanthanides, such
as europium release [143] or by using fluorogenic chelat-
ing ligand (BADTA, Perkin-Elmer) release [144]. In cell-
based assays, phosphorylation can be analyzed on cel-
lular environment [145]. Somjen et al. studied estrogen
receptor response on bone cells using europium-labeled
estradiol [146]. Vesicle transport has been studied using a
membrane soluble europium chelate [147]. Chakrabasty
studied myosin rod arrangements with TR-FRET [148]
and Becker et al. [149] studied ion channel in E. coli
model using TR-FRET technique.

Use of europium has been found very useful also in
pharmacokinetic studies of drug transportation and accu-
mulation [150]. Europium-labeled albumin was recently
used to study blood–brain barrier function during experi-
mental meningitis [151].

Long decay time lanthanides, in a form of phosphors,
beads, or stable chelates, have also created interest in
imaging [2]. In addition to autofluorescence elimination,
the use of different set of labels, lanthanide chelates to-
gether with Pt/Pd porphyrins which can be imaged at mil-
lisecond time domain and regular fluorochromes imaged
at regular prompt domain, allows multiplexing, e.g. in
differential cell counting and cellular applications [152].

CONCLUSION

The advent of highly luminescent lanthanides, long
decay probes optimized for various properties, are rapidly
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expanding the applications of lanthanides for a wide va-
riety of bioanalytical assays. In addition to providing ro-
bust, background-free detection in heterogeneous assays,
they allow robust detection also for homogeneous assays.
The spectrally and temporally defined emission properties
can be exploited in multiplexing. In various forms of en-
ergy transfer technologies there is a choice of lanthanide
donors and for each of them there are a variety of avail-
able acceptors. The acceptors can produce emissions from
the anti-Stokes’ shift area below the donor emission up
to near infrared area, and each of those signals can have
their specific lifetimes adjusted by the specific proximity
in the assay.
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T. Lövgren (2002). High-throughput genetic analysis using time-
resolved fluorometry and closed-tube detection. Anal. Biochem.
299, 211–217.

105. J. Nurmi, T. Wikman, M. Karp, and T. Lovgren (2002). High-
performance real-time quantitative RT-PCR using lanthanide
probes and a dual temperature hybridization assay. Anal. Chem.
74, 3525–3532.

106. X. Gao, C. K. Hsu, L. J. Heinz, J. Morin, Y. Shi, N. K. Shukla, D. L.
Smiley, J. Xu, B. Zhong, and L. J. Slieker (2004). Europium-labeled
melanin-concentrating hormone analogues: Ligands for measuring
binding to melanin-concentrating hormone receptors 1 and 2. Anal.
Biochem. 328, 187–195.

107. H. L. Handl, J. Vagner, H. I. Yamamura, V. J. Hruby, and R. J.
Gillies (2004). Lanthanide-based time-resolved fluorescence of in
cyto ligand–receptor interaction. Anal. Biochem. 330, 242–250.

108. D. Somjen, F. Kohen, B. Gayer, T. Kulik, E. Knoll, and N. Stern
(2004). Role of putative membrane receptors in the effect of an-
drogens on human vascular cell growth. J. Endocrin. 180, 97–106.

109. O. Zohar, M. Ikeda, H. Shinagawa, H. Inoue, H. Nakamura, D.
Elbaum, D. L. Alkon, and T. Yoshioka (1998). Thermal imaging of
receptor-activated heat production in single cells. Biophys. J. 74,
82–89.

110. H. Frang, V. M. Mukkala, R. Syysto, P. Ollikka, P. Hurskainen,
M. Scheinin, and I. Hemmila (2003). Nonradioactive GTP binding



Progress in Lanthanides as Luminescent Probes 541

assay to monitor activation of G protein-coupled receptor. Assay.
Drug Dev. Technol. 1, 275–280.

111. K. Xu, A. S. Stern, W. Levin, A. Chua, and L. T. Vassilev (2003).
A generic time-resolved fluorescence assay for serine/threonine
kinase activity: Application to Cdc7/Dbf4. J. Biochem. Mol. Biol.
36, 421–425.

112. Y. Li, R. T. Cummings, B. R. Cunningham, Y. Chen, and G. Zhou
(2003). Homogeneous assays for adenosine 5’-monophosphate-
activated protein kinase. Anal. Biochem. 321, 151–156.

113. J. A. Cruz-Aguado, Y. Chen, Z. Zhang, M. A. Brook, and J. D.
Brennan (2004). Entrapment of Src protein tyrosine kinase in sugar-
modified silica. Anal. Chem. 76, 4182–4188.

114. T. M. Sadler, M. Achilleos, S. Ragunathan, A. Pitkin, J. LaRocque,
J. Morin, R. Annable, L. M. Greenberger, P. Frost, and Y. Zhang
(2004). Development and comparison of two nonradioactive kinase
assays for I kappa B kinase. Anal. Biochem. 326, 106–113.

115. L. Minor (2003). Receptor phosphorylation in a cell-based as-
say as a screen for receptor modulators. Am. Pharm. Rev. 6, 96–
98.

116. J. Hirata, C. F. de Jong, M. M. van Dongen, J. Buijs, F. Ariese,
H. Irth, and C. Gooijer (2004). A flow injection kinase assay sys-
tem based on time-resolved fluorescence resonance energy-transfer
detection in the millisecond range. Anal. Chem. 76, 4292–4298.

117. J. Whitfields, K. Harada, C. Bardelle, and J. M. Staddon (2003).
High-throughput methods to detect dimerization of Bcl-2 family
proteins. Anal. Biochem. 322, 170–178.

118. K. Xu, C. Belunis, W. Chu, D. Weber, F. Podlaski, K. S. Huang,
S. I. Reed, and L. T. Vassilev (2003). Protein–protein interactions
involved in the recognition of p27 by E3 ubiquitin ligase. Biochem.
J. 371, 957–964.

119. V. Leblanc, V. Delaunay, L. J. Claude, F. Gas, G. Mathis, J. Grassi,
and E. May (2002). Homogeneous time-resolved fluorescence as-
say for identifying p53 interactions with its protein partners, di-
rectly in a cellular extract. Anal. Biochem. 308, 247–254.

120. D. Maurel, J. Kniazeff, G. Mathis, E. Trinquet, J. P. Pin, and H.
Ansanay (2004). Cell surface detection of membrane protein in-
teraction with homogeneous time-resolved fluorescence resonance
energy transfer technology. Anal. Biochem. 329, 253–262.

121. D. Ramsay, I. C. Carr, J. Pediani, J. F. Lopez-Gimenez, R. Thurlow,
M. Fidock, and G. Milligan (2004). High-affinity interactions be-
tween human α1A-adrenoceptor C-terminal splice variants produce
homo- and heterodimers but do not generate the α1L adrenoceptor.
Mol. Pharmacol. 66, 228–239.

122. L. Gazi, J. F. Lopez-Gimenez, M. P. Rudiger, and P. G. Strange
(2003). Constitutive oligomerization of human D2 dompamine re-
ceptors expressed in Spodoptera frugiperda 9 (Sf9) and in HEK293
cells. Analysis using co-immunoprecipitation and time-resolved
fluorescence resonance energy transfer. Eur. J. Biochem. 270,
3928–3938.

123. J. J. Carrillo, J. Pediani, and G. Milligan (2003). Dimers of class A
G protein-coupled receptors function via agonist-mediated trans-
activation of associated G proteins. J. Biol. Chem. 278, 42578–
42587.

124. J. Liu, K. S. Knappenberger, H. Kack, G. Andersson, E. Nilsson,
C. Dartsch, and C. W. Scott (2003). A homogeneous in vitro func-
tional assay for estrogen receptors: Coactivator recruitment. Mol.
Endocrinol. 17, 346–355.

125. A. K. Galande, K. S. Bramlett, T. P. Burris, J. L. Wittliff, and A. F.
Spatola (2004). Thioether side chain cyclization for helical peptide
formation: Inhibitors of estrogen receptor–coactivator interactions.
J. Pept. Res. 63, 297–302.

126. A. L. Kung, S. D. Zabludoff, D. S. France, S. J. Freedman, E. A.
Tanner, A. Vieira, S. Cornell-Kennon, J. Lee, B. Wang, J. Wang,
K. Memmert, H. U. Naegeli, F. Petersen, M. J. Eck, K. W. Bair,
A. W. Wood, and D. M. Livingston (2004). Small molecule block-
ade of transcriptional coactivation of the hypoxia-inducible factor
pathway. Cancer Cell 6, 33–43.

127. G. Allicotti, E. Borras, and C. Prinilla (2003). A time-resolved
fluorescence immunoassay (DELFIA) increases the sensitivity of

antigen-driven cytokine detection. J. Immunoassay Immunochem.
24, 345–358.

128. H.-G. Zerves, J. C. Peter, M. Link, H. Gubler, and G. Scheel (2002).
A multiparameter screening assay for assess the cytokine-induced
expression of endothelial cell adhesion molecules. Anal. Biochem.
304, 166–173.

129. K. Enomoto, Y. Aono, T. Mitsugi, K. Takahashi, R. Suzuki, M.
Preaudat, G. Mathis, G. Kominami, and H. Takemoto (2000). High
throughput screening for human interferon-γ production inhibitor
using homogeneous time-resolved fluorescence. J. Biomol. Screen.
5, 263–268.

130. E. Heyduk and T. Heyduk (1999). Architecture of a complex be-
tween the σ7 subunit of Escherichia coli RNA polymerase and
the nontemplate strand oligonucleotide. Luminescence resonance
energy transfer study. J. Biol. Chem. 274, 3315–3322.

131. V. Bergendahl, T. Heyduk, and R. R. Burgess (2003). Luminescence
resonance energy transfer-based high-throughput screening assay
for inhibitors of essential protein–protein interactions in bacterial
RNA polymerase. Appl. Environ. Microbiol. 69, 1492–1498.

132. V. Zhou, S. Han, A. Brinker, H. Klock, J. Caldwell, and X. J. Gu
(2004). A time-resolved fluorescence resonance energy transfer-
based HTS assay and a surface plasmon resonance-based binding
assay for heat shock protein 90 inhibitors. Anal. Biochem. 331,
349–357.

133. W. Aherne, A. Maloney, C. Prodromou, M. G. Rowlands, A.
Hardcastle, K. Boxall, P. Clarke, M. I. Walton, L. Pearl, and P.
Workman (2003). Assays for HSP90 and inhibitors. Methods Mol.
Med. 85, 149–161.

134. H. Butcher, W. Kennette, O. Collins, J. Demoor, and J. Koropatnick
(2003). A sensitive time-resolved fluorescent immunoassay for
metallothionein protein. J. Immunol. Methods 272, 247–256.

135. S. E. Barrie, E. Eno-Amooquaye, A. Hardcastle, G. Platt, J.
Richards, D. Bedford, P. Workman, W. Aherne, S. Mittnacht, and
M. D. Garrett (2003). High-throughput screening for the iden-
tification of small-molecule inhibitors of retinoblastoma protein
phosphorylation in cells. Anal. Biochem. 320, 66–74.

136. S. M. Kopalakrishnan, J. Karvinen, J. L. Kofron, D. J. Burns, and U.
Warrior (2002). Application of micro arrayed compound screening
(µARCS) to identify inhibitors of caspase-3. J. Biomo. Screen. 7,
317–323.

137. M. Preaudat, J. Ouled-Diaf, B. Alpha-Bazin, G. Mathis, T. Mitsugi,
Y. Aono, K. Takahashi, and H. Takemoto (2002). A homogeneous
capase-3 activity assay using HTRF technology. J. Biomol. Screen.
7, 267–274.

138. H. Bazin, S. Guillemer, and G. Mathis (2002). Homoge-
neous phosphodiesterase and hybridization assays using eu-
ropium cryptate:Oligonucleotide conjugates. J. Fluoresc. 12, 245–
248.

139. M. Gabourdes, V. Bourgine, G. Mathis, H. Bazin, and B. Alpha-
Bazin (2004). A homogeneous time-resolved fluorescence detec-
tion of telomerase activity. Anal. Biochem. 333, 105–113.

140. M. D. Boisclair, C. McClure, S. Josiah, S. Glass, S. Bottomley,
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