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Abstract

The principles and practice of the application of time-resolved lanthanide chelate luminescence (or fluorescence) as a
detection method for ultrasensitive bioanalytical assays such as immunoassays and nucleic acid hybridization assays are reviewed.
The various lanthanide chelate-based detection systems which have been developed for use in heterogeneous and homogeneous
assay formats are described, including reagents, assay methods, and instrumentation, along with recent improvements in these
methods. Detection systems described include those based on dissociative enhancement of lanthanide ions, direct labeling
with luminescent chelates, enzyme-amplified lanthanide luminescence, lanthanide luminescence quenching, and energy transfer.
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1. Introduction

1.1. Ulmrasensitive bioanalytical assays

Ultrasensitive bioanalytical assays involve the detec-
tion of the presence or concentration of a specific
material (the analyte), by utilizing a biologically derived
reagent which specifically binds or reacts with the
analyte. The analyte is usually contained at low con-
centration in a complex biological aqueous-based sample
containing a large excess of extraneous material, and
thus detection sensitivity and specificity are both re-
quired. Detection limits required for the analyte are
on the order of pug to pg/ml, with sample sizes often
a few hundred microliters or less. Bioanalytical assays
can be used for detection of man-made or naturally
occurring analytes in such diverse fields as medicine,
forensics and environmental sciences, amongst others.
The potential provided for sensitive, reliable, rapid and
simple detection of specific analytes has been realized
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in the well-known example of the home pregnancy test
kit.

Given the range and number of possible applications
for ultrasensitive bioanalytical assays, there has been
room for the development of many different types of
assay formats and detection systems [1,2]. Assay design
variables include the nature of the assay reagents and
solid supports, and the necessity for instrumentation
to provide, as needed, automation, quantification, or
increased sensitivity [3]. All these design variables,
dictated by the analyte of interest, the type of user,
and the choice of detection system, can affect assay
sensitivity, specificity, simplicity and cost.

The nature of the analyte to be detected dictates
the possible types of specific binding or chemical reaction
which can be used. The ultrasensitive bioassay types
covered in this review are: the immunoassay, in which
an antibody is used as the specific binding reagent
(SBR), and the analyte is any species to which a specific
antibody can be raised [2,4,5]; the nucleic acid hy-
bridization assay, in which the SBR is a nucleic acid
fragment complementary to the analyte nucleic acid
fragment [1,4,6]; and the enzyme assay, in which the
analyte is the enzyme, or alternately an enzyme substrate
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or cofactor [7]. The presence of the binding or chemical
reaction is detected through the use of some type of
label with very high detectability. The nature of this
label can vary widely; most commonly it is a small
synthetic molecule, or alternately an enzyme, which is
either chemically bound to the SBR, or to additional
analyte for competitive assay formats. Multiple labeling
may be used for signal amplification, which can increase
sensitivity up to a point, but eventually loss of sensitivity
and/or specificity will result from overlabelling. Some-
times specific binding reactions are used for indirect
labeling, such as that between biotin and streptavidin
[8], where the SBR is biotinylated, and the biotin is
detected in an additional step using labeled streptavidin.
Indirect detection methods have the advantage of per-
mitting the use of standard biotin labeling protocols
or commercially available biotin-labeled SBRs, with a
universal labeled streptavidin reagent, and can provide
signal amplification due to multiple-labeling of both
the SBR and the streptavidin. Some assays for nucleic
acids also incorporate analyte amplification, that is, the
nucleic acid sequence to be detected is amplified before
detection, using methods such as the polymerase chain
reaction (PCR).

Hcterogeneous assay formats are the most common,
owing to the reliable assay performance which typically
results from the extra separation steps involved, where
unbound labeled reagents are removed and only bound
label is detected or quantified. In the commonly used
noncompetitive assay format [9] (see Fig. 1), a solid
support is used, generally some form of plastic, such
as a membrane, microwell, or microbead. The analyte
is immobilized on the surface in a separation step, by
a direct binding reaction with an activated surface, or
more desirably through an unlabelled SBR already
bound to the support (two-site format). The labeled
SBR (which is different from the first SBR if present)
then binds to the immobilized analyte, and the signal
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Fig. 1. Example of a heterogeneous noncompetitive assay format.

arising from the label is detected when unbound labeled
SBR has been removed by washing. Alternately, in a
competitive format, an unlabeled SBR is always present
on the solid support to bind analyte. Labeled analyte
is added, to compete with the unlabeled analyte in the
sample for binding sites on the solid support; bound
labeled analyte is then detected after washing. In mem-
brane blotting assays, the analyte is first separated into
bands in an electrophoretic gel, followed by blotting
and immobilization onto a nylon or nitrocellulose mem-
brane; detection of the band(s) containing the specific
analyte is performed in the usual manner. Such blotting
formats include the Western, Southern and Northern
blots for proteins, DNA and RNA respectively.

In homogeneous immunoassays, nucleic acid hybrid-
ization assays, or enzyme assays, the binding or chemical
reaction changes the properties of the label which can
permit its specific detection in solution without any
separation or washing steps. Owing to its simplicity,
this is the assay format of choice, if performance
requirements can be met. However the lack of separation
steps can cause problems arising from interfering species
in the sample. Again, homogeneous immunoassay and
nucleic acid hybridization assay formats may be non-
competitive, with the use of one or two labeled SBRs
to bind the analyte (see Fig. 2); conversely, they may
be competitive, requiring the addition of labeled analyte
to compete for binding sites with the unlabeled analyte
in the sample. As the labeled reagent is not removed
from the solution before detection, the binding reaction
itself must somehow cause a significant change in the
properties of the label which can be selectively detected.
In the case of the enzyme assay, when the enzyme is
the analyte, substrates can be designed such that their

label 1 label 2

SBR 1 SBR 2

specific binding reactions
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Fig. 2. Example of a homogeneous noncompetitive assay format.
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properties change significantly upon the reaction of the
enzyme.

The low concentrations of analyte present in the
sample mean that the detection limit for a useful label
must be on the order of 107 mol 17!, and often
several orders of magnitude less, when applied in a
real bioassay. This imposes a stringent requirement for
reliable, sensitive, specific detection of the label itself.

1.2. Ultrasensitive detection methods

Detection systems for ultrasensitive bioassays were
originally dominated by radioisotopic labels, such as
I'*, H® or P*?, which emit detectable high energy
radiation or particles. The advantages of such labels
include: reliable specific detection of the signal from
the label; low intrinsic radioactive backgrounds in sam-
ples of interest; and minimal chemical modification of
labeled reagents resulting in good retention of binding
specificity. However, the difficulties resulting from re-
quirements for handling, storage, and disposal of ra-
dioactive materials have limited the use of such detection
systems to larger licensed facilities with specially trained
personnel, and have prompted the development of a
number of alternative nonisotopic detection systems
[2,4,10].

Most of the nonisotopic detection systems which have
been commercially implemented have involved the de-
tection of emitted visible light, either as a result of
light excitation (fluorimetric or luminometric, [5,11])
or chemical reaction (chemiluminometric, [11,12]) or
alternately the detection of visible light absorption
(colorimetric, [11]). The most conceptually simple de-
tection systems use a label which is itself fluorescent
or chemiluminescent; multiple labeling of assay reagents
is usually required to achieve the necessary sensitivities.
Because detection of light absorption is much less
sensitive than detection of light emission, colorimetric
labels are not generally used for this type of labeling.

Another common type of detection system for im-
munoassays and nucleic acid hybridization assays uses
an enzyme as a label {11,13}. The enzyme acts upon
a substrate to produce a product, which can be detected
by its specific signal from light absorption, fluorescence
or chemiluminescence. Enzyme labels have a very high
specific activity and give much higher signal levels, as
a result of the fact that a single enzyme molecule can
produce thousands of product molecules in a short time
period. This signal amplification means that much lower
labeling ratios are required and excellent sensitivities
can be achieved, even with colorimetric detection.

Some detection systems require two or more different
components of the assay system to be in proximity to
each other before signal can be generated. Such de-
tection systems are particularly useful for homogeneous
assay formats. For example, one such possible design

uses two different SBRs for the same analyte, each of
which is also labeled with a different component of
the detection system; only when the two components
are in proximity to each other, as a result of binding
to the analyte, is a specifically detectable signal such
as fluorescence produced (see Fig. 2).

A large number of nonisotopic detection systems,
applied to many different assay formats, has been
described in the literature but relatively few have been
commercialized. Frequently the requirements for a
highly sensitive, specific and robust assay are difficult
to combine in a practical design, even without cost and
production considerations. One of the major contrib-
utors to this problem is the variable nature of the
biological sample in which the analyte is usually con-
tained; interfering species can affect the detection of
the desired signal, either by changing its magnitude in
an unpredictable manner, or by contributing undesired
background signals which can swamp the specific signal.
A detection system which is itself relatively insensitive
to such interferences is thus required for practical
applications.

Colorimetric detection using enzyme labels has been
shown to be a robust, reliable, and relatively inexpensive
detection system, in particular for those assays which
do not require high sensitivities, or need only a qual-
itative response. Fluorimetric, luminometric and chem-
iluminometric detection systems generally have better
potential for higher sensitivities and quantification of
the analyte, particularly when combined with appro-
priate instrumentation, and can be competitive with
each other in many applications.

1.3. Lanthanide chelate luminescence

This review is specifically concerned with reagents
and methods for time-resolved detection of fluorescence
or luminescence '. Luminometry is a highly sensitive
detection technique potentially capable of detection of
a single molecule. However, it can be an unreliable
technique for the purposes of quantitation; in general,
luminescent molecules can be extremely sensitive to
small environmental variations, for example change in
temperature, solvent, and quenchers present in the
sample. Further, luminescence is a prevalent phenom-
enon and most substances emit light to some degree
under the right conditions; this gives rise to often
unpredictable background signals. Hence reliable, quan-
titative, specific detection of a weak luminescence signal
requires careful choice of both the light-emitting species
and other assay components. Systems which utilize

! The term ‘“‘time-resolved fluorescence’ has been used to describe
the method typically used for detection of lanthanide emission.
However lanthanide emission is not strictly fluorescence, as described
below, hence the more general term “time-resolved luminescence”
will be used.
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lanthanide chelates as the detectable luminescent spe-
cies have been developed in order to overcome the
major shortcomings of the more conventional fluor-
escence-based detection systems, which use an organic
fluorescent molecule as a light-emitting species [14-16].

The typical energy level diagrams for an organic
fluorophore and a lanthanide chelate are compared in
Fig. 3. For an organic fluorophore in solution (Fig.
3(a)), the various processes subsequent to light ab-
sorption from the ground state into the excited single
state manifold generally can include internal conversion
(IC; conversion of absorbed energy to heat), fluorescence
(light emission during conversion of S, to S,), intersystem
crossing (ISC; nonradiative conversion from the singlet
to the triplet state, or vice versa), phosphorescence
(light emission during conversion of T, to S,), and
photodegradation. Absorption and emission bands are
broad due to solvent and environmental interactions
and the presence of multiple vibrational levels of the
ground and excited states. For a good fluorophore,
absorption bands are very strong, accompanied by a
high probability of emission via fluorescence; fluores-
cence lifetimes are typically tens to hundreds of na-

a)
fluorescence
Organic fluorophore
b)
S,
fluorescence
-
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luminescenge
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.- phosphorescence Yy
» 0
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Fig. 3. Typical energy level diagrams for (a) an organic fluorophore;
(b) a lanthanide chelate. Shaded areas indicate broadly overlapping
energy levels. S;, S; and T, organic first excited singlet, ground
singlet and first triplet states, respectively; L; and Lg, lanthanide
first excited and ground states; IC, internal conversion; ISC, inter-
system crossing; ET, energy transfer; straight and wavy lines, radiative
and nonradiative transitions respectively; solid and dashed lines, high
and low probability transitions respectively.

noseconds. Phosphorescence, a forbidden process, nor-
mally only has any significant yield in the solid state.

Luminescent chelates of lanthanide ions such as
Dy(111), Eu(1II), Tb(III) and Sm(III) possess some
unusual chemical and spectroscopic characteristics in
solution compared with other organic species and metal
ions [17]. A lanthanide chelate consists of a lanthanide
ion complexed with one or more organic molecules
containing at least two metal binding groups (the che-
lator); other counterions or solvent molecules may be
present in the complex as additional, usually less strongly
bound, ligands (also sometimes cailed synergistic li-
gands). Binding of ligands to the lanthanide ion occurs
via electron transfer through f-orbitals, with highly
electronegative donor atoms such as N and O preferred.
The coordination of the ligand binding to the central
lanthanide ion does not tend to be of fixed number
and geometry as it is in transition metal ions; rather
it is somewhat flexible, with coordination numbers in
the range of 6 to 12 observed. Where other more
strongly binding ligands are not available, coordination
sites are generally filled by solvent molecules within
the constraints of inter-ligand repulsion.

Lanthanide ions themselves have very low absorption
and emission probabilities as the transitions of interest
are generally forbidden; thus in the absence of a strongly
absorbing ligand, luminescence is comparatively weak.
This emission consists of several discrete narrow (1-20
nm) bands, each of which may demonstrate some ad-
ditional splitting due to ligand field effects. When a
suitable, strongly-absorbing ligand or chelator with ap-
propriately situated energy levels, as illustrated in Fig.
3(b), is bound to the lanthanide ion, absorption of light
into the first excited singlet state of the ligand can be
followed by intersystem crossing to the ligand triplet
state and energy transfer to the lanthanide ion. Lu-
minescence characteristic of the lanthanide ion will
follow. A typical luminescence emission spectrum for
a Eu(Ill) complex is illustrated in Fig. 4; in this case,
the L,—1L, transition corresponds primarily to five
transitions, *D,—"F, (where n=0 to 4), giving five
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Fig. 4. Typical luminescence spectrum of a Eu(IIl) complex.
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distinct bands. The change in spin multiplicity during
the transition (for example 5 to 7 for Eu(I1I)) results
in a forbidden transition with a long luminescence
lifetime. Because the luminescing states arise from
excitation of f-electrons, which are relatively well-
shielded from most interactions with the environment,
only the species in the first coordination sphere strongly
affect the emission characteristics. Thus, in particular
if the chelate has a well-defined structure which does
not include any weakly bound solvent or exchangeable
ligand molecules in the first coordination sphere, it can
be relatively insensitive to solvent and temperature
effects.

The chemical and spectroscopic characteristics of the
two different categories of light-emitting molecules,
conventional organic vs. lanthanide chelate, are com-
pared in Table 1. Other than their potentially very high
fluorescence yield in aqueous systems, and good chem-
ical stability, most of the other properties of organic
species are less desirable when choosing a fluorophore
suitable for use in an ultrasensitive assay. In particular,
most typical background signals, which usually result
from scattered excitation light and from fluorescence
of organic molecules, have similar spectroscopic and
temporal characteristics to the organic fluorophore; this
makes selective detection of the desired signal more
difficult.

The main disadvantages of most luminescent lan-
thanide chelates relative to organic fluorophores are
their typically low luminescence in aqueous systems
owing to quenching by coordinated water molecules,

Table 1

and the tendency to dissociation of the complex in
some assay conditions. However, in most applications,
these difficulties can be overcome and the advantages
more than compensate. In particular, the large Stokes’
shift and narrow emission bands of lanthanide chelates
permit easy selective narrow-band wavelength filtering
for the specific chelate signal, to remove scattered
excitation light and more nonspecific backgrounds. Fur-
ther, the very long luminescence lifetime permits time-
gated detection on a micro- to millisecond timescale,
to further select against typical short-lived nonspecific
background signals. The use of these features of lan-
thanide ion spectroscopy for selective detection of lan-
thanide ion luminescence is outlined in more detail in
the following section.

An additional interesting feature of lanthanide chelate
spectroscopy arises from the fact that the four lumi-
nescent lanthanide ions Dy(IIT), Eu(III), Tb(III} and
Sm(I1II) possess significantly different luminescence life-
times and peak band positions. This means that multiple
labeling using chelates containing different lanthanide
ions can also be practical, provided the spectral and
temporal detection windows can be altered appropri-
ately. Representative values for lifetimes and peak
positions are given in Table 2. Lifetimes in some cases
can fall outside the ranges given, and band positions
for the given transition vary by perhaps +5 nm. In
addition, depending on the ligand coordination ge-
ometry, both the splitting and relative intensities of
the different bands can change; for example for a few
Eu(IIT) complexes the 590 nm °D,— ’F, transition may

Typical properties of most organic fluorophores, and nonspecific background signals, compared with lanthanide chelates

Property

Organic fluorophores and nonspecific
background signals

Luminescent lanthanide
chelates

Wavelength of absorption and
emission bands

Width of absorption and emission Both broad

bands

Stokes’ shift between
absorption and emission bands

Luminescence yield

Luminescence lifetime

Anywhere in
ultraviolet/visible region

Small (0-50 nm)

Up to 100%

Fluorescence lifetimes on

Absorption in ultraviolet,
emission in visible

Absorption broad,

emission several narrow
bands of 1-20 nm each,
separated by tens of nm

Large (150-300 nm)

Usually lower, particularly
in water

10 ps to 10 ms

order of 1 to 100 ns

Sensitivity of luminescence to
variations in environment and
temperature

Chemical and photochemical
stability
unstable

Usually significant

Usually chemically stable;
may be photochemically

Much less, within range of
stable chelate formation

Ligand and chelator

binding to lanthanide ion
often not strong; may be
photochemically unstable
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Table 2

Emission characteristics of lanthanide chelates containing various lanthanide ions

Lanthanide Approx. peak wavelength Color of principal Approx. luminescence
ion of principal emission band emission lifetime
(nm) (us)
Sm (IIT) 645 red 30-100
Eu (I1I) 615 orange 100-1000
Tb (1) 545 green 400-2000
Dy (1II) 573 yellow 1-10

be more intense than the 615 nm °D,— ’F, transition.
However for any given chelate where the ligands in
the first coordination sphere are constant, the spectral
and lifetime characteristics are generally also constant.

Aside from their application in the field of ultra-
sensitive bioanalytical assays, lanthanide ions have been
used extensively in biology as probes of the structure
of proteins, amino acids, nucleic acids, and membranes
[18-25]. Various studies have taken advantage of prop-
erties of lanthanide ions such as their ability to replace
other metal ions in metal-binding sites, the sensitivity
of lanthanide ion luminescence to changes in binding
geometry and the nature of the ligands in the first
coordination sphere (particularly the presence of water
molecules), and the capability of lanthanide ions to act
as a donor or acceptor in energy transfer experiments.

1.4. Time-resolved detection and lanthanide
luminescence

The principle of time-resolved detection of lanthanide
chelate luminescence is illustrated in Fig. 5. A pulsed
source repetitively excites the specific lanthanide lu-
minescence, which is detected through a combination
of spectral and temporal filtering of the detected emis-
sion signal after each pulse. Fig. 5 illustrates typical
parameters for terbium chelate time-resolved lumi-
nescence detection. In general, the temporal gate is
chosen such that detection is performed only when
most of the background signals have decayed away
while the lanthanide luminescence is still reasonably

Scattered excitation light

Background fluorescence
Lanthanide luminescence bands

Selected spectral and temporal window
A for detection

7

800
600
400

R RN )%
RN s

Voo
i K\((\Q‘Oee,oo
300 400 500 600 ©

Wavelength / nm
Fig. 5. Principle of time-resolved detection of lanthanide chelate
luminescence (adapted with permission from Ref. [116]).

intense, and wavelength filtering is performed to centre
detection on the single strongest lanthanide lumines-
cence band. This combination of selective wavelength
and time filtering is a powerful tool permitting extremely
specific detection of the chosen chelate luminescence
even in complex biological fluids.

Time-resolved luminescence instrumentation de-
signed specifically for used with lanthanide chelates
varies in its intended application in terms of assay
design, but has several features in common. A pulsed
or chopped ultraviolet source such as a xenon flashlamp
or nitrogen laser is required for excitation; it should
emit within the absorption band of the chelate and
have a pulsewidth significantly shorter than the lifetime
of the lanthanide ion to be detected. Additional wave-
length filtering or chopping of the source may be
performed to clean up its temporal and spectral char-
acteristics such that there will be no scattered excitation
light observed in the detection window. Detection of
the sample luminescence is performed through a narrow-
band, or sometimes a long pass, filter in the visible
region of the spectrum appropriate to the lanthanide
ion to be detected. The type of detector depends on
the assay format and whether signal quantification is
required, and can range in nature through the human
eye (e.g. time-resolved microscope), photographic film
(e-g. time-resolved photography), or electronic detectors
(e.g. photomultipliers, microplate readers). The detector
must be mechanically chopped or electronically gated
as appropriate to detect the temporally selected lan-
thanide luminescence signal only. The excitation/emis-
sion paths may be in a right-angle geometry for trans-
parent liquid samples, or in a front-face geometry,
particularly for flat, dry or opaque samples and sample
holders. Depending on the sophistication of the in-
strumentation and its intended use, sample processing
and positioning, wavelength filtering, temporal gating,
and signal acquisition may be manually controlled by
the operator, or may be completely automated. Examples
of dedicated instrumentation for application to time-
resolved luminescence detection of lanthanide chelates
in bioassays will be given throughout the following
sections.
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2. Heterogeneous assay formats: detection systems
using luminescent lanthanide chelates

2.1. Dissociative enhancement-based detection

To date, the most widely used type of lanthanide-
based detection system has been the dissociative en-
hancement method (Fig. 6) [15,26,27], which is suitable
for heterogeneous competitive or noncompetitive for-
mats. In this method, the lanthanide chelate used for
labeling, which has strong binding properties, is not
itself luminescent in the assay medium owing to the
absence of a suitable chromophore in the ligand. Rather,
the lanthanide ion must be dissociated from the chelator,
and released into an enhancement solution in which
it is luminescent and can be detected. The advantage
of this detection system is that it does not require that
the optimum binding and luminescence properties of
the lanthanide chelate be combined into one label. The
labeling chelate has very strong binding properties, is
simple and easy to use for labeling, and is chemically
and photochemically very stable. The enhancement
solution has been chosen to optimize lanthanide lu-
minescence, using a micellar environment containing
the energy transfer reagent and various other lumi-
nescence enhancing reagents. In the original design,
the labeling chelate was a derivative of ethylenedi-
aminectetraacetic acid (EDTA) bound with Eu(IIl). The

bound capture \abeled
molecule or group specific binding reagent
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Fig. 6. Heterogeneous assay format using an SBR labeled with a
nonluminescent lanthanide chelate, with luminescence detection via
dissociative enhancement.

enhancement solution consisted of S-naphthoyltrifluo-
roacetone (NTA, the energy transfer chelator), trioc-
tylphosphine oxide (TOPO, synergistic ligand), and
Triton X-100 detergent in phthalate buffer, pH 3.2 [26].
The low pH causes dissociation of the Eu:EDTA chelate,
followed by incorporation of the Eu(III) into a chelate
consisting of B-naphthoyltrifluoroacetone and TOPO
in the Triton X-100 micellar environment. This method
has proven extremely sensitive and quite rugged, and
has been commercialized and automated (DELFIA®,
dissociation-enhanced lanthanide fluoroimmunoassay;
Wallac Oy, Turku, Finland). The detection limit for
Eu(I1l), the lanthanide ion giving the highest sensitivity,
is 5X107* mol 17" [28]. The main disadvantages of
the method are sensitivity to exogenous lanthanide ion
contamination, and loss of signal localization which
makes the method inappropriate for assay formats, such
as most membrane blotting and in situ assays, which
depend on spatial localization of the signal.

This methodology has been applied extensively to
conventional microwell-based immunoassays for hor-
mones, infectious agent antibodies and antigens, pro-
teins, enzymes, toxins, peptides, antigens, metabolites,
and therapeutic drugs (for reviews detailing the methods
and analytes for which immunoassays have been pub-
lished or are commercially available see Refs. [5] and
[29]). The general immunoassay protocols and methods
have been described elsewhere [26,27,30-33]. Some
applications of the method in the field of nucleic acid
hybridization assays have also been reported, although
the inapplicability to conventional blotting formats has
limited its use. Various protocols for microwell hy-
bridization, PCR, and labeling of long probes and
oligonucleotides have been described previously [34-44]
and the application to blotting assay formats has been
reviewed [45].

Dedicated, automated time-resolved luminescence-
based readers have been developed for DELFIA® as-
says, using a pulsed filtered Xe flashlamp as the ex-
citation source; liquid samples are contained in trans-
parent tubes [46] or microwells [15] with excitation
performed from the side, and emission detected through
the bottom in a right-angle geometry. Emission is de-
tected by a time-gated photomultiplier tube through a
bandpass filter centred on the wavelength of interest
(in general, 615 nm for detection of Eu(Ill)). A com-
pletely automated instrument, the Wallac Auto-
DELFIA®, has recently become commercially available;
this instrument performs all assay steps from sample
intake to results calculation, and takes up to 432 sample
tubes with up to § tests per tube, making this detection
system particularly suitable for high throughput labo-
ratories.

Much work has been performed in order to optimize
the performance of the DELFIA® detection system,
by improving the binding properties of the labeling
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chelator, altering the enhancement solution to increase
the luminescence yield of the lanthanide ion, and
incorporating the use of the other luminescent lan-
thanide ions. The system currently uses as label a very
strong chelator based on diethylenetriaminetetraacetic
acid, replacing the EDTA-based chelator [47] ensuring
that the lanthanide ion is tightly bound throughout all
assay steps before dissociation. Alternate enhancement
solutions have been proposed [48,49], with alteration
of the energy transfer chelator or synergistic ligand
components, in general having similar performance to
the DELFIA® reagents.

The DELFIA® detection system has the additional
advantage, compared with many other lanthanide- or
non-lanthanide-based detection systems, that the same
chelator may be used to carry a variety of luminescent
lanthanide ions; thus, by labeling different SBRs with
different lanthanide ions, it is possible to perform
multianalyte assays with selective detection of the dif-
ferent lanthanide ions, provided a single enhancement
solution can permit detection of all of the chosen
lanthanide ions, usually some combination of Eu(1Il),
Tb(1IT), Sm (III), and Dy(III). Such an enhancement
solution has been developed, a so-called *“co-fluores-
cence enhancement” solution, which in addition to the
usual components, contains Y(III) which forms com-
plexes which act as energy donors and improve lan-
thanide ion detectability [S0-54]. This co-fluorescence
enhancement solution contains Y(III) as the ion for
co-fluorescence, o-phenanthroline (Phen) as the syn-
ergistic ligand, and pivaloyltrifiuoroacetone (PTA) as
energy transfer chelator. As the luminescence en-
hancement effect is optimum around neutral pH, it is
necessary to perform the enhancement in two steps,
a dissociation step at low pH (solution containing PTA,
Y(I1I), Triton X-100 and ethanol, pH 3.5 buffer) fol-
lowed by the addition of a second solution containing
Phen and Tris, pH 7.3. Multiple lanthanide labeling
assays using Eu(III) and Sm(III) [28,55-57], Eu(Ill)
and Tb(III) [27,58,59] and Eu(IIl), Tb(III), Sm(IlI),
and Dy(IIl) [51,52] have been reported. In the last
example, the instrumentation was set to monitor each
lanthanide ion selectively with a different temporal
gating and emission bandpass filter for each, with
detection limits of 0.035, 0.34, 7.9 and 46 pmol 17! for
Eu(III), Tb(III), Sm(III), and Dy(IIl) respectively (de-
tails of excitation and emission and lifetime charac-
teristics given in Ref. [50]). The assay simultaneously
quantifying thyrotropin, 17a-hydroxyprogesterone, im-
munoreactive trypsin, and creatine kinase MM isoen-
zyme, giving screening for congenital hyperthyroidism,
cystic fibrosis, adrenal hyperplasia, and Duchenne and
Becker muscular dystrophy in a single test, and is a
major advancement in immunoassay methodology.

In a related method, nonluminescent Eu(111) chelates
have been encapsulated into liposomes or loaded onto

latex beads which are used to label; again, the lanthanide
ion is subsequently detected by dissociative enhance-
ment. These methodologies have been the subject of
commercial development but have not generally been
applied routinely [60-65].

For cytotoxicity assays, target cells have been labeled
by incubation with nonluminescent Eu(lII) chelates,
and used in cytotoxicity assays in which cell death is
detected by the release of Eu(IIl) chelates, with the
Eu(Il) subsequently detected in a typical dissociative
enhancement step [66-70].

2.2. Directly luminescent lanthanide chelates as labels

The second most common detection methodology for
heterogencous assay formats uses a luminescent lan-
thanide chelate as a label (Fig. 7). No dissociation step
to release the lanthanide ion is performed. Rather, the
luminescence signal from the lanthanide chelate, which
directly labels the SBR or analyte, is detected from
the surface of the solid phase used for immobilization
(such as a plastic microwell, microbead, or membrane,
or electrophoretic gel). Since surface fluorescence is
detected, the nature of the solid support and the
geometry of the instrumentation is generally different
from that used in dissociative enhancement-based as-
says. The requirements for homogeneity of the signal
on the solid support can also be stringent. In general,
this type of detection system has the major intrinsic
advantage over dissociative enhancement in that the
spatial distribution of the signal can be preserved, as
required, for example, in membrane-based blotting as-
says.

The ideal chelate for such a direct-labeling application
would be highly luminescent in water, chemically and
photochemically stable, simple and inexpensive to syn-
thesize, and water-soluble; in addition, it would have
a high metal to chelator binding constant, and contain
reactive groups appropriate for simple, high-yield la-
beling reactions. Such an ideal chelate has proven
difficult to obtain, but progress in this direction has

bound capture labeled

molecule or group specific binding reagent
a4

Eu’
solid . .
support Eu3'
analyte

binding reactions;
wash to remove excess
unbound reagents

uv
EUS*AS\S\/ excitation
By

luminescence

Fig. 7. Heterogeneous assay format using an SBR directly labeled
with a luminescent lanthanide chelate.
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been steady. Most of the applications for directly lu-
minescent lanthanide chelate labels have been in the
area of conventional heterogeneous assay formats such
as microwell- or membrane-based assays.

The FIAgen™ detection system for immunoassays
uses EuBCPDA (Eu(IIl) 4,7-bis-(chlorosulfophenyl)-
1,10-phenanthroline-2,9-dicarboxylic acid, Fig. 8(a)) as
label; luminescence is typically detected from the labeled
SBR after it is immobilized and dried on a white
microwell. Reviews outlining the general detection
method and its application to bioassays have been
published previously [16,71]. Spectroscopic character-
ization, synthesis and general labeling procedures have
been reported for EuBCPDA [72,73]. The related com-
pound, EuPDA, which lacks the chlorosulfophenyl re-
active groups for labeling, was also synthesized and
characterized [74]. FIAgen™-based reagents have been
used for immunoassays and less commonly for nucleic
acid hybridization assays. In order to achieve sufficient
sensitivity for most applications, multiple labeling was
required. Typically, a multiply-labeled protein has been
conjugated to the analyte or SBR, with variations in-
cluding multiply labeled protein-conjugated antibodies,
multiply labeled streptavidin or thyroglobulin—-
streptavidin as an SBR to biotin-labeled antibodies,
and macromolecular complexes of labeled thyroglobulin-
streptavidin [75-78]. The detection limit for the BCPDA
itself is approximately 10" mol 17! [72]; through the
use of multiple biotinylation of the SBR, and multiply
Eu-BCPDA-labeled thyroglobulin conjugated to strep-

ﬁcoo‘”;E

coo

""-..:f'oocjl
"00C

Fig. 8. Luminescent lanthanide chelate labels or labeling reagents. (a) EuBCPDA; (b) EuTBP; (¢) EuTMT; (d) Tb:DTPA-pAS.

tavidin, a theoretical amplification factor of up to 10*
is obtained, with practical amplification factors in assay
conditions being somewhat lower [75].

This detection system has many advantages pertaining
to the use of the directly luminescent label. Unlike the
dissociative enhancement method, it is insensitive to
contamination by exogenous Eu(III) because the chelate
and not the lanthanide ion is detected. The labeling
reagent BCPDA is simple to synthesize and to use.
Most assay protocols can utilize the universal EuBCPDA
labeled thyroglobulin-streptavidin detection reagent,
such that easily available biotinylated SBRs can be
used. The most significant shortcomings of this system
are due to the large, heavily-labeled macromolecular
thyroglobulin—streptavidin complex necessary to achieve
the best signal levels, which can cause problems with
nonspecific binding of the detection reagents, partic-
ularly on membrane solid supports, and the measure-
ment on a dry solid phase, which can result in signal
inhomogeneity. In addition, sensitivities are generally
insufficient for samples with extremely low concentra-
tions of analyte, for example, those requiring single-
copy nucleic acid sequence detection without ampli-
fication (detection of a base sequence which occurs
only once in an organism’s genome).

The FIAgen™ detection system has been applied
to conventional heterogeneous microwell formats for
immunoassays, and membrane- or gel-based nucleic
acid hybridization assays, in order to detect a wide
variety of analyte (see Refs. [5,29,45] for reviews).

OCH>CH,NH;
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Protocols for immunoassays [73,78], Western blots [79]
and for membrane-based nucleic acid hybridization
[80,81] were reported. For microwell formats an au-
tomated time-resolved surface-luminescence microwell
reader was developed [82] which uses a pulsed nitrogen
laser for excitation. Eu(IIl) luminescence is read dry
from the bottom surface of white microwells, detected
by a time-gated photomultiplier through a narrow-band
filter. This instrument was also modified to read mem-
branes and gels [80,83].

An alternate assay format using the same reagents
which can improve immunoassay precision, the im-
munocomplex dissociation assay, has also been reported
[84,85]. In this format, subsequent to completion of
the binding steps of the assay, the immunocomplex is
dissociated from the solid phase and the luminescence
of the lanthanide chelate labeled SBR is detected in
solution, yielding a more homogeneous signal distri-
bution compared with a solid-phase surface lumines-
cence measurement.

In addition, some other less conventional assay for-
mats were reported, including a multianalyte dipstick
method to detect lutropin, follitropin, gonadotropin and
prolactin in one sample [86], and also direct labeling
of PCR products followed by gel electrophoretic sep-
aration and quantitation directly in the agarose gel or
after blotting [83]. An assay format was reported using
this detection system, in which a typical solid-phase
sandwich or competitive assay is performed resulting
in the immobilization of horseradish peroxidase (HRP)-
labeled antibody onto the solid phase. A biotin-tyramine
conjugate is used as the HRP substrate, resulting in
the covalent attachment of biotin to the solid-phase
immobilized proteins; these are then quantified with
a Eu-BCPDA-protein labeled streptavidin [87].

A number of other direct-labeling reagents has been
reported and/or patented but, as yet, are less widely
used. Europium trisbipyridine cryptate (EuTBP, Fig.
8(b)) [88,89] and Eu(IIl) terpyridine-bis(methylene-
amine)tetraacetic acid (EuTMT, Fig. 8(c)) [90] have
been used as labels for SBRs for ultrasensitive bioassays.
Both chelates have good potential for future use, with
a very high binding constant due to the many binding
groups, and a high luminescence yield on the solid
phase, with a lifetime approaching 1 ms; these properties
give them many desirable characteristics as direct labels.
EuTBP has been demonstrated in DNA hybridization
assays in conventional membrane blots [88] and in
microwell assays using hybridization-based capture of
PCR products [89]. A preliminary report on EuTMT
[90] has demonstrated excellent detection limits for
labeled SBR, as yet without incorporation into an actual
assay. Other Eu cryptates have been demonstrated as
labels in immunoassays [91,92]. A branched macrocyclic
ligand containing two bipyridine units in the macrocycle
and substituted with two phenanthroline groups as

additional metal-binding ligands has shown promise for
application as a luminescent label [93]. The complex
derived from Tb(III) and a covalent reaction product
between diethylenetriaminepentaacetic acid anhydride
and p-aminosalicylic acid (Tb:DTPA-pAS; Fig. 8(d))
and various related complexes [94-100] have been dem-
onstrated as labels in immuno- and nucleic acid hy-
bridization assays. A time-resolved particle concentra-
tion plate reader has been developed for use with this
label in a heterogeneous assay format using polystyrene
capture beads [100]. Tb(III) (1-p-benzene-diazonium)-
ethylenediaminetetraacetic acid has been used as a
label for competitive immunoassay [101]. Tb(1II) ami-
nophenylpyridine labels have been used in immunoas-
says [102]. A large number of chelators based on
substituted phenols, phenylpyridines, bipyridines, phen-
ylterpyridines and phenanthrolines, luminescent with
Eu(I1T) or Tb(II1), have been patented for use in binding
assays (for examples see Refs. [103-110]). Immuno-
complex dissociation assays have been reported using
a Eu(Ill) chelator which is a derivative of 4-amino-
phenylethynyl-2,6-bis[N,N-bis (carboxymethyl)amino-
methyl]-pyridine isothiocyanate disulfide [111,112].

The fields of cytochemistry and in situ hybridization
have seen little application for lanthanide-based labels
as of yet, although a few detection systems suitable
for use have been reported. One such system, which
has been demonstrated for immunocytochemistry, uses
as labels charge-stabilized suspensions of 0.1-0.3 um
phosphor particles activated with europium or terbium
or other metals [113, 114]; various colours of emission
are produced depending on the metal ion used. These
particles are not suitable for in situ hybridization ap-
plications inside cells as they will not penetrate the
cell membrane. For the purpose of labeling, protein
SBRs are conjugated to the surface of the particles by
physical adsorption. Although these phosphor particles
are not typical luminescent lanthanide chelates, they
still possess many of the luminescence properties suit-
able for time-resolved luminescence detection. Im-
munocytochemistry has been performed on lymphocytes
or erythrocytes, and the progress of immunoreaction
was monitored directly under an epifluorescence-style
time-resolved microscope developed for the purpose
[113,114]. Broad-band pulsed ultraviolet excitation was
used; all emission >430 nm was detected through a
rotating chopper wheel at the eyepiece to perform the
time-gating. A cooled CCD camera was also used
to record images. Another detection system, using
the labeling chelate Eu(II1)-W1014 (structure not
reported), has been used to visualize human smooth
muscle myosin in dried histological sections, in a fluor-
escence microscope without time-resolved detection
[115].
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Fig. 9. Heterogeneous assay format using enzymc-amplified lanthanide
luminescence (EALL) detection.

2.3. Enzyme-amplified lanthanide luminescence
(EALL) detection

Most of the successful non-lanthanide type of non-
isotopic detection methods using colorimetry and chem-
iluminometry use an enzyme as label, as this type of
labeling system demonstrates the best potential sen-
sitivity and flexibility for different heterogeneous assay
formats. For the same reasons, an enzyme-based de-
tection system using lanthanide chelates, enzyme-am-
plified lanthanide luminescence (EALL; Fig. 9) has
been developed, where the enzyme acts upon a substrate
to form a product which can subsequently form part
of a luminescent chelate [116]. Since each enzyme can
produce thousands of product molecules, substantial
signal amplification can result. Example substrates for
a number of enzymes have been developed. The enzymes

Table 3
Enzymes and substrates for EALL-based detection

and substrates developed to this point for EALL and
their respective detection limits [117] are summarized
in Table 3.

The alkaline phosphatase (AlP)/substituted salicyl
phosphate detection system (Fig. 10) has been dem-
onstrated in a variety of assay formats, including mi-
crowell and membrane dot blot and Southern hybrid-
izations [45,118,119] and microwell immunoassays
[117,120-123]. A series of papers has appeared recently
on the use of EALL in immunoassays for advanced
glycosylation end-products [124], and for early cancer
detection, for example for prostate specific antigen
[120,125] or p53 protein [126-129]. Substrate/product
pairs with differing product solubility and mobility have
been developed by altering the identity of the substituent
on the salicylic acid. Different substrates are used for
assays where product solubilization is desirable (mi-
crowell-type) as opposed to assays where signal local-
ization is desirable (membrane blots). Alternately, an
AIP substrate has been developed, 4-methylumbelliferyl
phosphate, which forms a luminescent Eu(I1I) chelate
before the enzymatic reaction, while the product does
not [130].

For the purposes of recording images from membrane
assays such as dot and Southern blots using EALL, a
unit for time-resolved photography (TRP) [118] has
been reported, suitable for use with long-lived chelates
such as those of Tb(III) and Eu(IIl). This unit uses
pulsed ultraviolet excitation from two flashlamps and
gated emission detection in the visible, selectable by
filter with two different time-gating settings. Gating is
performed using a rotating chopper which simultane-
ously chops the excitation and emission light. The time-
gated picture is recorded on fast instant film; repetitive
exposure of the film to the chopped emission light is
performed until adequate exposure levels are achieved.
This method can yield qualitative or semi-quantitative
results. The instrument records time-resolved lanthanide
emission using fast instant film in order to obtain a

Enzyme Substrate Detectable chelate Limit of detection
of enzyme
Alkaline various substituted XSA:Tb(III):EDTA 0.2 amol
phosphatase salicyl phosphates
(AIP) (XSA phosphates),
including 5-fluorosalicyl
phosphate and 5-fert-octyl
salicyl phosphate
Glucose oxidase 1,10-phenanthroline- Eu(Ill):PDA 2 fmol
2,9-dicarboxylic acid
dihydrazide (PDAdh)
Xanthine oxidase salicylaldehyde SA:Tb(III):EDTA 107° units
B-Galactosidase salicyl-B-D-galactoside SA:Tb(IIT):EDTA 90 amol
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Fig. 10. Salicyl phosphate-based reactions used for alkaline phosphatase (AIP) EALL detection.

qualitative or semi-quantitative picture of the distri-
bution of signal on a membrane or gel surface or in
a microwell plate [117,119].

3. Luminescent lanthanide chelates used in
homogeneous assay formats

A number of lanthanide-based detection systems
suitable for use in homogeneous assays has also been
developed. However, the requirements for such a de-
tection system are much more stringent, and good
sensitivities and selectivities are much more difficult to
obtain, than in heterogeneous assay formats. As a result,
these detection systems have not been applied to the
same extent as those for heterogeneous assay formats
to date. All utilize the same fundamental principle:
two or more reagents used in the assay, at least one
of which is an SBR, must be in proximity in order for
the specific lanthanide luminescence signal to be either
quenched or enhanced.

In the first case, the competitive quenching immu-
noassay (Fig. 11), a luminescent lanthanide chelate is
used to label analyte. When antibody binds to the

WQ Eu-chefate
(\ LTy ™
~ \\J/’

analyte tracer
(labeled analyte)
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competition
binding reaction

in assay buffer
containing albumin

- - &

luminescent

Fig. 11. Lanthanide luminescence quenching-based detection system
in a homogeneous assay format.

labeled analyte, the signal from the label is quenched.
Thus unlabeled analyte in the sample will compete with
the labeled analyte for antibody binding, and will reduce
the amount of signal quenching. This principle has
been demonstrated with the reagent W1174 (structure
not given), a luminescent europium chelate, as label
[131].

Two different types of detection systems cause en-
hancement of the lanthanide luminescence as a result
of SBR binding. In the energy transfer-based system
(Fig. 12), two different labeled SBRs are used. The
first is labeled with a luminescent lanthanide chelate
(the donor), the second with an organic fluorophore
(the acceptor). Fluorescence from the organic fluo-
rophore only results when the excited lanthanide chelate
is in sufficient proximity to permit energy transfer. The
timescale of this organic fluorescence is delayed relative

analyte
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Fig. 12. Lanthanide luminescence energy transfer-based detection
system in a homogeneous assay format.
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to normal fluorescence, as it occurs on the same time-
scale as the emission of the lanthanide chelate donor.
However the wavelength characteristics are those of
the organic acceptor, broad-band but strongly Stokes-
shifted from the excitation light due to the spectral
overlap requirements permitting energy transfer. Thus
time-resolved luminescence detection techniques are
applicable, and all the advantages of lanthanide lu-
minescence detection apply except for the broad-band
nature of the acceptor emission. The donor-acceptor
pair Eu(III) trisbipyridine cryptate (TBP(Eu(III), the
donor) and allophycocyanin (APC, the acceptor) [132]
has been used to demonstrate this method in a model
two-site homogeneous immunoassay using two labeled
antibodies. Detection limits comparable to radioisotopic
heterogeneous immunoassay were reported, indicating
that this method has considerable promise. Further, it
has incorporated a feature which eliminates some of
the possible artifacts arising from the homogeneous
assay format, due to interfering absorption from other
sample components which will reduce observed signal
levels and yield erroneous analyte concentration results.
This feature involves the monitoring of both the donor
and acceptor emission using time-resolved detection,
in order to permit comparison of the signal from bound
and free donor-labeled antibody. Because the amount
of the analyte and hence bound donor-labeled antibody
is always small compared with the overall concentration
of donor-labeled antibody, the free donor-labeled an-
tibody concentration can be taken as a constant. The
emission yield of free donor becomes an internal lu-
minescence standard which takes into account quench-
ing artifacts due to absorption by interfering species
in the sample to be analyzed; thus the ratio of acceptor
to donor emission signals compensates for these artifacts.
A plate reader has been developed to permit simul-
taneous dual-wavelength time-resolved luminescence
detection for this assay [132].

Conversely, in a model homogeneous nucleic acid
hybridization assay (Fig. 13), two different side-by-side
complementary nucleic acid sequences have been la-
beled, one with a nonluminescent lanthanide chelate
(a Tb(III):DTPA derivative), and the other with a co-
chelator (p-aminosalicylic acid) which, when bound to
the chelate, causes luminescence enhancement [133].
The signal is only generated when both complementary
sequences are bound to the analyte nucleic acid se-
quence. The detection limit for analyte DNA was
observed to be 1 nmol, which is insufficient for most
applications.

4. Conclusions

Lanthanide luminescence-based detection systems
have shown themselves to be sensitive, versatile and
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+ .
DNA strand 2 DTPA:TB™

/\/\/\/\/ -
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binding reaction;
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DTPA:Tb" UZIZ
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lanthanide
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Fig. 13. Luminescent lanthanide chelate formation-based detection
system in a homogeneous assay format.

rugged, with application to a variety of heterogeneous
and homogeneous assay formats. As a result, these and
other luminescence-based detection systems such as
chemiluminescence should replace the conventional
radioisotopic-based detection systems in most appli-
cations in the near future. In addition to the conventional
bioassay formats discussed here, lanthanide chelate
luminescence has been exploited in other bioanalytical
and biophysical fields such as high-pressure liquid chro-
matographic analysis [134], staining of nucleic acids
and proteins [135,136] and determination of protein,
membrane, and nucleic acid structure (using for example
circularly polarized luminescence, lifetime measure-
ments, and energy transfer, for studies such as those
previously outlined in section 1.3). The unique potential
for application of lanthanide chelate luminescence in
many additional bioanalytical and biophysical fields
remains; examples of largely unexplored areas include
in situ assays and staining, and DNA sequencing using
the four different luminescent lanthanide ions.
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