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Like many analytical methodologies,
immunoassays and nucleic acid hy-
bridization assays rely on the reaction
between an analyte of interest and a
specific reagent. The analyte concen-
tration is then deduced by measuring
either the amount of analyte-reagent
complex formed (product) or the
amount of residual reagent.

In an immunoassay, the reagent is an
analyte-specific antibody, whereas in a
nucleic acid hybridization assay, the
reagent is an analyte-specific comple-
mentary nucleotide sequence (DNA or
RNA).. The specific reagent is fre-
quently referred to as a “probe” (e.g.,
an immunological or a DNA probe).
Immunological and nucleotide probes
are more specific than classical analyti-
cal reagents and also have exceptional
affinity for the analyte of interest.
These two.characteristics form the ba-
sis of some very sensitive and specific
analytical procedures.

To quantify the analyte of interest in
an immunological or nucleotide prob-
ing assay, a labeled reagent (either the
immunological or DNA probe or an an-
alyte analog) is usually introduced into
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the reaction mixture. Until recently,
radionuclides (such as 1291, 32P, 3H, and
35S) were considered the labels of
choice. Recently, however, nonisotopic
labeling systems have begun to domi-
nate immunoassay and DNA probing
applications (1, 2).

Enzymes, fluorescent and lumines-
cent labels, or combinations (enzymes
liberating fluorescent or luminescent
products) are the most promising of
these nonisotopic labels (Table I). Us-
ing such systems, workers have ob-
tained detection limits comparable or
superior to those achieved using radio-
nuclides (<10® molecules per assay).
We will describe the application of flu-
orescent rare-earth chelates to immuno-
assay and DNA probing.

Time-resolved fluorescence

Conventional fluorescein and rhoda-
mine derivatives have been used in the
past with limited success as immuno-
logical labels and have a maximum at-
tainable sensitivity of ~107°-10"10 M
(12). This limited sensitivity is attrib-
utable primarily to high background
signals originating from Tyndall, Ray-
leigh, or Raman scattering from the in-
strument’s optics, the cuvettes, and the
sample matrix (e.g., serum). Scattering
interferences are aggravated by the
small Stokes shifts (usually 24-50 nm)
of conventional fluorophores. In addi-
tion, background fluorescence signals
from biological samples usually arise
between 350 and 600 nm and overlap
extensively with the emission spectra
of many conventional fluorophores.
Another problem in using conven-
tional fluorophores is the so-called in-
ner filter effect, which precludes the
use of multiple fluorescence labeling to
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increase sensitivity. If a macromolecule
such as an antibody is multiply labeled
with fluorescein, for example, the fluo-
rescence obtained from the labeled
macromolecule is much less than ex-
pected from the fluorophore load. Sig-
nificant overlapping of the excitation
and emission spectra of many conven-
tional fluorophores results in absorp-
tion of fluorescence by fluorophore
molecules adjacent to the emitting
fluorophore (energy transfer).
Fluorescent europium chelates, on
the other hand, exhibit large Stokes
shifts (~290 nm) with no overlap be-
tween the excitation and emission
spectra and very narrow (10-nm band-
width) emission spectra at 615 nm
(away from serum native fluorescence).
In addition, their long fluorescence
lifetimes (600-1000 us for Eu3* com-
pared with 5-100 ns for conventional
fluorophores) allow use of microsecond
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time-resolved fluorescence measure-
ments, which further reduce the ob-
served background signals.

The principle of time-resolved fluo-
rescence is straightforward (Figure 1).
When a mixture of fluorescent com-
pounds is excited with a short pulse of
light from a laser or flash lamp, the
excited molecules emit either short- or
long-lived fluorescence. Although both
types of fluorescence decay follow an
exponential curve (13), short-lived flu-
orescence dissipates to zero in <100 us.
If no measurements are taken during
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Table I. Nonisotopic labeling systems
Type of Measurement Reference
label Example principle Sensitivity? no.
Enzymatic Horseradish peroxidase Colorless substrate releases 1079107 "M 3
(HRP) products absorbing in the
UV-vis region
Alkaline phosphatase (ALP) Same as above 1079107 "M 3
Fluorometric Fluorescein, rhodamines Conventional fluorescence 107%-10""'M 4
Europium chelates Time-resolved fluorescence 10712-10" "3 M 1,5
Chemiluminometric Luminol, isoluminol Oxidation by H,0, with light 107%-107'°M 6
emission
Acridinium esters Same as above 107"'-107 "2 M 7
Combination Enhanced luminescence Oxidation of isoluminol by 107 1-107 "2 M 8
H,0, in the presence of
HRP and an enhancer
ALP with fluorogenic sub- ALP releases fluorescent 107121073 M 9
strate products from nonfluoresc-
ing substrate
ALP with chemiluminogenic ALP releases chemilumines- 107'2-10" ¥ M 10
substrates cent products from nonlu-
minescing substrate
Replicase enzyme with repli- Replicase exponentially ampli- 107121073 M 1

cable substrate

fies the substrate popula-
tion

@ Sensitivity may vary significantly depending on the specific assay conditions.

the first 100-200 us after excitation, all
short-lived fluorescence background
signals and scattered excitation radia-
tion are completely eliminated, and the
long-lived fluorescence signals can be
measured with very high sensitivity.
In practice, the only background sig-
nal observed when using europium che-
late labels is that produced by the non-
specific binding of the labeled reagents
to the solid phases used in immuno-
assay or DNA probing. Precision is im-
proved by counting each sample for a
total of 1 s (20-1000 measurements).

Fluorescence emission of Eus*
chelates

Of the 15 rare-earth metal ions, only
four (Sm3*, Eu3t, Tb3*, and Dy?*) are
fluorescent. When excited by UV radi-
ation of appropriate energy, each ion
emits characteristic radiation in the
visible region (metal ion fluorescence).
Although fluorescence of simple inor-
ganic salts of these ions is weak, fluo-
rescence is dramatically enhanced
when the metal ion forms a chelate
with appropriate organic ligands.
Radiation is absorbed at a wave-
length characteristic of the ligand and
emitted as a line spectrum characteris-
tic of the metal ion (14-17) because of
an intramolecular energy transfer from
the ligand to the central metal ion (Fig-
ure 2). The organic ligand absorbs en-
ergy and is raised from its singlet
ground state, Sy, to any one of the vi-
brational multiplets of the first singlet

excited state, S;, where it rapidly loses
its excess vibrational energy. At this
point, there are two possibilities: relax-
ation by an S; — S, transition
(ligand fluorescence) or intersystem
crossing to one of the triplet states, T.
From the triplet level, the molecule can
go to the ground state by either a spin-

Flash excitation
N Short-lived fluorescence

Fluorescence intensity

. —

forbidden T; — S, radiative transition
(molecular phosphorescence) or a non-
radiative process. Alternatively, intra-
molecular energy transfer can occur
from the triplet excited state of the li-
gand to an appropriate 4f energy level
(resonance level) of the central metal
ion, which in turn can move up to its
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Figure 1. Principle of time-resolved fluorescence.

All times are in us.
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own excited singlet state and subse-
quently emit characteristic radiation
(ion fluorescence).

For this series of events to take place,
the following requirements must be
fulfilled: deactivating ligand transi-
tions S; — Sp or T1 — Sy (either radia-
tive or nonradiative) should be mini-
mal; the energy of the ion resonance
level should be just below that of the
triplet-state level of the ligand, so that
the probability of the triplet to reso-
nance-level transition (T; — d) is high;
and the radiationless transitions of the
excited metal ion should be low. The
predominant radiative transition of ex-
cited Eud* after an energy transfer is
5Dy — "F, with an emission wavelength
of ~613 nm.

Fluorescence lifetime measurement

After instantaneous pulse excitation of
a fluorescent molecule, the fluores-
cence decay curve follows first-order
kinetics (13) and can be quantitatively
described by Equation 1

I,=Ie™ 1)

where I and I, are the fluorescence in-
tensities at times zero and t, respective-
ly, and k& is a rate constant. The fluores-
cence lifetime, 7, is defined as the time
required for the fluorescence emission
to decay to 1/e of its initial intensity
following excitation. Substitution of I,
in Equation 1 by Ipe~! (fluorescence in-
tensity after time 7) yields

r=k71 (2)

indicating that the lifetime is equal to
the reciprocal of the rate constant.
Combining Equations 1 and 2 yields

I=Ie™"" ®3)
or
Inl,=Inl,-t/r (4)

The plot of In I, versus t is a straight
line with a slope of —7~1. If there is only
one emitting species, the fluorescence
lifetime can then be calculated from
such linear plots assuming that the du-
ration of the exciting pulse is substan-
tially less than the fluorescence life-
time.

For nanosecond and subnanosecond
lifetime measurements, phase-resolved
fluorescence, in which the sample is ex-
cited by a continuous but sinusoidally
modulated radiation source, is the
method of choice. The emitted fluores-
cence as a function of time is then
phase-shifted and partially demodu-
lated to an extent dependent on the
lifetime of the fluorescing species (18).

Biotin—streptavidin system

The noncovalent, specific, and very
strong binding of the water-soluble vi-
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Figure 2. Energy transfer mechanism.

The nonradiative transitions S; — Sy, T{ — Sy, and d — S, may also occur.

tamin biotin to the tetrameric protein
avidin (or streptavidin) has become
one of the most useful tools in the fields
of immunoassay and DNA hybridiza-
tion (19, 20). The affinity (formation)
constant for the biotin-avidin interac-
tion is among the highest reported at
~10!5> M~L, (This can be compared with
the affinity constant for the antigen-
antibody interaction, which is at best
~1011-1012 ML)

The rationale behind the wide appli-
cation of this system is as follows. Bio-
tin covalently bound to an antibody,
DNA probe, or other molecule is still
available for high-affinity interaction
with avidin or streptavidin. If the avi-
din is labeled with a suitable reporter
molecule (e.g., an enzyme or a fluores-
cent compound), the avidin-biotin
complex can be used for the quantifica-
tion of the biotinylated molecule.

Although assay configurations in
which the reporter molecule is directly
linked to the antibody or to the DNA
probe are also successful, the biotin—
streptavidin system offers some dis-
tinct advantages. First, it is a universal
detection system; one streptavidin-
based reagent can be applied for any
immunoassay or DNA hybridization
assay using biotinylated reactants. Sec-
ond, antibodies and DNA sequences
can be easily biotinylated without loss
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of biological activity. Third, direct la-
beling of an antibody with a reporter
molecule usually results in a 1:1 conju-
gate. On the other hand, the biotinyla-
tion process introduces many biotin
molecules per antibody molecule,
which in turn bind to more than one
labeled streptavidin so that a signifi-
cant amplification factor is always
present. Finally, streptavidin is very
stable and usually is not inactivated
upon labeling.

The combination of the advantages
of time-resolved fluorescence with
those of the biotin-streptavidin inter-
action can be achieved by an appropri-
ate labeling of streptavidin with Eu3*
or Eu®* chelators. The most successful
strategy for incorporating such metal
ions into proteins or DNA probes in-
volves the use of strong aminopolycar-
boxylic acid chelators (21).

The use of an aminopolycarboxylic
acid chelator to label a protein is shown
in Figure 3. The isothiocyanatophenyl-
EDTA is first treated with a protein
under conditions that favor multiple
chelator incorporation with minimal
deleterious effects to the protein affini-
ty, specificity, solubility, or stability.
The metal ion is then added in excess
to saturate all available binding sites
(usually 5-15 per protein), and excess
metal ion is removed by dialysis or gel
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filtration. (DNA probes with available
amino groups are labeled in a similar
manner.) These labeled reagents are
stable for more than a year. Most Eu3+
chelates with aminopolycarboxylic ac-
ids are not highly fluorescent because
the energy transfer process is not opti-
mized.

Immunoassay design

Europium chelates can be used as im-
munological labels in two different as-
say configurations. In the first type,
antibodies or antigens are labeled with
Eud* (5, 22, 23) and the assay can be
either competitive or noncompetitive
(Figure 4). In noncompetitive assays
(Figure 4a), the antigen (analyte) binds
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to a solid-phase antibody and a Eu3*-
labeled detection antibody. After the
immunological reaction is completed
and excess detection antibody is
washed away, an enhancement solution
is added and the Eu3* ion dissociates
from the labeled antibody at low pH to
form a new fluorescent chelate in solu-
tion. The fluorescence intensity is pro-
portional to the amount of antigen in
the sample.

Competitive assays with this system
can be performed in two different ways.
In the first type of assay (Figure 4b),
the solid phase is coated with a carrier
protein—analyte derivative. The ana-
lyte to be measured, in this case triio-
dothyronine (T3), competes with the

-

|
Hon .

Figure 3. Labeling of a protein with isothiocyanatophenyl-EDTA, one of the com-
monly used aminopolycarboxylic acid derivatives.

ANALYTICAL CHEMISTRY, VOL. 62, NO. 22, NOVEMBER 15, 1990

immobilized antigen for binding to a
limited amount of an analyte-specific
antibody labeled with Eu3*. After the
reaction is completed and excess re-
agents washed away, the assay is com-
pleted by adding the enhancement so-
lution.

In the second type of competitive as-
say (Figure 4c), the solid phase is coat-
ed with an antibody (red) capable of
capturing the specific analyte antibody
(black). For example, if the analyte-
specific antibody is derived from a
mouse, the solid-phase antibody is an
antimouse antibody derived from a
goat or a rabbit. The antigen to be mea-
sured, in this case thyroxine, competes
with Eu3*-labeled thyroxine for bind-
ing to a limited amount of a thyroxine-
specific antibody. Again, the assay is
completed by adding enhancement so-
lution after the reaction is completed
and excess reagents washed away. The
fluorescence intensity in the competi-
tive assays is inversely related to the
amount of antigen in the sample.

In the second type of assay configu-
ration (I, 24-26), a europium chelator,
4,7-bis(chlorosulfophenyl)-1,10-
phenanthroline-2,9-dicarboxylic acid
(BCPDA), is used as a label. This che-
lator works best when it is introduced
into streptavidin and used in combina-
tion with biotinylated antibodies, as
shown in Figure 5. BCPDA-labeled
streptavidins with a variable load of
BCPDA molecules per streptavidin
have been prepared (24-26).

In the noncompetitive immunoassay
using this system (Figure 5a), the ana-
lyte of interest is bound to a solid-
phase antibody and a soluble biotiny-
lated detection antibody. After the
immunoreaction is completed and ex-
cess detection antibody is washed
away, BCPDA-labeled streptavidin is
added and incubated for 30 min. After
excess streptavidin is washed away, the
amount of fluorescent immunocom-
plex on the dry solid phase is deter-
mined by using time-resolved fluores-
cence.

In the competitive assay, the immo-
bilized antigen approach is used (Fig-
ure 5b). Again, the final step involves
BCPDA-labeled streptavidin addition,
incubation, and washing prior to detec-
tion of the fluorescent immunocomplex
on the dry solid phase.

Immunoassays using Eu3* labeling
are highly sensitive, and systems with
detection limits as low as 10~12 M have
been reported. It is difficult, however,
to quantify Eu3* because of exogenous
contamination from Eu3* in the envi-
ronment and on skin surfaces. Assays
based on BCPDA operate with excess
Eu3*, eliminating such contamination
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Figure 4. Immunoassays using Eu®*-labeled reagents.

(a) Noncompetitive assay for an analyte (yellow) using a solid-phase immobilized antibody (red) and an Eu3*-labeled detection antibody (blue), (b) competitive as-
say using the immobilized antigen approach, and (c) competitive assay using the immobilized antibody approach.

problems. In addition, BCPDA-based
systems can be used to study the spa-
tial distribution of the analyte of inter-
est (e.g., when the analyte is separated
on solid electrophoretic media) be-
cause the final measurement is taken
on the solid phase and not in solution.

Multiple fluorescence labeling can
be used to improve the sensitivity of
these assays, and proteins with
BCPDA loads as high as 450 have been
described. With such proteins, the de-
tectability of an immunoassay for a-
fetoprotein was lowered to ~300 000
molecules per assay (27).

DNA hybridization

Nucleotide probing methodology relies
on the ability of labeled DNA and RNA
fragments (probes) to detect, by bind-
ing, complementary sequences of nu-
cleotides (targets). Although nucleic
acid hybridization is a relatively new
technique, it has already been used in
many research applications and recent-
ly for routine testing (28). DNA prob-

Figure 5. Immunoassays using 4,7-bis(chlorosulfophenyl)-1,10-phenanthroline-2,9-

ing techniques have been used to test
for the presence of genetic disease, for
both carrier detection and prenatal di-
agnosis; to detect pathogenic organ-
isms such as viruses, bacteria, and par-

dicarboxylic acid (BCPDA)-labeled streptavidin (SA) in the presence of excess Eus*
and biotinylated (B) antibodies.

(a) Noncompetitive assay using a solid-phase immobilized antibody and a soluble biotinylated detection
antibody and (b) competitive assay using the immobilized antigen approach. The BCPDA-Eu+ complex is
represented by —e .
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asites in humans, animals, food, and
the environment; to establish the iden-
tity of a particular person in crime
cases and paternity disputes; and to
test for mutation, activation, amplifi-
cation, and expression of oncogenes.

Nucleic acid hybridization assays are
expected to be used even more often in
the future as improved probes are de-
veloped and new genes are cloned. Be-
cause of the cost, short half-life, and
health hazards associated with the
commonly used radionuclides, major
efforts are now under way to develop
sensitive nonisotopic detection sys-
tems for these assays.

Nucleic acid hybridization assays are
performed in several different ways
(Figure 6). The target sequence is im-
mobilized on a solid support such as
nitrocellulose or nylon by either direct
spotting or capillary transfer of the nu-
cleic acids previously separated by
electrophoresis on agarose gels (South-
ern blotting).

After the probe is added under care-
fully controlled conditions, the hybrid
is detected by using labeled antibodies
or binding proteins (histones) or by
having the probe itself carry one of the
detection systems shown in Table I. In
indirect systems, the probe is linked to
a low molecular weight substance (hap-
ten), which bridges the probe with a
hapten-specific antibody carrying the
detection system. In a variation of this
method, biotin is used as hapten and
streptavidin carrying the detection sys-
tem is used. Alternatively, streptavidin
is used as a bridge to link the biotiny-
lated probe with a reporter molecule
system (e.g., an enzyme).

The signal generated by the detec-
tion system can be assessed by viewing
the colored insoluble products result-
ing from enzymatic.action on the mem-
brane directly or after exposure to
films (radionuclide or chemilumines-
cent labels) or UV radiation (fluores-
cent labels). In some cases, instruments
are used to obtain quantitative infor-
mation.

Eu3*-labeled nucleic acids along
with hapten- or biotin-labeled probes
have been used with Eu3*-labeled anti-
hapten antibodies or streptavidin, re-
spectively (29, 30). Work is under way
in our laboratory to examine the capa-
bilities of BCPDA-labeled streptavidin
for nucleic acid hybridization assays.

Homogeneous time-resolved
immunoassays

In homogeneous immunoassays, one
fraction of the label (bound or free) can
be quantified in the presence of the
other by taking advantage of a physico-
chemical difference usually associated
with the presence of the antibody. In

(a)

N

T T T IMTITITE

(b)

(c)

(d)

Figure 6. Assay designs in DNA hybridization.

(a) The DNA probe (red) is used unlabeled and the target-probe hybrid is detected by using either labeled
antibodies against the double-stranded DNA or histones (H); (b) the DNA probe is directly labeled with a
reporter molecule (yellow); and (c) the DNA probe is conjugated to a hapten molecule, and antihapten-
labeled antibodies are used to detect the hybrid. In a variation of this technique, the probe is biotinylated
(B) and labeled streptavidin (SA) is used as the detection reagent; (d) unlabeled SA is used to bridge a bio-

tinylated probe with a biotinylated reporter molecule.

time-resolved fluorescence immunoas-
says, two general possibilities have
been reported for devising homoge-
neous immunoassays. In a thyroxine
(T,) assay, T4 is conjugated to a fluo-
rescent europium chelate. This T4 con-
jugate, when it binds to a specific T,
antibody, emits fluorescence but with
greatly reduced intensity (31). In this
assay, T4 and a fixed amount of T4 con-
jugate compete for binding to the anti-
body, and the fluorescence intensity is
inversely related to the amount of T4 in
the sample.

Another approach exploits the
change in the fluorescence lifetime of
an analyte-europium chelate conju-
gate when bound to an analyte-specific
antibody. Homogeneous phase-
resolved immunoassay techniques
based on fluorescence lifetime selectiv-
ity have also been reported (32, 33).

In many clinical situations, certain
serum analytes are usually measured in
pairs (e.g., thyroxine-thyrotropin (T4
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TSH), lutropin-follitropin (LH-FSH),
and folate-vitamin B;s), and assays to
measure both at the same time are ex-
tremely useful. For example, an assay
for LH and FSH can be based on the
fact that the a-subunits are identical
and the b-subunits are different (34). A
monoclonal antibody specific for the
a-subunit can be immobilized in a sol-
id-phase microtitration well, whereas
an antibody specific for the b-subunit
of LH is labeled with Eu3* and an anti-
body specific for the b-subunit of FSH
is labeled with Tb3*. After Eu3* and
Tb3* are extracted with the same che-
lating solution, the two rare-earth ions
can be easily quantified because their
emission lines at 614 nm (Eu3*) and
544 nm (Th3*) do not overlap.
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