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We report microtiter well-based sandwich-type DNA
hybridization assays using enzyme amplified time-resolved
fluorometry of Tb3+ chelates. The target DNA was
hybridized with two adjacent and non-overlapping
oligonucleotide probes, one oligonucleotide serving as the
capture probe and the other as the detection probe. Two
ligand-specific binding protein pairs were used alternately
for capture of the hybrids to the solid phase and
detection; the biotin–streptavidin and the
digoxigenin–anti-digoxigenin interaction. In both cases,
alkaline phosphatase was used as a reporter molecule and
diflunisal phosphate as a substrate. The catalytic
hydrolysis of the substrate produces diflunisal which
forms ternary fluorescent complex with Tb3+–EDTA.
Furthermore, we studied the effect of the probe labeling
method and the position of the label on the sensitivity of
the assays. The data suggest that capture of the hybrids
through biotin–streptavidin and detection via
digoxigenin–anti-digoxigenin offer 2–3 times higher
sensitivity than the reverse configuration. The highest
sensitivity was achieved with enzymatic labeling of
capture and detection probes at the 3A end. A signal-to-
background ratio of 4 was achieved for 0.2 fmol of target
DNA. The RSD were better than 4%.
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The strong and specific interaction between two complementary
nucleic acid strands forms the basis for the development of
hybridization assays with a wide spectrum of applications
including the analysis of mutations associated with genetic
disease, the detection of various pathogens and DNA finger-
printing.1,2

Radioactive probes, labeled with 32P or 35S, in combination
with autoradiographic detection, dominated in the field of
hybridization assays for over two decades. However, hybridi-
zation methodology is currently undergoing a transition to
nonradioactive alternatives in an effort to improve sensitivity
and facilitate automation while avoiding the health hazards and
inconvenience associated with the use and disposal of radio-
isotopes.

Time-resolved fluorometry (TRF) of lanthanide chelates is
considered as one of the most sensitive nonradioactive tech-
niques in the area of immunoassays3 and nucleic acid
hybridization assays.1 The use of pulsed excitation and time-
gated detection allows for specific measurement of the long-
lived fluorescence of lanthanide chelates and rejection of the
short-lived background, thus achieving considerably higher
signal-to-background ratios than the ones obtained by conven-
tional fluorescence measurements. The synthesis of substrates
which, after enzymatic cleavage, release compounds that form
fluorescent complexes with Tb3+ has further improved the
sensitivity of the technique because it allowed the combination

of enzymatic amplification with the background rejection
capability of time-resolved fluorometry.4,5

In recent publications, enzyme-amplified time-resolved
fluorometry was applied to hybridization assays of polymerase
chain reaction (PCR) products.6,7 A specific ligand (such as
biotin) was first incorporated in the newly synthesized se-
quences by carrying out the amplification in the presence of a
labeled upstream primer. The ligand facilitated the capture of
the PCR product (target DNA) to a solid phase and its
subsequent detection. However, in many cases the target DNA
exists unlabeled in a crude cell lysate. In these situations the
technique of sandwich hybridization is considered the most
useful approach.8

In the present work we developed and studied microtiter
well-based sandwich hybridization assays using enzyme-
amplified time-resolved fluorometry of Tb3+ chelates. The
target DNA was hybridized with two adjacent and non-
overlapping oligonucleotide probes, one oligonucleotide serv-
ing as the capture probe and the other as the detection probe. In
one protocol, the capture and detection probes were labeled with
the digoxigenin and biotin, respectively. The hybrids were
immobilized on wells coated with anti-digoxigenin antibody
and detected by using a streptavidin–alkaline phosphatase
conjugate and diflunisal phosphate as a substrate. Substrate
hydrolysis produces diflunisal which forms ternary fluorescent
complexes with Tb3+–EDTA. In another protocol, the hybrids
were captured by using the biotin–streptavidin interaction9 and
detected via the digoxigenin–antidigoxigenin interaction.10

Furthermore, we studied the effect of the probe labeling method
and the position of the label on the sensitivity of the assays.

Experimental

Instrumentation

Hybridization assays were performed in microtiter wells using
the Amerlite shaker/incubator (Amersham, Oakville, Ontario,
Canada). The microtiter plate washer Model EAW II was from
SLT-Lab Instruments (Salzburg, Austria). The CyberFluor 615
Immunoanalyzer/Time-resolved Fluorometer was used to
measure the fluorescence of Tb3+ chelates in microtiter wells.
Excitation and emission wavelengths were set at 337 and 615
nm, respectively.

Materials

N-Hydroxysuccinimide ester of biotin (NHS-LC-biotin) was
obtained from Pierce (Rockford, IL, USA). Terminal deoxy-
nucleotidyl transferase, 2A-deoxynucleoside 5A-triphosphates
(dNTP), and Sephadex G-25 column (NAP-5) were obtained
from Pharmacia Biotech. (Montreal, Quebec, Canada). Digox-
igenin-3-O-methylcarbonyl-e-aminocaproic acid-N-hydroxy-
succinimide ester (NHS-Dig), digoxigenin-11-2A,3A-dideoxy-
uridine-5A-triphosphate (Dig-ddUTP), biotin-16-2A,3A-
dideoxy-uridine-5A-triphosphate (biotin-ddUTP), digoxigenin-
11-2A-deoxyuridine 5A-triphosphate (Dig-dUTP), streptavidin,
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affinity purified sheep polyclonal anti-digoxigenin antibody,
streptavidin conjugated to alkaline phosphatase, anti-digox-
igenin antibody (Fab fragments) conjugated to alkaline phos-
phatase, and blocking reagent (Cat. No. 1096 176) were
obtained from Boehringer Mannheim (Laval, Quebec, Canada).
Biotin-14-dATP was purchased from Life Technologies (Gai-
thersburg, MD, USA). Opaque flat bottom polystyrene Micro-
lite 2 microtiter wells were from Dynatech Laboratories
(Chantilly, VA, USA). Diflunisal phosphate was obtained from
CybroFluor (Toronto, Ontario, Canada). Terbium chloride
hexahydrate was obtained from Aldrich (Milwaukee, WI,
USA). All the other chemicals were obtained from BDH-Merck
(VWR Scientific, Toronto, Ontario, Canada).

A 200 bp DNA fragment was used as a target. The target
DNA was prepared by amplifying the BCR-ABL mRNA from
a Philadelphia chromosome positive cell line (K562 cells) using
reverse transcriptase polymerase chain reaction and specific
primers as described previously.11 The size and purity of the
amplification product were confirmed by agarose gel (2%)
electrophoresis and ethidium bromide staining. The target DNA
concentration was determined by using imaging densitometry
of negatives produced from pictures of stained gels.

The oligodeoxynucleotides used as probes in hybridization
assays were synthesized by Biosynthesis (Lewisville, TX,
USA). Probe [a], 5A-TCAGACCCTGAGGCTCAAAGTC-3A,
was complementary to the sequence 179–200 of the sense
strand of the target. Probe [b], 5A-GCTGAAGGGCTTTT-
GAACTCTGCTTA-3A, was complementary to the target DNA
region 139–164.

Phosphate-buffered saline (PBS) contained 0.14 mol l21

NaCl, 2.7 mmol l21 KCl, 10 mmol l21 Na2HPO4, 1.8 mmol l21

KH2PO4, pH 7.4. The wash solution consisted of 50 mmol l21

TRIS, pH 7.4, 0.15 mol l21 NaCl and 0.1% (v/v) Tween-20. The
blocking solution contained 1% (w/v) blocking reagent, 0.1
mol l21 maleic acid, and 0.15 mol l21 NaCl, pH 7.5. The
hybridization buffer consisted of 0.6 mol l21 NaCl, 60 mmol l21

sodium citrate and 1% (w/v) blocking reagent, pH 7.0. A 10
mmol l21 stock solution of diflunisal phosphate (DFP) was
prepared by dissolving the DFP in 0.1 mol l21 NaOH and stored
at 4° C. The substrate buffer consisted of 1 mmol l21 DFP, 0.1
mol l21 TRIS, 0.1 mol l21 NaCl and 1 mmol l21 MgCl2, pH 9.5.
The developing solution contained 1 mol l21 TRIS, 0.4 mol l21

NaOH, 2 mmol l21 TbCl3, and 3 mmol l21 EDTA (pH 12.5).

Enzymatic labeling of oligodeoxynucleotide probes at the 3A
end

The probes were enzymatically tailed with multiple biotin–
14-dATP or digoxigenin–dUTP.12 The tailing reaction was
performed in 20 ml containing 0.2 mol l21 potassium cacody-
late, 25 mmol l21 TRIS-HCl (pH 6.6), 0.25 g l21 bovine serum
albumin, 5 mmol l21 CoCl2, 100 pmol of probe, 0.5 mmol l21

dATP and 0.05 mmol l21 biotin–dATP or Dig-dUTP and 25 U
of terminal deoxynucleotidyl transferase The reaction was
carried out at 37 °C for 45 min. 

In order to label the probes at the 3A end with a single biotin
or digoxigenin moiety, we performed the terminal transferase
reaction as above but omitting the dATP and using biotin–
ddUTP or Dig-ddUTP instead of biotin–dATP and Dig-dUTP,
respectively. In all cases, the labeled probes were purified twice
with Sephadex G-25 size-exclusion chromatography. 

Labeling of probes at the 5A end

The probes were synthesized with a primary amino group at the
5A terminus and reacted with a 500 molar excess of NHS-LC-
biotin or NHS-Dig. To 0.1 ml of 0.1 mmol l21 probe dissolved
in water was added 20 ml of 0.5 mol l21 carbonate buffer, pH
9.1, and 80 ml of either NHS-LC-biotin (35 g l21) or NHS-Dig
(41.3 g l21) dissolved in DMSO. The mixture was incubated for

2 h at room temperature and the probes were purified as above.

Sandwich hybridization assays

Protocol A: capture through Dig–anti-Dig and detection via
biotin–streptavidin interaction

The wells were coated overnight at 4 °C with 50 ml of 5 mg l21

anti-digoxigenin antibody diluted in 0.1 mol l21 carbonate
buffer, pH 9.6. Prior to use, the wells were washed three times
with wash solution and then 50 ml of 2 nmol l21 digoxigenin
labeled capture probe, diluted in blocking solution, were added
in each well and incubated for 60 min with mechanical shaking.
The wells were washed as above followed by the addition of
40 ml per well of 2.5 nmol l21 biotinylated detection probe
diluted in the hybridization buffer and preheated at 42 °C. The
target DNA (diluted in 1% blocking reagent in water) was
denatured by heating at 95 °C for 5 min and then 10 ml were
added into each well and allowed to hybridize simultaneously
with the capture and detection probes for 60 min at 42 °C. The
wells were washed to remove the excess of probe and 50 ml of
200 U l21 streptavidin–alkaline phosphatase conjugate were
added and allowed to react for 15 min. After washing the wells
50 ml of substrate solution were added and incubated for 30 min.
The enzymatic reaction was stopped by adding 50 ml per well of
developing solution. The wells were shaken for 1 min and the
fluorescence was measured with the time-resolved fluorometer.

Protocol B: capture through biotin–streptavidin and detection
via Dig–anti-Dig interaction

The wells were coated overnight at room temperature with 50 ml
of 1.4 mg l21 streptavidin diluted in PBS. The protocol is
similar to the one described above. A biotinylated capture probe
was immobilized on the wells by incubating for 45 min. A Dig-
labeled oligonucleotide was used as a detection probe. The
hybrids were reacted for 30 min with 500 U l21 anti-
digoxigenin–alkaline phosphatase conjugate diluted in blocking
solution. The enzymatic reaction and measurement of fluores-
cence were performed as above. 

Results and discussion

Labeling strategies and hybridization conditions

The principles of hybridization assay protocols A and B are
illustrated in Fig. 1. In Fig. 2, the relative positions of the
differently labeled probes [a] and [b] with respect to the target

Fig. 1 Schematic presentation of sandwich hybridization assay protocols
A and B. In protocol A, the capture probe is labeled with digoxigenin (D)
and immobilized on anti-digoxigenin antibody coated microtiter wells.
Denatured target DNA is hybridized simultaneously with the capture probe
and a detection probe labeled with biotin (B). The hybrids are reacted with
streptavidin–alkaline phosphatase (SA–AP). In protocol B, the capture
probe is labeled with biotin and the detection probe labeled with
digoxigenin. The hybrids are reacted with anti-digoxigenin–alkaline
phosphatase.
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DNA are shown. We prepared and studied probes [a] and [b]
labeled by three different methods, that is, probes tailed
enzymatically with multiple biotin (B) or digoxigenin (D)
moieties at the 3A end (B[a3], B[b3] and D[a3], D[b3],
respectively); probes labeled enzymatically at the 3A end with a
single biotin or digoxigenin (B[a2], B[b2] and D[a2], D[b2],
respectively) and probes conjugated at the 5A end with a single
biotin or digoxigenin (B[a1], B[b1] and D[a1], D[b1], respec-
tively). 

In order to determine the capacity of anti-digoxigenin
antibody-coated wells for binding Dig-labeled probes we
performed hybridization assays (protocol A) of 1 fmol target
DNA by varying the amount of Dig-labeled capture probe,
D[b3], in the range of 12.5 to 250 fmol per well. The results are
shown in Fig. 3. We observed that the fluorescence increased
with the amount of capture probe because more immobilized
probe was available for hybridization. A maximum was reached
at 60–100 fmol of probe per well. Further increasing the amount
of capture probe led to a decrease of the signal. This was
attributed to steric hindrance of the hybridization with the target
caused by the close packing of immobilized probes in a fixed
area of the well.13 In previous studies11 we found that the
capacity of streptavidin-coated wells was 2.5 pmol of bio-
tinylated DNA when 100 ml of 1.4 mg l21 streptavidin in PBS
was used for coating. This corresponds to a capacity of 1.7 pmol
of DNA for a 50-ml coating (the calculation was based on the
dimensions of the well). 

The signal-to-background (S/B) ratio for the hybridization
assay improved slightly by increasing the ionic strength of the
hybridization reaction mixture. For instance, an increase of the
NaCl concentration of the hybridization buffer from 37 to 200
mmol l21 caused a two-fold improvement of the S/B ratio. At

higher salt concentrations (up to 1200 mmol l21) both signal
and background increased without any improvement of the S/B
ratio. The background was defined as the fluorescence obtained
when no target DNA was present in the well. 

In our initial studies of the sandwich hybridization assay
configura-tions we compared assays involving one-step and
two-step hybrid formation. In one protocol (see protocol B) the
target DNA was denatured and then allowed to hybridize
simultaneously (one step, 60 min) with the immobilized
biotinylated capture probe and a Dig-labeled detection probe. In
another protocol, the sandwich hybridization was performed in
two steps. Denatured target was first hybridized for 60 min with
immobilized biotinylated probe. The antisense strand was then
removed by washing followed by the addition of Dig-labeled
detection probe and hybridization for another 60 min. The
fluorescence was 40% higher in the first case. This can be
explained by the fact that incubation with two probes simultane-
ously favours the probe-target hybrid formation as opposed to
reannealing of target DNA strands. 

Capture through Dig–anti-Dig and detection via
biotin–streptavidin interaction (protocol A)

In Fig. 4 the fluorescence obtained from various hybridization
assays based on protocol A was plotted against the amount of
target DNA present in the well. Plots 4A–4C represent assays in
which oligos [b] and [a] are used as capture and detection
probes, respectively. 

Data in Fig. 4A correspond to assays in which the capture
probe [b] was labeled with multiple digoxigenins at the 3A end
(D[b3]) or a single digoxigenin either at the 3A or 5A end (D[b2],
D[b1], respectively). In all cases probe [a] labeled with multiple
biotins (B[a3]) was used for detection. In assay configurations
D[b3]/B[a3] and D[b2]/B[a3], the signals were practically the
same. Therefore, there was no difference between multiple and
single labeling at the 3A end when the probe was used for
capture. The signals were significantly lower when D[b1] was
used as the capture probe. The S/B ratios for 1.8 fmol of target
obtained from D[b2]/B[a3] and D[b1]/B[a3] assays were 11.2
and 1.8, respectively. Thus, the position of the label on the
capture probe affects its hybridization with the target DNA. In
the 3A end labeling, the digoxigenin is attached to the uridine of
the modified nucleotide that is enzymatically incorporated to
the probe. In the 5A end labeling, the label is covalently linked to
the phosphate group at the 5A end of the probe. The analytical
range for D[b3]/B[a3] and D[b2]/B[a3] assays extended from
0.2 to 50 fmol of target DNA. The S/B ratios at the level of 0.2
fmol of target DNA were 2.9 and 2.3, respectively. Each assay
was performed in triplicate. The horizontal bars represent two
standard deviation of the signals.

The data shown in Fig. 4B were obtained from assays using
the same Dig-labeled capture probes as above in combination
with B[a2] as the detection probe that was labeled at the 3A end
with a single biotin. The signals were practically identical to
those obtained with probe B[a3] as the detection probe
(Fig. 4A). Thus, tailing of the detection probe with multiple
biotins does not offer any significant advantage over 3A end
labeling with a single biotin. This is probably due to the fact that
once the first streptavidin molecule binds to the tail, it bridges
two biotin residues thus causing folding of the tail which in turn
makes the other biotins not accessible for binding more
streptavidin–alkaline phosphatase conjugate. In Fig. 4C, the
assays use probe B[a1] as the detection probe. The signals are
considerably lower. The signal to background ratios for 1.8
fmol of target obtained from D[b3]/B[a2] and D[b3]/B[a1]
assays were 15.9 and 3.1, respectively. The configuration
D[b1]/B[a1] in which both capture and detection probes were
labeled at the 5A end gave no signal in the range of target DNA
studied. We therefore concluded that labeling both capture and

Fig. 2 Schematic diagrams of the relative positions of oligonucleotide
probes [a] and [b]. In the abbreviations used for probe description, the first
letter represents the non-isotopic label: D, digoxigenin; and B, biotin. The
second letter represents the identity of the probe, [a] or [b], and the number
represents the position of the label: 1, 5A end labeling; 2, 3A end labeling with
a single label; 3, 3A end labeling with a tail of multiple labels.

Fig. 3 Optimization of the immobilization of Dig-labeled capture probe,
D[b3], on anti-digoxigenin antibody coated microtiter wells. In the
hybridization assays, 1 fmol of target DNA was analyzed and the detection
probe was B[a3].
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detection probes enzymatically at the 3A end was superior to the
‘chemical’ labeling at the 5A end. 

The results in Figs. 4D and 4E were obtained from assays in
which the functions of the two probes were reversed, i.e., [a]
was labeled with digoxigenin and served as the capture probe
whereas biotinylated [b] was the detection probe. In regard to
the position and the number of labels, the pattern observed was
similar as in Figs. 4A–4C. However, higher sensitivity was
achieved by using oligo [b] as the capture probe and [a] as the
detection probe. For instance, the signal to background ratios
for 1.8 fmol of target DNA obtained from D[b3]/B[a3] and
D[a3]/B[b3] assays were 12.0 and 4.8, respectively. We do not
have a specific explanation for this observation. Apparently, it
is a result of the conformation of probes and strands of target
DNA. Consequently, the roles of the two probes (capture vs.
detection probe) used in sandwich hybridization assays need to
be determined empirically.

Capture through biotin–streptavidin and detection via
Dig–anti-Dig interaction (protocol B)

Data pertaining to the performance of sandwich hybridization
assays that are based on protocol B are presented in Fig. 5. Plots
5A–5C represent assays in which oligos [b] and [a] are used as
capture and detection probes, respectively. Data in plot 5A
correspond to assays in which the capture probe [b] was labeled
with multiple biotins at the 3A end (B[b3]) or a single biotin

either at the 3A or 5A end (B[b2], B[b1], respectively). In all cases
probe [a] labeled with multiple digoxigenins (D[a3]) was used
for detection. A S/B ratio of 4.8 was obtained from assay
configuration B[b2]/D[a3] for 0.2 fmol target DNA per well
(the smallest amount DNA studied) and the analytical range
extended up to 50 fmol. Similar results were obtained with
configuration B[b3]/D[a3]. Therefore, there was no difference
between multiple and single labeling at the 3A end when the
probe was used for capture. The configuration B[b1]/D[a3] in
which the capture probe was labeled at the 5A end gave no signal
in the range of target DNA studied. The data shown in Fig. 5B
were obtained from assays using the same biotinylated capture
probes as above in combination with D[a2] as a detection probe.
It was found that the signals were the same as those obtained
with probe D[a3]. When the detection probe was labeled at the
5A end (Fig. 5C) a 10 times decrease of the signal was observed.
The results in Figs. 5D–5F represent assays in which the
functions of the two probes were reversed, i.e., [a] was
biotinylated and served as a capture probe whereas digoxigenin-
labeled [b] was the detection probe. In general the signals are
considerably lower, thus confirming the observations with
protocol A.

Direct comparison of the optimized sandwich hybridization
assays for the two protocols showed that the signals obtained
with protocol B were 2–3 times higher than those with protocol
A, while the background fluorescence values were the same for
both configurations. Consequently, higher sensitivity is

Fig. 4 Calibration curves of the hybridization assays using protocol A. In 4A–4C, probe [b] was used as the capture probe, and probe [a] was the detection
probe. In 4D and 4E, probe [a] was used as the capture probe, and probe [b] was the detection probe. The configuration of each assay is represented by the
identity of the capture probe followed by the identity of the detection probe.
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achieved by using the biotin–streptavidin interaction for capture
and the digoxigenin–anti-digoxigenin interaction for detection
than the reverse assay configuration.

Sandwich hybridization is considered as the most useful
approach to the determination of unlabeled target DNA in crude
cellular extracts.8 Furthermore, sandwich hybridization is more
specific than direct hybridization assays because two hybrid-
ization events must occur in order to generate a signal. In this
work, we have developed and studied various configurations of
sandwich hybridization assays which combine the advantages
of enzyme amplification with those of time-resolved fluoro-
metry of Tb3+ chelates. The assays are performed in microtiter
wells and avoid time consuming protocols (electrophoresis,
transfer to membranes, membrane hybridization and extensive
washings). Thus, they are suitable for automation and routine
use. 
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Fig. 5 Calibration curves of the hybridization assays using protocol B. In 5A–5C, probe [b] was used as the capture probe and probe [a] was the detection
probe. In 5D–5F, probe [a] was used as the capture probe and probe [b] was the detection probe. The configuration of each assay is represented by the identity
of the capture probe followed by the identity of the detection probe.
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