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Abstract The hybridization of DNA oligomers including
molecular beacons can be detected by measurement of
either the decay time or the intensity of a single fluorescent
label attached to the end of the respective oligonucleotide.
The method works both in solution and solid phase and can
distinguish between fully complementary and mismatch
sequences as demonstrated for a 15-mer oligonucleotide
and a 25-mer molecular beacon. The fluorescence lifetime
method is advantageous in (a) requiring a single label (and
therefore a single labeling step) only; and (b), being based
on measurement of a self-referenced magnitude that is
hardly affected by parameters such as fluctuations in light
intensity that make measurement of intensity more prone to
interferences.
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Fluorescent DNA probes are widely used in various kinds
of hybridization assay including studies on gene expres-
sion, detection of gene mutations and translocations, and
mapping and sequencing of genes. In order to qualitatively
detect or to quantitatively determine a specific sequence,
different methods are applied [1]. One large group of
probes consists of fluorogenic intercalators, the other of
fluorescent covalent labels. Intercalators and related probes
such as groove binders associate (in the overwhelming
majority) with double stranded DNA or RNA to undergo a

significant change in their properties, in most cases an
increase in fluorescence intensity or a spectral shift [2].
Intercalators interact non-convalently.

Fluorescent labels, in contrast, are covalently attached to
oligonucleotides, often to the desoxyribose unit via phos-
phoramidite chemistry, or to an aminohexyl side group that
has been introduced, mostly by chemical means, into a
specific oligonucleotide. One or more labels may be used
[3–5]. Two labels, one on each strand, are needed when
detecting hybridization by fluorescence resonance energy
transfer (FRET) between donor-labeled and acceptor-
labeled DNA [6]. Alternatively, a fluorescent label along
with a quencher may be applied. Increased FRET efficiency
is found if matched pairs are brought into a spatial
proximity of typically <7 nm as a result of hybridization
[7, 8]. In the competitive hybridization approach, increasing
fractions of labeled and non-labeled target DNA compete
for the formation of duplexes [6, 7]. FRET is a self-
referenced method in that the ratio of the intensities of two
emission bands (at one excitation wavelength) can be
related to concentration of the label, and thus the oligomer.
On the other side, all FRET methods require both the probe
and the target DNA to be labeled.

DNA assay may be performed in solution or on solid
supports. The products of a PCR can by immobilized on a
surface (e.g. of a microtiterplate), and the specific sequence
can be detected with fluorescent primers. After removal of
unhybridized primers, the remaining fluorescence is mea-
sured. DNA-“ELISAs” are performed based on the same
scheme. These two methods are heterogeneous in that
washing steps are required which impair sensitivity [1, 9].
Therefore, homogeneous assays using fluorescently labeled
oligonucleotides are a quite desirable alternative.

It is well known that the hybridization of a fluorescently
labeled single strand oligonucleotide with a complementary
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sequence can substantially modify the fluorescence proper-
ties of the fluorophore. New fluorescent dyes that interca-
late or groove bind to DNA double helix and, consequently,
undergo a significant change their fluorescence properties
therefore are of considerable interest. Only one marker is
needed in such methods [10]. However, the fluorescence
properties also are dependent on how the marker is being
linked to the oligonucleotide. Perylene, for example,
displays a fluorescence that is different depending on
whether it is directly linked to the DNA backbone or via
a spacer group [11]. Both quenching and fluorescence
enhancement can be observed.

Fluorescence intensity represents an analytical informa-
tion that is influenced by several parameters. Parker's law
(F=I0 · ɛ · l · c · QY) relates the measured fluorescence
intensity (F ) to the intensity (I0) of the exciting (laser)
beam, the molar absorbance (ɛ) of the label, the penetration
length of the exciting beam (l), the quantum yield of the
label (QY ), and instrumental geometries by introducing a
geometrical factor k. Obviously, variations in l, c and k, not
to talk about inner filter effects, may bias the accuracy and
precision of a measurement.

Fluorescence lifetime (more precisely: decay time),
in contrast, is a self-referenced parameter in that the
decay profile (or phase shift) of the emission always is
related to the respective excitation signal (pulse or
phase) [7, 8]. Hence, fluorescence decay time represents
an intrinsic molecular property that is independent of the
setup or adjustment of the instrument and—in a first
approximation—of any effects of photobleaching.

Fluorescence lifetime-based methods have been used in
DNA technology in various ways, but not so far for the
detection of hybridization. Acridone dyes were character-
ized [12] for use in 4-decay-DNA sequencing. Lasseter et
al. [13] have applied near infrared dyes for lifetime
identification of DNA in capillary electrophoresis, a scheme
that is also applicable [14] to intercalating dyes and in
combination with multiplex fluorescence lifetime detection.
Waddell et al. [15] have deposited NIR dyes directly on
substrates typically used for DNA microarrays, and it was
shown that the lifetime of these dyes change if oligonu-
cleotides are being deposited on such surface. Ying et al.
[16] found that the efficiency of fluorescence resonance
energy transfer depends on the heterogeneity of a model
DNA system (a 12-mer), whilst the group of Clegg [17]
exploited the fluorescent characteristics of a label that was
linked to a oligonucleotide to detect multiple conformers of
single-stranded and double-stranded DNA complexes. The
luminescence lifetime of labelled DNA fragments in the
vicinity to the surface of (nano) particles from either silver
[18] or gold [19] has been investigated by fluorescence
lifetime spectroscopy. The same group has shown that
fluorescence lifetime imaging of DNA can be accomplished

via changes in the efficiency of fluorescence resonance
energy transfer between two intercalating dyes [20].
Finally, He et al. [21] have separated mixtures of labeled
DNA primers by capillary gel electrophoresis (CGE).
Fluorescence lifetime measurements allowed for multiplex
DNA sequencing.

Recent advantages in lifetime based sensing [22–24]
have led to fairly small-sized and laser-based instrumen-
tation for measurements of lifetime in the ns time domain.
This development is also driven by the fact that most of
the organic labels used so far (and unlike labels based on
metal ligand complexes) have decay times in the order of
0.5 to 5 ns. When using such labels, the excitation light
source can be pulsed at high rates, thus enabling a large
number of measurements to be performed in short time.
Lifetimes therefore can be determined with high precision
and a high signal-to-noise ratio. The major advantages of
recently available microplate readers [23–25] are speed
and ease of detection and analysis. Microplates also are
compatible with the FLAA scheme which has bee shown
to function excellently in high-throughput screening for
proteins [26].

We have now extended FLAA to lifetime-based homo-
geneous hybridization assays, again using a single label
only. It is shown here that the measurement of fluorescence
decay times is a powerful means to detect hybridization,
and that lifetime data represent referenced data that are
clearly superior to intensity-based data.

Results and discussion

Label Py-1 Labels whose fluorescence is affected by their
environment may act as molecular probes for detecting
almost any kind of biomolecular interaction. The sensitivity
of a label to its micro-environment can be caused by
changes in the polarity of the solvent, by shielding the label
from quenching by water molecules or protons, to mention
the two most frequent reasons. In addition to changes in
fluorescence intensity and emission maxima, there are few
labels that undergo a change in their decay time.

Numerous labels are known that can be used for
fluorescently labeling oligonucleotides. Good labels are
insensitive to their micro-environment and display strong
absorption and quantum yield, the product of the two
parameters often being referred to as brightness (Bs).
However, whilst almost any pair of labels may be used
for FRET if they match the fundamental conditions of
the Förster or Dexter relationships [8], the choice of label
is much more critical in case of a fluorescence lifetime
affinity assay (FLAA). Crockett & Witter [27] have
exploited the inherent quenching capacity of desoxygua-
nosine nucleotides on the intensity of the fluorescence of
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fluorescein for the design of real-time PCR assay using a
single fluorescein-labeled probe. Turconi et al. [25] have
performed a binding study using Cy5 as a single
fluorescent label for lifetime detection of proteins with a
confocal microplate reader. The fluorescence lifetime of
the label increased upon affinity binding of the labeled
biotin to streptavidin. It was shown that labels undergo
changes in their lifetime not only on conjugation but also
on affinity binding. Hennig et al. [28] have used an
azabicyclooctenone as a fluorescent probe having decay
times as long as 1 μs in a time resolved protease assay
which exploits the quenching capabilities of a tryptophane
moiety contained in a protease substrate. More recently
[29], metalloporphyrins with RT phosphorescence have
been used as labels with comparably long luminescence
decay times. These allow very low limits of detection of
nucleic acids, even though the probes are susceptible to
strong quenching by molecular oxygen. The labels used in
our work have much shorter decay times and are not at all
quenched by oxygen.

We have screeened several labels out of a series of
pyrylium and cyanine dyes for changes in decay time, but
only Py-1 showed a significant Δτ when linked to an ss-
oligonucleotide and hybridized with a complementary strand.
An important criterion set by ourself is that the fluorescence
lifetime, expected to be >90% mono-exponential, should be
retained in the FLAA. The label Py-1 (see Fig. 1) in aqueous
solution is blue and virtually nonfluorescent before reaction
with a primary amino group [30]. It undergoes a color
change from blue to red (which is equivalent to a shift in the
peaks of the absorption spectra from 611 nm to 503 nm)
upon conjugation to the terminal amino group of a modified
oligonucleotide, and the fluorescence quantum yield
increases from <0.01 to >0.4.

The reaction conditions outlined in the Experimental
Part need to be followed strictly. As was shown before [31],
the reaction of pyrylium salts with amines can go into
various directions and may not only lead to the (red)
pyridinium conjugates, but also to various other products if
the reaction conditions are varied.

We now have reasons to assume that certain acridones and
naphthalimides (with their decay times between 10 and
20 ns) will represent attractive alternatives to the Py-1 labels
since they may undergo even larger changes in their decay

time upon hybridization. Unfortunately, such fluorophores
have not yet been converted into amino-reactive forms.

Selection of oligomers The oligomers listed in Table 1
represent a series of 15-mers with either complete match of
with various degrees of mismatches. They have been used
in the experiments described in the following. Complemen-
tary sequences are framed.

Hybridization assay on solid phase

In a typical experiment, labeled oligo-2 was attached, via
its biotin residue, to the surface of a streptavidin-coated
well of a 96-well microplate. Each well contains enough
streptavidin to bind 5 pmol of biotin (Bt). The quantity
of oligos immobilized may be smaller, though, since not
each binding site at the streptavidin will be accessible to
Bt because of steric hindrance. Different quantities of the
complementary oligonucleotide (oligo-3) were then
added and lifetimes were measured after a washing step.
Figure 2 shows a plot of the fluorescence lifetime of
oligo-2* versus the ratio of oligo-3 to oligo-2*. An
asterisk indicates a labeled species in this article. The first
data point (x=0) in Fig. 2 is the fluorescence lifetime of
single-strand (ss) oligo-2* bound to the surface. If this
first point is omitted, the residual titration curve can be
described by a single exponential decay curve. The change
in lifetime due to complete hybridization is from 1.40 to
0.84 ns. The signal change Δτ is 0.56 ns and approxi-
mately 10 times larger than the resolution of the
instrument used. The titration with oligo-1, a non-
complementary strand, showed no characteristic change
in lifetime (plot not shown). As little as 0.5 pmol of the
complementary oligonucleotide can be determined by this
method, which in our experiment corresponds to a
concentration of 11.5 ng/mL.

Hybridization assay in homogeneous solution

The decay times of labeled ss-oligonucleotides are different
in solutions and when bound to a solid phase. Py-1 labeled
ss-oligo-1 has a lifetime of 1.54 ns free in solution. Py-1
labeled ss-oligo-2 has the same sequence, but is bound to

oligomer (CH2)6 NH2 + O

CH3

CH3

N
N

CH3

CH3

(CH2)6oligomer
N

BF4 BF4

Fig. 1 Labeling chemistry: reaction of the amino group with Py-1 causes a substantial change in the electronic structure of the chromophore
(fluorophore) which leads to a color change from blue to red
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the surface of a microplate via a Bt-streptavidin interaction.
Its lifetime is 1.40 ns. Obviously, the decrease in decay time
is larger if hybridization is performed in solution. Figure 3
shows results of the titration of oligo-3 with its labeled
counter strand (oligo-1*) which is present in constant
concentration of 3.3·10−8 mol/L. One has to differentiate

between two effects that may cause changes in lifetime.
The first is caused by immobilization of an oligo* onto a
solid support, the second by hybridization.

Increasing fractions of the complementary oligonucleo-
tide (oligo-3) cause both the fluorescence intensity (left
panel) and the fluorescence decay time (right panel) to
decrease. Both plots display a distinct endpoint at a molar
ratio of 1:1. The detection limit (LOD) of this FLAA was
graphically determined to be 12 nmol/L for the fluores-
cence intensity plot, which is equivalent to 1.9 pmol per
well, and 8 nmol/L for the lifetime plot, which is equivalent
to 1.2 pmol or 36 ng/mL per well. These LODs and the
plots in Fig. 3 show that the lifetime method is more
sensitive.

In order to improve the LODs, which is needed for
example in competitive inhibition assays, the concentra-
tion of the label may be reduced. Moreover the error bars
for the decay time-based assay are much smaller than for
intensity-based assays. As can be expected from Parker's
equation, fluorescence intensity is more strongly affected
by external parameters, e.g. by inner filter effects and
geometrical factors, and thus is a parameter that is clearly
inferior to lifetime. It should be noted that in the lifetime

Table 1 Oligonucleotides used, their sequences, and modifications

oligomer Sequence complementary 

oligo

lifetime of

labeled form

oligo-1 amino-C6-5’-CCG GCA GCA AAA TGT-3’ oligo-3 1.5 ns (a)

oligo-2 amino-C6-5’-CCG GCA GCA AAA TGT-3’-

biotin

oligo-3 1.4 ns (b) 

oligo-3 5’-ACA TTT TGC TGC CGG-3’ oligo-1; oligo-2 -

oligo-4 5’-CCG GCA GCA AAA TGT-3’ equiv. to oligo-1 -

oligo-5 5’-ACA TTT TGC TGC CAA-3’ mismatch to 

oligo-1

-

oligo-6 5’-ACA TTT TGC TGC TGC-3’ mismatch to 

oligo-1

-

oligo-7 amino-C6-5’-CCC ACC CGG CAG CAA oligo-8 (c) 2.3 ns (a)

(beacon) AAT GTG GGG G-3’

oligo-8 5’-GTT ACA TTT TGC TGC CGG GTA 

TT-3’

oligo-7 (beacon) (c) -

(a) In solution; (b) bound to the surface of a microtiter plate; (c) see Fig. 5

0,0 0,5 1,0 1,5 2,0 2,5 3,0
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1,5

solid phase assay

ns

[oligo-3] / [oligo-2*]
Fig. 2 Plot of the lifetime (τ) vs the ratio of complementary oligo-3 to
oligo-2* which is immobilized (via biotin-streptavidin binding) to the
surface of the well of a microtiter plate
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assays the relative change in lifetime represents adequate
information and that precise data on lifetimes do not need
to be known.

Detection of mismatches in homogeneous
hybridization assay

The effect of two mismatches in the sequence of the
complementary oligonucleotide was examined by titrating
oligo-1*, at a constant concentration of 2.5 10−7 mol/L,
with oligo-3 (no mismatch), oligo-5 (two mismatches),
oligo-6 (two mismatches but one matching base in
between) and oligo-4 (non-complementary), respectively.
The resulting plots are shown in Fig. 4. Oligo-3, which is
exactly complementary to oligo-1*, causes the most distinct
effect on fluorescence lifetime which drops from 2.2 ns to
1.4 ns. Two mismatches were placed at the end of the
sequence of oligo-5, and a small decrease in lifetime from
2.2 ns to 1.86 ns is observed, not the least because the
mismatch is close to the site of labeling.

If a matching base is placed between the two mismatches
(oligo-6), the fluorophore at the complementary oligonu-
cleotide is even less influenced by hybridization, and the
drop in decay time from 2.2 ns to 2.13 ns is almost within
the experimental error of +/− 50 ps in this time domain.
As expected, oligo-4 has virtually no effect on the decay
time of the label. Emission intensity plots of the same
experiments resulted in very similar shapes (data not
shown here), but display more scattered data and, there-
fore, larger error bars.

Molecular beacon with a single label

Molecular beacons (MBs) are single stranded DNA
molecules that possess a stem-and loop structure. The loop
portion of the MB can form a double-stranded DNA in the
presence of a complementary strand of nucleic acid. MBs
can recognize and report the presence of specific nucleic
acids in homogeneous solution with high sensitivity. Tyagi
and Kramer [32] have utilized a novel design of fluores-
cence resonance energy transfer (FRET) inside an MB that
was labeled with a fluorophore and quencher at the two
ends of the stem. Five to eight bases at each side of the two
ends of the MB are complementary to each other. The stem
keeps these two moieties in close proximity to each other,
causing the fluorescence of the fluorophore to be quenched
or the fluorescence of the acceptor to be increased by
energy transfer. These probes undergo a spontaneous
fluorogenic conformational change when they hybridize to
their targets.

MBs are useful in situations where it is either not
possible or not desirable to isolate the probe-target hybrids
from an excess of the hybridization probes, such as real-
time monitoring of DNA/RNA amplification reactions and
the detection of RNAwithin living cells. Molecular beacons
have been used for protein-DNA interaction studies,
enzymatic cleavage measurements, and for real-time mon-
itoring of polymerase chain reactions, and in for DNA
biosensors with even micrometer to submicrometer dimen-
sions [33]. On the other hand, self-quenching or fluores-
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Fig. 3 Left: Plot of fluores-
cence intensities at 630 nm ver-
sus the ratio of the
concentrations of oligo-3 and its
counterstrand oligo-1 labeled
with Py-1 (oligo-1*) Right:
Same plot for the respective
fluorescence decay times Data
are in the two graphs from the
same experiment (all in
triplicate)
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Fig. 4 Plot of changes in the lifetime τ of oligo-1* on titration with
complementary and non-complementary oligonucleotides Oligo-1* (in
a constant concentration of 250 nmol/L) was mixed with oligo-3 (no
mismatch) oligo-5 (double mismatch) oligo-6 (two mismatches with
one matching base between) and oligo-4 (non-complementary oligo)

J Fluoresc (2008) 18:413–421 417417



cence energy transfer in molecular beacons suffer from their
complexity of synthesis which makes costs prohibitive for
many routine applications so that other approaches may be
more elegant [34]. Unfortunately, specific labeling of both
termini of molecular beacons needs two different reaction
steps using two different reactive dyes, and usually gives
small yields only. Another limitation of using doubly
labeled MBs can result from photo-destruction of the
acceptor chromophore and the increase of donor fluores-
cence intensity which renders an unequivocal identification
of hybridization events more difficult.

In addition to previous experiments, we have designed
an MB consisting of 25 bases and a C6-amino residue at the
5′ end. The MB possesses a stem-loop structure with (a) a
loop consisting of a 13-nucleotide sequence that is
complementary to that in the target oligo, and (b) a stem
that is formed by annealing of two complementary arm
sequences, one a 5-nucleotide and the other a 7-nucleotide
arm, which are unrelated to the target sequence. Its
sequence is shown in Fig. 5. The dye was conjugated to
the MB via the protocol described above. The label is
located in close proximity to a run of desoxyguanosines
presented in the complementary stem part.

It is known that the fluorescence intensity of fluoro-
phores such as coumarins, rhodamines and oxazins are
affected by DNA bases. In particular, guanosine can act as a
more or less efficient quencher of certain dyes. Covalent
linkage of such dyes to oligonucleotides containing
desoxyguanosine (dG) results in a reduced fluorescence
quantum yield and decay time depending on the distance
between the dG moiety and the fluorophore. This has been
observed by several groups [1, 27, 35, 36] and was used to
study conformational fluctuations in DNA oligonucleotides
at the single-molecule level by FRET and time-resolved
fluorescence. The difference in behavior of neighboring dG
compared to dA, dT, or dC bases can be attributed to the
lower oxidation potential of dG [37].

As long as label Py-1 is in close contact with the 3′ end
of the MB which is rich in dG, its fluorescence intensity

will be strongly quenched. When the hairpin probe
encounters its target (oligo-8), it will form a longer and
more stable hybrid (Fig. 5). Consequently, the dye will be
more distant from the terminal guanosine, thereby causing
an increase of the fluorescence intensity and a decrease of
the decay time of Py-1. The fluorescence decay is
monoexponential throughout.

The findings have been used to establish the response
curves shown in Fig. 6. As can be seen, the spontaneous
formation of the more stable probe target duplex from the
MB can be used to detect, via measurement of either τ or
fluorescence intensity, the presence of the specific target
sequence. The limit of detection of this FLAA was
graphically determined from to be 1.1·10−7 mol/L of
oligo-8.

Unlike in the case of non-beacon single strand probes,
the fluorescence lifetime of the label attached to the MB
decreases upon opening of the stem-loop structure by the
complementary target. The emission intensity is 4-fold
enhanced upon the hybridization experiment, while the
fluorescence lifetime undergoes a rather small decrease
from 2.32 to 2.06 ns. We assume that this is the result of the
combined but counterdirected actions of static and dynamic
quenching. In the intact (labeled) MB, the fluorescence of
the label is statically quenched by close-lying dGs. Static
quenching does not affect lifetime, but fluorescence
intensity only which in this case remains comparatively
small. On opening the MB, the quenching process is no
more operative and fluorescence intensity increases strong-
ly. Lifetime decreases by about 11%, this probably being
the result of dynamic quenching by water molecule now
surrounding the probe.

Conclusion

The label Py-1 is a viable probe for detecting and
quantifying complementary target DNA via measurement
of fluorescence decay time. Unlike in certain other
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Fig. 5 Sequence of the MB
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product of hybridization with a
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methods, single-labeling is adequate. The methods can be
performed both in homogeneous solution and on solid
phase. The lifetime of labeled oligonucleotides also is very
sensitive to mismatches, and the approach also works for
molecular beacons. The method is simple, and unlike in
FRET requires the DNA to be mono-labeled only. Thus,
efforts and costs for labels, labeling and purification are
strongly reduced.

Experimental section

Acquisition of Spectra and Lifetimes Absorption spectra
and absorbances that were used to calculate or adjust the
respective concentration of labeled oligonucleotides were
acquired on a Cary 50 Bio UV-visible spectrophotometer
(Varian, Australia, http://www.varian.com). All experiments
were performed at 25 °C unless otherwise stated. Fluores-
cence spectra were acquired in 1×1×3 cm quartz cuvettes
on an Aminco Bowman AB2 luminescence spectrometer
(http://www.thermo.com) equipped with a 150-W continu-
ous wave xenon lamp as the excitation source. Relative
fluorescence intensities and quantum yields were deter-
mined from the areas under the corrected fluorescence
spectra divided by their absorbance at 1exc.

Ensemble decay times of the labeled nucleotides were
determined in either black 96-well microplates (black
plates 96F; from Nunc; http://www.nunc.de) or in black
streptavidin-coated plates (Pierce, product no. 15119; http://
www.perbio.com) under standard conditions using an LF
401 NanoScan HT microplate reader (from IOM, Berlin;
see http://www.iom-berlin.de). In this reader, the excitation
beam is pulsed at a repetition rate of 50 Hz (a single
excitation pulse). Excitation and emission wavelengths
were set to 505 and 630 nm, respectively. The signal for
single data points were averaged over 16, 32, or 64 laser

pulses. The resolution of the reader is ± 80 ps at a decay
time of 0.5 ns, 50 ps at a lifetime of 1.5 ns, and of 40 ps at
2.5 ns. A 96-well plate can be scanned within 110 s when
averaged over 16 pulses per well, and a 384-well plate
within 300 s. A mono-exponential fit was adequate in all
cases to describe the decay curves.

Chemicals, label, buffer and solvents Chemicals and
solvents were purchased from either Sigma or Fluka
(http://www.sigmaaldrich.com), or from Merck (http://
www.merckeurolab.com). They were of analytical grade
and used as received. The label Py-1 was synthesized
according to a procedure described previously [30] but may
be obtained commercially now (Chromeo P-502; see http://
www.activemotif.com). Py-1 is remarkable in that it is blue
with a 1max of 611 nm and virtually nonfluorescent, but on
conjugation to amino groups turns red with a 1max of
503 nm and becomes fluorescent with a 1max of 602 nm. In
contrast to any other covalent label for amino groups, it
does not change the charge of the species labeled (see
Fig. 1).

The 22 mM phosphate buffer (PB) of pH 7.2 was
prepared by dissolving 5.67 g of Na2HPO4 · 12 H2O and
0.96 g of NaH2PO4 · 2 H2O in 1 L of doubly distilled water.
A 50 mM bicarbonate buffer (BCB) pH 9.0 was prepared
by dissolving 2.1 g of NaHCO3 in 500 mL doubly distilled
water. The 5x saline sodium citrate (SSC) buffer of pH 7.5
was prepared by dissolving 22 g (75 mmol) of trisodium
citrate dihydrate and 43.8 g (750 mmol) of sodium chloride
in 1 L of doubly distilled water. The 1x SSC buffer of pH
7.5 was prepared by dilution of the 5x SSC buffer by
1:5 (v/v). The 10 mM Tris/HCl buffer of pH 7.5 (used in
the beacon experiments) was prepared by dissolving
0.788 g of tris(hydroxymethyl)aminomethane·HCl, 1.86 g
KCl and 0.119 g MgCl2 in doubly distilled water. All
buffers were adjusted to the corresponding pH value with 1
N HCl and 1 N NaOH, respectively. pH measurements
were performed with a Schott pH meter with temperature
compensation.

Oligonucleotides and labeling procedure The oligonucleo-
tides listed in Table 1 were custom-synthesized by
Metabion GmbH (http://www. metabion.de). They were
provided with an amino-modified C6 chain at their 5′-
termini. The coupling reactions were carried out as follows:
Twenty nanomoles of the respective amino-modified
oligonucleotide (see Table 1) were dissolved in 10 μL of
sterile water, and diluted with (200 μL carbonate buffer
of pH 9. Label Py-1 (1 mg) was pre-dissolved in 100 μL
of dry dimethylformamide (DMF), and 10 μL of the blue
solution was added to the solution of the oligonucleotide.
After incubating for 4 h at room temperature, the red
labeled oligonucleotide was purified by reversed-phase
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Fig. 6 Relative fluorescence intensity plot (FI; open squares) and
fluorescence decay time plot (τ solid circles) for the titration of a 33 ×
10−7 molar pH 75 solution of a MB (oligo-7*) with its complementary
target (oligo-8)
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(RP18 column) HPLC (from Knaur, http: www.knaur.
com) using a gradient from 10 to 65% acetonitrile in 0.1
M aqueous triethylammonium acetate. Reaction yields
were around 50 %. The oligonucleotides were precipitated
with diethyl ether. Purified oligonucleotides were redis-
solved in 100 mM Tris/HCl buffer of pH 7.5 for storage
and diluted with the corresponding SSC buffer for further
experiments. Labeled oligonucleotides are marked with an
asterisk throughout this article.

The concentrations of labeled oligonucleotides were
adjusted via absorbance measurements at 260 and
503 nm, after correction for the intrinsic absorbance of the
dye at 260 nm which is 9,000 L cm−1 mol−1. The molar
absorbances of the unlabeled oligonucleotides at 260 nm
were calculated using standard software [http://www.gen
setoligos.com/calculation/ calculation.html].

The fluorescence quantum yield of oligo-1* was
determined to be 42% using cresyl violet as a standard
with a reported quantum yield of 0.56 in methanol for dyes
absorbing at 550 nm [7, 8, 38]. The molar absorbance of
the bound label is 24 000 L/(cm mol) in water as concluded
from the value of a model compound that was obtained by
labeling n-propylamine with Py-1.

Hybridization Assay on Lifetime Plates (LPs) Streptavidin-
coated microplates blocked with non-proteomic blocking
buffer were obtained from Pierce (product no. 15119; http://
www.perbio.com). Their binding capacity as specified by
the manufacturer is ∼5 pmol of biotin per well. Each well
was washed three times with PB of pH 7.2, and 50 μL of
biotinylated labeled oligo-2 (= oligo-2*, concentration
1 μmol/L in PB) were added. After incubation at room
temperature for 1 h under slow shaking, excess oligo-2*
was washed off with 1x SSC buffer to give wells where the
streptavidin on the bottom of each well is covered with
biotinylated oligo-2*. Oligo-3 is complementary to oligo-
2*. It was diluted to a concentration of 0.1 μmol/L in 1x
SSC buffer. Different quantities of this solution, typically 5
to 150 μL, were placed in the coated wells with their total
volume of 200 μL. After an incubation time of 30 min, the
plate was washed with 1x SSC buffer and filled with
100 μL of this buffer. Fluorescence lifetimes were
determined thereafter of these solutions.

Homogeneous Hybridization Assays Oligo-1 was labeled
with Py-1 to give oligo-1*, and then was diluted to a
concentration of 0.1 μmol/L in 1x SSC buffer. Varying
quantities, typically 5-100 μL, of oligo-3 solution
(0.2 μmol/L) in 1x SSC buffer were diluted in the wells
of a black microplate to a final volume of 100 μL. Then,
50 μL of a solution of oligo-1* were added. After an
incubation for 30 min at 25 °C, both fluorescence intensity

and fluorescence lifetime were determined at excitation/
emission wavelengths of 505/630 nm, respectively.

Homogeneous Hybridization Assays; Detection of Mis-
matches First, oligo-1 was labeled with Py-1 to give
oligo-1*. Oligo-1*, oligo-3, oligo-4, oligo-5, and oligo-6
were diluted to a concentration of 1 μmol/L in 5x SSC.
Quantities between 5 and 150 μL of these solutions were
diluted with 5x SSC buffer to a final volume of 150 μL.
Then, 50 μL of oligo-1* solution were added to give a final
volume of (200 μL. After incubation for 30 min at 25 °C,
fluorescence lifetimes were determined.

Hybridization Assay Using a Mono-Labeled Molecular
Beacon (MB) Oligo-7 was labeled with Py-1 to give oligo-
7*, and then was diluted with Tris/HCl buffer of pH 7.5 to a
concentration of 1 μmol/L. Quantities of 2.5 to 100 μL of
oligo-8 in a concentration of 2 μmol/L were diluted to a
final volume of 100 μL in cups with safe locks. Thereafter,
50 μL of oligo-7* solution were added. The final volume in
the assay was 150 μL. The samples were incubated for
5 min at 70 °C, slowly cooled to room temperature and then
transferred to the wells of a microplate. Fluorescence
lifetimes were then determined at 23±1 °C.
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