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Spectroscopic investigation of a FRET molecular beacon containing
two fluorophores for probing DNA/RNA sequences†
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We report the design, synthesis, and characterization of a molecular beacon (MB) consisting of two
fluorescent dyes (Alexa 488 and RedX) for DNA and RNA analysis. In the absence of the target DNA
or RNA the MB is in its stem-closed form and shows efficient energy transfer from the donor (Alexa) to
the acceptor (RedX), generating mostly fluorescence from RedX. In the presence of the complementary
target DNA the MB opened efficiently, hybridizes with the target DNA, and energy transfer is blocked
in the stem-open form. This attachment to the target generates a fluorescence signature, which is clearly
distinguishable from the fluorescence signature of the stem-closed form, allowing for ratiometric
analysis of the fluorescence signal. In addition to steady-state fluorescence analysis, time resolved
fluorescence (ps time range) and fluorescence depolarization studies were performed. We show that
fluorescence lifetime and fluorescence depolarization measurements are useful analytical tools to
optimize the MB design.

Introduction

Molecular beacons (MB) have the potential to become powerful
tools for detecting target DNA and RNA in living cells.1 In general,
a MB is a single stranded oligonucleotide that forms a stem-loop
structure (Scheme 1 and 2).2,3 The loop is complementary to the
target sequence while the stem is labeled with a fluorescence sensor.
“Classical” MBs possess a structure consisting of a fluorophore
(sensor) and a quencher attached to opposite ends of a stem
(Scheme 1, left).1,4,5 In the stem-closed form of the MB the
fluorescence of the sensor is quenched due to the close proximity
of the quencher. In the presence of the target sequence of RNA
or DNA the MB opens to form a double stranded structure.
In this stem-open form, the fluorescent sensor and the quencher
are separated and strong fluorescence of the sensor is observed.
The sensitivity of MBs as an analytical probe is determined
mainly by two parameters: any residual fluorescence when the
MB is in the stem-closed form (“false positive signals” due
to incomplete quenching6 or adventitious impurities) and the
fluorescence of the sensor when it is in the stem-open form. Ideally,
the fluorophore should be quenched completely by the quencher
through fluorescence resonance energy transfer (FRET) in the
stem-closed form. In reality, however, the residual fluorescence
varies greatly, largely due to factors such as the rigidity or
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Scheme 1 Schematic representation of a dye–quencher MB and two-dye
MB.

flexibility and length of the loop,7 the purity of the MB, the
selection of fluorophore/quencher properties, and the way the
fluorophore/quencher groups are attached to the oligonucleotide.8

Any residual fluorescence when the MB is in its closed form
greatly limits the detection sensitivity. In addition, MBs of the
fluorophore–quencher type can rarely be used to detect unknown
targets quantitatively.

In an effort to overcome these limitations of the classical MB, a
new type of MB has been reported which uses a quencher that
itself is fluorescent (Scheme 1, right).9 This MB contains two
fluorophores, a donor dye (coumarin) and an acceptor dye (6-
carboxyfluorescein), which are covalently attached at opposite
ends of the stem. In the stem-closed form the coumarin fluo-
rescence is quenched by the acceptor dye, 6-carboxyfluorescein,
through FRET, generating fluorescence of the acceptor dye, which
is at a different wavelength than the fluorescence of the donor
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Scheme 2 Structure of the two-dye MB, Alexa–MB–RedX, and the target
DNA. The two dyes, Alexa and RedX, are covalently linked at the 5′ and
3′ position, respectively.

dye. In the stem-open form FRET is negligible and mainly the
fluorescence of coumarin is observed.9 It was demonstrated that
this two-dye MB shows a higher sensitivity than conventional dye–
quencher MBs. Moreover, the change in fluorescence wavelength
upon detection of target allows for a ratiometric fluorescence
analysis. Ratiometric analysis is usually superior compared to
intensity based measurements,9,10 such as in conventional dye–
quencher MB. Furthermore, ratiometric analysis is less dependent
on MB concentration fluctuations, photobleaching of the dye,
optical geometry and other environmental factors.9 Other MBs
that employ pyrenes as fluorophores for ratiometric analysis have
been reported. These MBs switch their fluorescence wavelength by
exploiting monomer or excimer photoluminescence in the stem-
open and stem-closed form, respectively.11,12

In this paper we report on a MB, which contains two fluo-
rophores, the donor dye Alexa 488 and the acceptor dye RedX,
attached at opposite ends of the oligonucleotide (Scheme 2).
The selected stem consists of six G–C base pairs, because G–
C base pairs are known to be more stable than A–U base
pairs.13 This higher stability of the stem reduces the non-specific
opening of the MB in the absence of target. The loop sequence
was selected based on our interest to study sensorin mRNA in
neurons. We selected as a target the 271–293 region of sensorin
mRNA, which is present in the sensory neurons of the mollusk
Aplysia Californica.14 This loop sequence presents little secondary
structure. Therefore, competition with the sensorin sequence due
to self-complementarity is not expected. The light absorber, the
donor dye Alexa,15 was selected based on its favorable excitation
wavelength (488 nm), which can be provided by an argon-ion
laser available in most fluorescence microscopes. In addition,
compared to previously reported two-color MBs,9,11,12 which used
UV absorbing chromophores, the longer excitation wavelength,

since it avoids direct excitation of biological molecules, is more
attractive for biological applications.

The MB contains modified 2′O-methyloligoribonucleotides that
are known to hybridize more efficiently, have higher stability, and
are more resistant to enzymatic degradation when compared to
unmodified deoxyribonucleotides.16–18

Experimental

Synthesis of MB

Alexa–MB–RedX was prepared by solid-phase phosphoramidite
chemistry on a DNA synthesizer (Expedite 8909; Applied Biosys-
tems) and solution coupling chemistry. Instead of the regular
phosphoramidite, the modified 2′-methoxy N phosphoramidite
was used. The monomers, 5′ amino-modifier C6 phosphoramidite
and 3′-amino-modifier C7 CPG were purchased from Glen
Research (Sterling, VA), and Alexa 488 and RedX NHS were
purchased from Molecular Probes (Eugene, OR). After the
deprotection under mild conditions (concentrated NH4OH at
40 ◦C, 17 h), the intermediate 5′-MMT protected amino and
3′-amino-RNA was obtained. Then, the product was coupled
with RedX NHS in DMSO in 0.1 M sodium tetraborate buffer
(pH = 8.5) or 0.1 M NaHCO3–Na2CO3 buffer (pH = 8–9) at room
temperature overnight. The coupled product was deprotected by
treating with 20% HAcO for 1 h at room temperature, extracted
three times with ethyl acetate, and the aqueous layer was dried to
yield 5′-NH2-RNA-NH-RedX-3′. The residue was purified by gel
electrophoresis (6 M urea–TBE, 20% acrylamide gel). The purified
fraction was coupled with Alexa 488 NHS in 0.1 M of sodium
tetraborate or NaHCO3–NaCO3 buffer (pH = 8–9) overnight
to form the desired Alexa–MB–RedX product (Scheme 2). The
crude compound was further purified by HPLC using a Waters
system consisting of a 7725i injector, 600 controller, and a 960
photodiode array detector. An Xterra MS C18 (4.6 × 50 mm)
column was used. The elution was performed over 90 min at a
flow rate of 0.5 ml min−1 and a fixed temperature of 60 ◦C, using
a linear gradient (12–34.5%) of methanol in a buffer containing
8.6 mM triethylamine and 100 mM hexafluoroisopropyl alcohol
(pH = 8.1). The purified MB was identified by MALDI-TOF
[13291 (Found), 13291(Calcd)] using a Voyager DE mass spec-
trometer (Applied Biosystems). Purity ∼95%.

The single dye MBs, Alexa–MB and MB–RedX, were synthe-
sized analogues to Alexa–MB–RedX.

Synthesis of the target DNA

The target DNA (Scheme 2) was synthesized by standard solid-
phase phosphoramidite chemistry on a DNA synthesizer (Expe-
tide 8909; Applied Biosystems). The obtained crude product was
deprotected by concentrated NH4OH, purified by OPC (Oligonu-
cleotide Purification Cartridge, Applied Biosystems, Foster, CA)
and RP-HPLC, and was characterized by MALDI-TOF: 6975
(Calcd), 6978 (Found) (∼95% purity).

Steady-state fluorescence and polarization measurement

Fluorescence emission spectra and polarization values were
recorded at room temperature on a SPEX Fluorolog-3 spectrom-
eter FL3-22 (J. Y. Horiba, Edison, NJ) using quartz cuvettes with
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path length of 4 mm and Glan Thompson polarizers, respectively.
The spectra were corrected for detector response and grating
efficiency according to the correction factor file pertaining the
instrument. The polarization values (P) for the individual dye
components and the energy transfer components were determined
by exciting one dye with linear polarized light and analyzing the
depolarization of the fluorescence at different wavelengths for the
two fluorophores.

Time-resolved fluorescence measurement

Time-dependent emission measurements utilized a Hamamatsu
streak camera, Model C4334, optically coupled to a charge-
coupled-device (CCD) array detector. This system allowed the
measurements of both the emission decay and the time resolved
emission spectrum. For this latter study a Chromex 205i imaging
spectrometer was used. The excitation source for these studies was
an all-solid state laser system from Spectra Physics, which incor-
porates the following components: a diode-pumped Millennia V-P
laser for exciting mode-locked lasing from a Tsunami (Model 3941-
M1S) Ti-sapphire laser, which in turn was amplified by a Spitfire
regenerative amplifier with a Merlin regenerative pump source.
Tunable, femtosecond radiation was acquired through the use of
an optical parametric amplifier (OPA-800P) in combination with
harmonic generation and sum-difference packages. The tunable
laser pulses were of ca. 150 fs in duration at a repetition rate of 1
kHz. For the present study, 488 nm pulses were used to excite the
oligonucleotide system. The ultimate time resolution that we have
been able to attain with this system, using Hamamatsu U4290
fluorescence analysis software, was estimated to be ∼10 ps.

Results and discussion

Steady-state fluorescence analysis of Alexa–MB–RedX was per-
formed at an excitation wavelength of 488 nm. Fig. 1a shows the
fluorescence spectrum of the stem-closed form, where the peak at

Fig. 1 Fluorescence spectra after excitation of Alexa–MB–RedX (1 lM)
in aqueous buffer solutions (20 mM Tris, 60 mM MgCl2), 500 mM
NaCl, pH = 7.0, at 488 nm in the absence (a) and presence (b) of target
DNA (10 lM).

515 nm corresponds to the fluorescence of the donor dye, Alexa,
and the peak at 592 nm corresponds to the fluorescence of the
acceptor dye, RedX. A ratio between the intensities of the donor
(I closed

Alexa ) and the acceptor dye (I closed
RedX ) fluorescences of 0.2 : 1 was

observed for the stem-closed form of the MB. The significantly
higher fluorescence intensity of the acceptor dye compared to the
donor dye is consistent with efficient energy transfer in the stem-
closed form. Upon addition of the complementary target ssDNA
the fluorescence signature changed significantly (Fig. 1b). A ratio
of the fluorescence intensities between the donor (Iopen

Alexa) and the
acceptor dye (Iopen

RedX) of 2.1 : 1 was observed, which is consistent with
diminished energy transfer in the stem-open form. The change in
fluorescence ratio upon addition of the target DNA corresponds
to a contrast ratio (eqn (1)) of approximately 10.

contrast ratio =
Iopen

Alexa

/
Iopen

RedX

I closed
Alexa

/
I closed

RedX

= 2.1
0.2

= 10.5a (1)

For practical applications of the MB, a high contrast ratio is
desired to detect target DNA or RNA sequences. However, the
contrast ratio is reduced by the residual emission of the donor dye
(e.g. Alexa) in the stem-closed form and the residual emission of
the acceptor dye (e.g. RedX) in the stem-open form.

To investigate the residual emissions in detail and ultimately
improve the MB design, time-resolved fluorescence experiments
were performed. Laser excitation at 488 nm (150 fs pulse width) of
the stem-closed form yielded time-resolved fluorescence spectra
and kinetic decay traces using a streak-camera. Fig. 2 shows
the fluorescence decay traces of the donor dye (Alexa) (a,b)
and the acceptor dye (RedX) (c,d) at a short (b,d) and a long
(a,c) observation time window. Excitation of Alexa generated a
fluorescence, which decayed multi-exponentially (see Table 1). The
fastest component of the decay (s3 < 50 ps) (Fig. 2b), within
our instruments response, is attributed to the energy transfer
quenching of Alexa by RedX (Fig. 2f). The longer components (s2

and s1) contribute to most of the fluorescence (∼98%). To ascertain
if these slow decay components are caused by rate limiting energy
transfer quenching (slow generation of excited states of RedX) or
are caused by defective MBs, where energy transfer quenching
is hindered, time-resolved fluorescence experiments were also
performed on a stem-closed MB which contains only Alexa, but
no RedX (Alexa–MB). Fig. 3c shows that the fluorescence decay
of Alexa–MB in the stem-closed form is very similar to the slow
component decay of Alexa–MB–RedX (Fig. 3a). In addition, a
comparison of the fluorescence lifetimes reveals that s2 and s1

as well as the intensity contributions are similar for both MBs
(Table 1). Therefore, we conclude that the slow decay components
(s2 and s1) of the “stem-closed” Alexa–MB–RedX are not caused
by slow energy transfer and does not generate excited states of
RedX. We interpret our observations as suggesting one or more of
the following: (i) energy transfer in a small fraction of the sample is
hindered, probably because some of the MBs opened without the
presence of target; (ii) some conformations of the stem-closed MB
sterically hinder energy transfer; and (iii) some of the MBs do not
contain a quencher. We note further that the fluorescence decays
of Alexa in the stem-open MBs, i.e., Alexa–MB–RedX (Fig. 3b)
and Alexa–MB (d), as well as that for the stem-closed Alexa–MB
(c) are similar as expected (see also Table 1).

This journal is © The Royal Society of Chemistry and Owner Societies 2006 Photochem. Photobiol. Sci., 2006, 5, 493–498 | 495



Fig. 2 Fluorescence decay of Alexa (a,b) monitored from 510 to 530 nm and RedX (c,d) monitored at 580 to 620 nm after laser excitation of Alexa at
488 nm (150 fs pulses) in aqueous buffer solutions of Alexa–MB–RedX (1 lM). The temporal instruments response is shown in (e,f).

Table 1 Photophysical parameters of stem-closed (absence of target) and stem-open (presence of target; 10 lM) of MBs (1 lM)

s1/ns (%)a s2/ns (%)a s3/ns (%)a PAA
b PAR

c PRR
d

3.0 (39%) 0.39 (61%) <0.05 (∼2%) 0.12 0.11 0.28

2.2 (73%) 0.55 (27%) — 0.16 0.10 0.25

3.0 (30%) 0.38 (70%) — 0.10 — —

3.1 (66%) 0.34 (34%) — 0.14 — —

2.4 (74%) 0.87 (26%) — — — 0.28

2.2 (82%) 0.70 (18%) — — — 0.25

a Fluorescence lifetimes (s) and corresponding fluorescence contribution (%). b Polarization values (PAA) for excitation of Alexa and emission of Alexa.
c Polarization values (PAR) for excitation of Alexa and emission of RedX. d Polarization values (PRR) for excitation of RedX and emission of RedX.
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Fig. 3 Fluorescence decay of Alexa monitored from 510 to 530 nm after
laser excitation of Alexa at 488 nm (150 fs pulses) in aqueous buffer
solutions of Alexa–MB–RedX (a,b) and Alexa–MB (c,d) in the absence
(a,c) and presence (b,d) of target DNA (10 lM).

Steady-state fluorescence spectra of the stem-closed Alexa–
MB (absence of target) and stem-open Alexa–MB (presence
of target) showed strong fluorescence of Alexa. However, the
fluorescence intensity of the stem-open form (presence of target)
increased approximately 35% compared to the stem-closed form
(see electronic supplementary information (ESI), Fig. S2†). This
is consistent with time-resolved fluorescence experiments (Fig. 3),
where the decay of Alexa in the stem-closed form of Alexa–MB (c)
is slightly faster than in the stem-open form (d). This quenching
effect of Alexa in the stem-closed form is probably caused by
guanosine residues. Because Alexa is covalently attached to dC, in
the stem-closed form dG is in close proximity due to hybridization
with dC (Scheme 2) and probably causing some quenching. In the
stem-open form the guanosine residue is separated from Alexa
and an approximately 35% stronger fluorescence is observed (see
ESI, Fig. S2†). Similar quenching effects have been reported for
fluorescent dye linked oligonucleotides.19–21

The fluorescence lifetime of the acceptor dye, RedX, was
examined. Fig. 4 shows that the fluorescence decays of RedX in
the stem-open Alexa–MB–RedX (b), stem-open MB–RedX (d),
and stem-closed MB–RedX (c) are very similar (see also Table 1).
However, the fluorescence of RedX decayed slightly faster in
the stem-closed Alexa–MB–RedX (a). Probably some quenching
of excited states of RedX by Alexa occurred due to the close
proximity of both dyes. Although both dyes, Alexa and RedX, are
known to have single exponential decays in free solution,22 it is
frequently reported that dyes covalently bound to DNA or RNA
show multi-exponential fluorescence decays due to inhomogeneity
and nucleotide interactions.23

Fluorescence depolarization studies provided further infor-
mation on the photophysics of the MBs. Table 1 shows the
polarization values (P) for the individual fluorophores and energy
transfer components. The P values were determined by exciting
one fluorophore with linearly polarized light and analyzing
the depolarization of the fluorescence at different wavelength
corresponding to the individual fluorophores. A fluorophore can
lose its polarization by rotation during its fluorescence lifetime.24

Fig. 4 Fluorescence decay of RedX monitored from 580 to 620 nm after
laser excitation at 488 nm (150 fs pulses) in aqueous buffer solutions
of Alexa–MB–RedX (a,b) and Alexa–MB (c,d) in the absence (a,c) and
presence (b,d) of target DNA (10 lM).

The similar polarization values of Alexa (PAA) for the MBs are
in agreement with their similar fluorescence lifetimes (Fig. 3).
Fluorescence polarization transfer from Alexa to RedX was
observed in the stem-closed Alexa–MB–RedX (PAR = 0.11). This
indicates efficient fluorescence energy transfer. The polarization
values of RedX (PRR) for all four samples (stem-closed and stem-
open Alexa–MB–RedX and MB–RedX) are very similar, which is
consistent with the similar fluorescence lifetimes (Fig. 4).

To investigate the photophysical properties of the stem-open
MBs an excess (10 fold) of target DNA to the MB was used in
the experiments described above. This excess was used to ensure
that the interference of stem-closed MB is negligible. The target
DNA concentration dependence on the MB opening equilibrium
was investigated in detail and is described in the ESI, Fig. S3.†
The MB showed a high sensitivity towards the target DNA. At
equimolar concentrations of target and MB more than 50% of the
MB opened to hybridize with the target. In control experiments
using a non-complementary target sequence, no opening of the
stem-closed MB was observable even at a large excess of non-
complementary target (see ESI, Fig. S4†).

Conclusions

We have designed a novel MB consisting of two fluorescent dyes
(Alexa and RedX) (Scheme 2), which changes its fluorescence
color upon binding to the complementary target DNA. Time-
resolved fluorescence experiments showed efficient energy transfer
from the donor (Alexa) to the acceptor (RedX) in the stem-closed
form. In the presence of the complementary target DNA the MB
opened efficiently and energy transfer is blocked in the stem-open
form (Scheme 1, right). This generates a fluorescence signature,
which is clearly distinguishable from the fluorescence signature of
the stem-closed form. The change in fluorescence signature rather
than in fluorescence intensity, as in traditional dye–quencher MBs
(Scheme 1, left), allows for ratiometric analysis of the fluorescence
signal. Ratiometric analysis is generally more superior compared
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to pure intensity changes.9 Our MB showed a high response ratio
of 10 upon addition of the complementary target DNA. Time-
resolved fluorescence experiments showed that the response ratio
of the MB can be improved by reducing the amount of the
defective MB, where energy transfer is hindered in the absence of
target. Traditionally, steady-state fluorescence spectroscopy is used
almost exclusively for genetic analysis in conjunction with MBs.
However, fluorescence lifetime and fluorescence depolarization
measurements are more powerful analytical tools, which give
additional information about the MB response to the target.25

This multi-technique approach should increase the reliability of
MBs in genetic analysis.
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