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Fluorescent probes that signal the presence of specific nucleic
acids are required in a variety of bioassays, including DNA
quantification, SNP typing (SNP = single-nucleotide poly-
morphism), and analysis of mRNA expression in living cells.[1]

The majority of probes take advantage of the distance-
dependent interaction between two chromophores. Sensitive
fluorescent hybridization probes show large hybridization-
induced enhancements of fluorescence emission, which may
reach signal-to-background ratios (SBR) on the order of 102.[2]

Selective probes enable single-nucleotide-specific fluores-
cence signaling. Success in both sensitive and specific DNA
and RNA detection has been achieved using DNA molecular
beacons (MBs, Scheme 1A).[3] These hairpin-shaped probes
have been designed to bring the two interacting dyes into
close proximity. The SBR is high, because in the absence of
target the fluorescence is efficiently quenched by fluores-
cence resonance energy transfer (FRET), collisional quench-
ing, and/or formation of ground- or excited-state complexes.
Molecular beacons bind target DNA with high match/
mismatch specificity, but only within a certain temperature
range that depends on the difference between thermal
stabilities of matched and mismatched probe–target com-
plexes.[4] It is, thus, impossible to distinguish matched from
mismatched targets at conditions for which both matched and
mismatched probe–target complexes co-exist.

The major limitation in molecular-beacon design is that
features that increase sensitivity are detrimental to the
sequence specificity of fluorescence signaling and vice versa.
Large fluorescence enhancements can only be obtained when
the stem region is readily opened, while high specificity calls
for stable stems that resist opening by mismatched hybrid-
ization. We envisioned an alternative beacon design. The
approach on one hand retains a signaling mechanism used in
molecular beacons, wherein two chromophores detect
changes of probe conformation, but it omits the requirement
for the formation of stable hairpin structures.[5] On the other

hand, “smart” labels are used that become fluorescent and
initiate FRET to a near-infrared dye only when the donor dye
is embedded in perfectly matched base pairs. It is shown that
the combination of the two processes, detection of conforma-
tional changes by a switch in energy transfer mechanisms and
signaling of altered stacking interactions of an intercalator
dye, allows for up to 108-fold fluorescence intensification
upon hybridization. Importantly, the stemless probes distin-
guish matched from mismatched targets at virtually any
temperature. Homogeneous detection of both DNA and
RNA targets is demonstrated.

The design approach is illustrated in Scheme 1B. An
intercalator dye, such as thiazole orange, is introduced as base
surrogate in a peptide nucleic acid (PNA)-based probe and
used as donor for FRET. A terminally appended near-
infrared (NIR) dye, such as NIR667, serves as acceptor dye. It
was expected that excitation of the donor in single-stranded
probes would induce negligible emission of the acceptor dye
because 1) the donor excited state is rapidly depleted owing
to torsional motion around the central methine bridge of
unstacked thiazole orange,[6] 2) the NIR667 (acceptor) dye is
quenched upon collisions with nucleobases, and 3) intramo-
lecular dye–dye dimers or short-lived collision complexes
may form, aided by the tendency of the uncharged, hydro-
phobic PNA molecule to adopt a collapsed structure in

Scheme 1. Comparison of A) molecular beacons with B) stemless FIT–
PNA beacons in the detection of complementary nucleic acids. In
stemless FIT–PNA beacons, an intercalator dye such as thiazole
orange (TO) serves as a base surrogate that signals stacking against
matched base pairs by FRET to a near infrared dye such as NIR667.
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water.[5c,d] In the double strand, excitation of the donor was
envisioned to prompt acceptor emission, because 4) the donor
is turned on owing to the restriction of torsional motion upon
stacking of thiazole orange against the formed base pairs,[5b,f,7]

5) the distance between the donor and the acceptor is
sufficiently low to permit FRET (less than 30 �), and 6) the
rigidity of the formed double helix hampers quenching caused
by donor–acceptor or acceptor–nucleobase contacts. Further-
more, the known responsiveness of the TO dye to distortions
of local duplex structure should also prevail in energy-transfer
processes. In a mismatch environment, the TO “base”
fluoresces poorly because it has room for twisting motions.[6]

It should thus be feasible to discriminate mismatched targets
beyond the thermal stability of probe–target complexes.

The probe system shares one feature with recently
disclosed FIT probes (FIT= forced intercalation): the use of
an intercalating cyanine dye as artificial nucleobase.[5f] Yet,
we expected that the interaction of the intercalator with a
second carefully chosen dye would substantially increase the
sensitivity. We first explored model sequences 1, 2, and 3
(Figure 1) as examples for donor-only labeled probes (1D,
2D, 3 D) that showed different abilities in producing fluores-
cence enhancement upon hybridization. The analysis of
fluorescence spectra measured before and after hybridization
with matched DNA revealed that the attachment of the NIR

acceptor dye in donor–acceptor-labeled probes 1DA, 2DA,
and 3DA increased the sensitivity by one order of magnitude.
For example, the TO dye in probe 1D has been shown to
confer a high sensitivity, characterized by a strong fluores-
cence enhancement Fss/Fds = 24, upon matched hybridization
with DNA ODN1 (Figure 2A).[6a] The donor–acceptor-

labeled probe 1DA proved even more sensitive owing to a
very low fluorescence background. The single-strand emission
quantum yield of TO in 1DA was decreased by 98 % from
fss = 0.0239 to fss = 0.0004 (Table 1). The simultaneous
decrease of quantum yield of NIR667 emission in 1DA
(fss = 0.005 as opposed to fss = 0.03 of acceptor-only probe
1A) suggests a contact-based mechanism of fluorescence
quenching. Further support was provided by UV/Vis spectra,
which revealed a red shift of the major absorption peaks of
both TO and NIR667 (see Figure S15 in the Supporting
Information). Such changes in the shape of the absorption
spectrum indicate that ground-state interactions contribute to
the quenching of TO and NIR667 emission.[8] The melt
analysis showed only insignificant changes of the meltingFigure 1. Test sequences used in this study.

Figure 2. Normalized fluorescence spectra of 1D, 1DA, and 1A before
and after addition of matched ODN1 upon excitation of A) TO
(lEx = 485 nm) and B) NIR667 (lEx = 620 nm). Conditions: 1 mm probe
and target in 100 mm NaCl, 10 mm NaH2PO4, pH 7.0 at 25 8C. F
(Fds(max)), fluorescence intensity (at emission maximum of double
strand).

Table 1: Fluorescence quantum yield and fluorescence enhancement of donor-labeled probes D, donor–aceeptor-labeled probes DA, and acceptor-
labeled probes A.[a]

PNA: X-gccgtk-Y-ltagccg-GlyCONH2

DNA: 3’CGGCAM-T-NATCGGC5’

D DA A
Y =Aeg(TO); X =Ac Y= Aeg(TO); X = Lys(NIR667) Y = a; X= Lys(NIR667)

lex = 485 nm lex =485 nm lex = 620 nm lex = 485 nm lex = 620 nm
Seq. k-M, l-N Fa F[b]

ds/F[b]
ss Fa(Q) F[b]

ds/F[b]
ss FQ(a) F[c]

ds/F[c]
ss FQ(FRET) F[c]

ds/F[c]
ss FQ F[c]

ds/F[c]
ss

1 a-T, a-T
ss: 0.0239

24
ss: 0.0004

28
ss: 0.0050

89
ss: 0.0012

108
ss: 0.0307

4.6
ds: 0.3057 ds: 0.0126 ds: 0.1138 ds: 0.0539 ds: 0.2399

2 c-G, t-A
ss: 0.2004

1.2
ss: 0.0043

7
ss: 0.0126

15
ss: 0.0026

13
ss: 0.0473

3.4
ds: 0.3011 ds: 0.0123 ds: 0.1318 ds: 0.0864 ds: 0.2115

3 a-T, c-G
ss: 0.0255

5
ss: 0.0009

12
ss: 0.0064

36
ss: 0.0022

39
ss: 0.0112

1.9
ds: 0.2524 ds: 0.0133 ds: 0.0184 ds: 0.0875 ds: 0.0789

[a] For measurement conditions, see Figure 2. [b] lem =530 nm. [c] lem = 691 nm. The error in the determination of the the quantum yield was
estimated as 10 %.
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temperature (Tm (1DA·OND1) = 75 8C, Tm (1 D·OND1) =

73 8C), which suggests that the dye–dye association is too
weak to affect the binding affinity of the PNA probe. In the
hybridized form, both TO and NIR667 became fluorescent, as
characterized by the 32- and 23-fold increases of the quantum
yields fds of TO and NIR667 emission, respectively, which
supported the notion that contact-based quenching was no
longer able to operate in the formed double helix. As a
consequence of FRET, formation of the probe–target duplex
was accompanied by a shift of the maximum of fluorescence
from 530 to 693 nm. Most remarkable was that hybridization
of 1DA resulted in 108-fold intensification of NIR667
emission when excited at the TO absorption wavelength.

The probes 2DA and 3DA provided further examples
wherein the introduction of NIR667 as acceptor for energy
transfer from TO improved the sensitivity by one order of
magnitude. For example, the presence of the NIR667 dye in
2DA again reduced fluorescence noise in the single-stranded
form of 2D by 98 % (Table 1, see also Figure S12 in the
Supporting Information). Likewise, the TO/NIR667-labeled
probe 3DA provided a 39-fold increase of the FRET signal
upon hybridization, whereas donor-only probe 3D allowed
only modest fivefold fluorescence intensification (F/F0 = 5)
upon hybridization (see Figure S13 in the Supporting Infor-
mation).

One aim of this study was to develop probes that combine
high sensitivity in nucleic acid detection with high specificity
even under nonstringent conditions. Probe 1DA was hybri-
dized with matched and single mismatched targets ODN1 and
ODN1G, respectively. Readout of TO emission or FRET-
induced NIR667 emission at 25 8C revealed that the addition
of matched DNA resulted in a sevenfold stronger signal than
addition of mismatched ODN1G (Figure 3A). Other mis-
matches (in ODN1 A and ODN1C) were also discriminated,
even though both matched and single mismatched probe–
target complexes coexist at this low temperature. Probe 2DA
allowed even better mismatch discrimination at nonstringent
conditions, while 3DA showed lower (twofold) selectivity
(Table S1 in the Supporting Information). The highest
specificity is obtained when both the selectivity of the TO
dye and the selectivity of probe–target recognition were
combined. At 65 8C and in the presence of matched target
ODN1, probe 1 DA furnished a 25-fold higher TO signal than
in the presence of mismatched target ODN1G (Figure 3C).
The NIR667 fluorescence of single mismatched duplexes was
almost as high as that of perfectly matched duplex
1DA·ODN1 (Figure 3A). Thus, direct excitation of the
terminally appended NIR667 dye provided an emission
signal that responds to hybridization but not to perturbations
of duplex structure such as those imposed upon mismatched
base pairing.

It is instructive to compare the specificity of fluorescence
signaling provided by stemless PNA beacons such as 1DA
with the specificity of DNA molecular beacons (Scheme 1)
that bind the same target sequence. The FAM and Cy5
fluorophors were selected because their emission appears at
similar spectral ranges as TO and NIR667 emission, respec-
tively. We screened three MB structures for highest match/
mismatch selectivity at 65 8C (see Figure S18 in the Support-

ing Information). This procedure required an extension of the
probe sequence and a relatively long (8 bp) stem region
(underlined) in MB1 (Figure 1). As expected, MB1 exhibited
low FAM emission, which intensified as matched target
ODN4 was added (Figure S21). The hybridization experi-
ments with single mismatched targets ODN4 G, ODN4A, and
ODN4C revealed an insufficient discrimination of mis-
matched target at conditions under which both matched and
single mismatched probe–target duplexes are formed (Fig-
ure 3B). This behavior was expected, as the specificity of
fluorescence signaling by MBs draws upon the selectivity of
probe–target recognition. In contrast, stemless PNA beacons
such as 1DA allow single-nucleotide-specific fluorescence
signaling even at nonstringent conditions (Figure 3A) owing
to the environmental sensitivity of the TO fluorescent base
surrogate. The specificity of MB1 is uncovered at elevated
temperatures (60–70 8C) near the Tm of the formed probe–
target duplexes (Figure 3D). The examined specificity factor
(Fma�F0)/(Fmi�F0) is independent of the dynamic signaling
range and should, thus, not be affected by the choice of
fluorophores.

We next explored the potential of the stemless PNA
beacons in RNA detection. The dual-labeled probe 4DA was
directed against a segment of TAR-RNA, which is respon-
sible for regulation of human immunodeficiency virus (HIV)
replication.[9] Hybridization of 4 DA with matched RNA
resulted in strong 25- and 32-fold enhancements of TO and
NIR667 emission, respectively (Figure 4A). To evaluate
whether other dyes of the thiazole orange family can be
used as environmentally sensitive donors, oxazole yellow
(YO) was incorporated in 5DA.[10] Again, fluorescence of

Figure 3. Specificity of fluorescence signaling by probe 1DA (A, C) and
by MB1 (B, D) presented as the ratio (Fma�F0)/(Fmi�F0) of the
background-corrected fluorescence intensities of matched (Fma) and
single mismatched (Fmi) probe–target duplexes (F0 = fluorescence of
single strand). A), B) 25 8C and C), D) 65 8C. Conditions: A), C) see
Figure 2 and B), D) 1 mm probe and target in 10 mm Tris-HCl, 30 mm

KCl, 2 mm MgCl2, pH 9.2; Tris = (HOCH2)3CNH2.
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5DA was efficiently quenched in the single-stranded form
(Figure 4B). Both YO and NIR667 emission responded to
RNA hybridization by showing 30- and 38-fold increases of
fluorescence. In a model study, we used probe 5DA to detect
a 650 nt long, in vitro transcribed RNA target (Figure 4C)
which spanned the TAR loop of the HIV genome within a
TAR-CAT fusion.[11] We assumed that 5 DA would be able to
bind the TAR-CAT RNA by opening the TAR loop at the
highlighted region. Indeed, hybridization of 5DA with TAR-
CATwas accompanied by 24- and 11-fold increases of YO and
NIR667 emission, respectively, when excited at the YO
absorption wavelength (467 nm, Figure 4D). Fluorescence
signalling was a fast process even at 25 8C, thus illustrating the
potential of PNA to invade base-paired targets.[12] The
nontarget control RNA led to a fivefold increase of YO
emission but had no effect on the FRET signal, as NIR667
emission remained virtually unchanged. Excitation at the
NIR667 absorption wavelength (620 nm) resulted in a 22-fold
fluorescence increase upon hybridization with TAR-CAT
RNA but also in a fourfold intensification with the control
RNA. Thus, when corrected for nonspecific background,
FRET signaling showed a higher fluorescence response,
presumably because FRET requires the formation of a

complete duplex structure in which neither donor nor
acceptor fluorescence can be quenched by dye–dye or dye-
nucleobase contacts.

We have shown that stemless PNA beacons are amongst
the most sensitive hybridization probes reported to date, as
evidenced by up to 102-fold fluorescence enhancements upon
hybridization. A unique feature of the presented stemless
PNA beacons, which is not offered by DNA molecular
beacons, is the combination of highly sensitive DNA detec-
tion with the possibility to distinguish matched from mis-
matched target at low temperatures, where both matched and
mismatched probe–target duplexes coexist. The dual-labeled
hybridization probes provide three different readout modes
to detect target DNA and RNA: A) use of TO or YO
excitation and emission (ex: 467 or 485 nm, em: 510 or
530 nm), B) use of NIR667 excitation and emission (ex:
620 nm, em: 691 nm) and C) use of FRET at YO or TO
excitation and NIR667 emission (ex: 467 or 485 nm, em:
691 nm). Modes B and C showed very high fluorescence
enhancements upon hybridization. Mode A provided best
mismatch discrimination, even at nonstringent hybridization
conditions. It is a notable feature that the distance between
the two interacting dyes in stemless PNA beacons is shorter
than in molecular beacons. This facilitates FRET-based
signaling (mode C), which is in fact described for the first
time to afford up to 102-fold signal increases with single-
nucleotide specificity.[13] Mode C also provided the highest
responsiveness over nonspecific background in hybridization
experiments with folded RNA targets in complex buffer
systems. Based on the very high target specificity and the very
high apparent Stokes shift (greater than 200 nm), FRET-
based signaling may be preferred when nucleic acid targets
are to be detected in biogenic matrices. Direct readout of TO
emission (mode A) should be preferred in single-base-muta-
tion analyses, as this mode provides very high (up to 25-fold)
mismatch discrimination. The comparison with our previous
single-labeled FIT–PNA reveals an extended applicability to
various sequence contexts. The omission of a stem segment
may facilitate the avoiding of cross-hybridization with non-
target sequences.[14] In brief, the observed shift of the emission
wavelength from the intercalator dye to the near infrared dye,
the high sensitivity, and the high specificity at nonstringent
conditions may be useful for reducing background in single-
base-mutation analyses and in live-cell RNA imaging.
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