
Hybridization-Sensitive Fluorescent Probes for DNA and RNA by a
Modular “Click” Approach
Julian Gebhard, Lara Hirsch, Christian Schwechheimer, and Hans-Achim Wagenknecht*

Cite This: Bioconjugate Chem. 2022, 33, 1634−1642 Read Online

ACCESS Metrics & More Article Recommendations *sı Supporting Information

ABSTRACT: Fluorescent DNA probes were prepared in a
modular approach using the “click” post-synthetic modification
strategy. The new glycol-based module and DNA building block
place just two carbons between the phosphodiester bridges and
anchor the dye by an additional alkyne group. This creates a
stereocenter in the middle of this artificial nucleoside substitute.
Both enantiomers and a variety of photostable cyanine−styryl dyes
as well as thiazole orange derivatives were screened as “clicked”
conjugates in different surrounding DNA sequences. The
combination of the (S)-configured DNA anchor and the cyanylated
cyanine−styryl dye shows the highest fluorescence light-up effect of
9.2 and a brightness of approximately 11,000 M−1 cm−1. This
hybridization sensitivity and fluorescence readout were further
developed utilizing electron transfer and energy transfer processes. The combination of the hybridization-sensitive DNA building
block with the nucleotide of 5-nitroindole as an electron acceptor and a quencher increases the light-up effect to 20 with the DNA
target and to 15 with the RNA target. The fluorescence readout could significantly be enhanced to values between 50 and 360 by the
use of energy transfer to a second DNA probe with commercially available dyes, like Cy3.5, Cy5, and Atto590, as energy acceptors at
the 5′-end. The latter binary probes shift the fluorescent readout from the range of 500−550 nm to the range of 610−670 nm. The
optical properties make these fluorescent DNA probes potentially useful for RNA imaging. Due to the strong light-up effect, they will
not require washing procedures and will thus be suitable for live-cell imaging.

■ INTRODUCTION
The complexity and diversity of biological RNA functions, not
only for mRNA but also for any form of noncoding RNA,
generates an increasing need for visualizing RNAs in living cells
and organisms.1−4 One conventional methodology for
measurement of expression levels of RNAs is quantitative
real-time polymerase chain reaction (PCR), but this requires
the lysis of the cells and tissues. More insights were gained by
fluorescence in situ hybridization (FISH) with tagged probes.5

A slightly different but much more sensitive FISH method was
developed later that allows to precisely image RNA transcripts
by multiple (50−100) singly labeled, short oligonucleotide
probes (20 nts) by single-molecule spectroscopy (e.g.,
smFISH) in fixed tissues.6 This method even allows the
detection and quantification of RNAs at subcellular resolution
in zebrafish embryos.7,8 Oligofluorophore labeling of the FISH
probes reduces the total number needed for sensitive mRNA
imaging.9 However, imaging of the short functional RNA
pieces, including miRNAs, eRNAs, and other ncRNAs, in fixed
or even in living cells still requires research on fluorogenic and
hybridization-sensitive probes.10 Different concepts of fluo-
rescent probes that give a light-up effect induced by
hybridization to the target RNA include, for example,
exciton-controlled hybridization-sensitive fluorescent oligonu-

cleotide (ECHO) probes,11,12 DNA/RNA “traffic lights”13,14

molecular beacons15 and forced intercalation thiazole orange
(FIT) probes.16,17 These fluorescent oligonucleotide probes
have one thing in common that they had to be prepared using
individual DNA building blocks for each of the applied
fluorophores. In principle, the copper(I)-catalyzed alkyne−
azide cycloaddition (CuAAC) provides a much easier and
more versatile synthetic access to fluorophore-modified
oligonucleotides because any individual clickable DNA
building block can be conjugated to different fluorophores.
This allows the screening of a large number of potential
fluorophores. This type of click chemistry has been established
as a general synthetic tool for post-synthetic oligonucleotide
modifications in vitro18,19 and recently applied for the
preparation of super-sensitive multi-fluorophore FISH probes.
However, those fluorescent probes were not hybridization
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sensitive and require intensive washing steps for mRNA
detection which limits their sensitivity and application to fixed
cells. There are several promising approaches for RNA labeling
in vitro and in cells based on click reactions.20,21 This includes
the enzyme-directed incorporation of non-natural nucleotides,
for instance, artificial nucleosides as “stealth” fluorescent
labels,22 nucleosides with bio-orthogonally reacting groups
for metabolic labeling,23−25 and chemo-enzymatic approaches
for labeling RNAs for post-synthetic modifications.26 Herein,
we report new fluorescent oligonucleotide probes that are
hybridization-sensitive and were prepared in a modular
approach with a structurally simple building block using the

click post-synthetic modification strategy. The hybridization
sensitivity and fluorescence readout with DNA and RNA were
further developed utilizing electron transfer and energy transfer
processes in combinations with second modifications.

■ RESULTS AND DISCUSSION
General Concept. Thiazol orange and several dyes of the

cyanine−styryl type typically show enhanced fluorescence
intensity by interaction with or intercalating into DNA.27

Furthermore, the cyanine−styryl dyes are highly photostable
and show a large Stokes shift.28,29 Both have significant
advantages for fluorescence imaging of mRNA in cells or

Figure 1. Change from nucleosidic to non-nucleosidic DNA building blocks with previous clickable ethynyl-modified modules and glycol-based
module with clickable ethynyl group used in this work for hybridization-sensitive oligonucleotide probes.

Figure 2. (A) (a) DMT-Cl, pyridine, r.t., overnight, 68%; (b) PCl3, N-methylmorpholine, 1,2,4-triazole, CH2Cl2, 0 °C, 10 min, 69%. (B) (c) DMT-
Cl, pyridine, r.t., overnight, 70%; (d) CCl4, PPh3, pyridine, 60 °C, 12 h, 77%; (e) LDA, tetrahydrofuran (THF), −78 to 0 °C, 3 h, 73%; and (f)
PCl3, N-methylmorpholine, 1,2,4-triazole, CH2Cl2, 0 °C, 10 min, 69%.
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tissues. Therefore, we decided to use these types of dyes to
evaluate the hybridization sensitivity of our synthetic
oligonucleotide probes. To gain hybridization sensitivity we
assume that the dye has to be “clicked” close to the
phosphodiester backbone via a short linker locating the dye
in the proximity or even inside the DNA base stack.30 The
known clickable nucleosides with propargyl groups in the 2′ or
3′ positions do not follow this principle (Figure 1). In former
work, we already showed that 2′-deoxyribofuranoside can be
replaced by a clickable acyclic linker31 using both enan-
tiomers.32 Glycol is the smallest possible connection between
the phosphodiester bridges as evidenced by the glycol nucleic
acids (GNAs).33 To place the dyes into the DNA base stack,
we designed the clickable components 1 with the (S)-
configuration and 2 with the (R)-configuration at the central
carbon atom. We investigated both enantiomers for the aimed
hybridization sensitivity in different sequence contexts.
Synthesis of the Clickable DNA Building Blocks 4 and

9. The clickable DNA modules 1 and 2 differ only by their
configurations at the branching carbon center (Figure 2). All
our attempts failed to synthesize DNA with phosphoramidites
of 1 or 2 as building blocks for automated solid-phase
synthesis. We suppose that the nonbonding electron pair of the

P(III) in phosphoramidite reacts with the triple bond and
prohibits its use in conventional oligonucleotide synthesis.34,35

Therefore, we synthesized both clickable units, with (S)-and
(R)-configurations, as H-phosphonates 4 and 9 for automated
DNA synthesis. The syntheses could partially be based on
literature procedures and were therefore straightforward. For
linker 1 with the (S)-configuration,36,37 the synthesis is
completely according to the known literature procedure and
we followed those procedures.38−40 Linker 1 was subsequently
protected at the primary hydroxy function with the DMT
group in 68% yield using the standard procedure. Finally, 3 was
converted to H-phosphonate 4 in 69% yield. For linker 2 with
the (R)-configuration,41 the known literature procedure37,42,43

was altered using DMT as the protecting group instead of Bn.
Accordingly, the isopropylidene-protected starting compound
5 was protected by the DMT group at one of its primary
hydroxy functions. The other hydroxy function remains
unprotected in 6 and was converted into chloride 7. Double
elimination of 7 gave the DMT-protected linker 8 in 73% yield,
which was finally converted into the H-phosphonate 9 as a
DNA building block.

The fluorescent oligonucleotide probes were prepared using
automated DNA chemistry. The H-phosphonate chemistry44

Figure 3. Left: Sequences of the DNA probes modified with the label X by “clicking” linker 1 to dye azide 10 in the variable region 5′-Y-X-Z-3′ and
sequences of the complementary DNA (V and W are the canonical “counterbases” to Y and Z). Right: Fluorescence quantum yields ΦF(ss) of the
DNA single strands, fluorescence quantum yields ΦF(ds) of the double-stranded DNA, and the ratios ΦF(ds)/ΦF(ss) to quantify the light-up effect.
2.5 μM DNA probe, 2.5 μM DNA target, 10 mM NaPi buffer, 250 mM NaCl, pH 7, 20 °C, λexc = 450 nm.
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was solely applied for the coupling of the DNA building blocks
4 and 9 in combination with phosphoramidite chemistry for
coupling of the conventional monomers A, C, G, and T, similar
to the known literature procedures.45 After deprotection and
cleavage from the solid support, the synthesized oligonucleo-
tides were separated from the reaction mixtures by DMT-
affinity columns. The fluorescent dyes provide an azide
functionality that reacts specifically with the alkyne-modified
oligonucleotides in a CuAAC (click chemistry). After post-
synthetic labeling according to our published click proce-
dure,46 the oligonucleotides were treated with ethylenediami-
netetraacetic acid (EDTA) to remove copper salt impurities,
purified by semi-preparative reversed-phase high-performance
liquid chromatography (RP-HPLC), identified by matrix-
assisted laser desorption/ionization-time of flight (MALDI-
TOF) mass spectrometry, and quantified by UV/Vis
absorption at 260 nm (see the Supporting Information).
Optimization of the Fluorescence Readout for

Hybridization. The DNA base pairs adjacent to the
fluorescent probe typically influence the spectroscopic proper-
ties of the dye.24,47,48 For this reason, the first experiments

aimed to evaluate the sequence dependence of the fluorescent
readout and identify the optimal sequence environment(s)
representatively for the combination of the linker 1 with the
(S)-configuration and the dye from azide 10 in the center of
short DNA pieces (abbreviated with “X” in Figure 3). This dye
is a blue-green-emitting analogue of our recently developed
clickable dyes with very high photostability.49,50 The other
parts of the sequence of the oligonucleotide probes were
chosen randomly. The “counterbase” to the modification site
was A in this set of experiments. The different sequence
variations both at the 3′- and the 5′-side of the fluorophore
modification were compared to the fluorescence quantum yield
of the single strand ΦF(ss) vs the fluorescence quantum yield
of the double-stranded hybrid ΦF(ds) after annealing at high
temperature (90 °C). The light-up effect was quantified by the
ratio ΦF(ds)/ΦF(ss) (Figure 3). The highest light-up of 9.3
was achieved for the sequence 5′-T-X-T-3′, followed by 7.8 for
5′-A-X-G-3′ and 3.4 for 5′-T-X-G-3′ and 5′-A-X-T-3′. All
other combinations gave light-up values below 3.

We screened a set of pyridinium and quinolinium styryl−
indole dyes 10−16 based on our recently developed clickable

Figure 4. Left panel: Dye azides 10−19 used to modify the DNA probes DNA-S-10−DNA-R-19 with X in the optimized region 5′-T-X-T-3′ and
annealing with complementary DNA. Right panel: Fluorescence quantum yields ΦF(ss) of the DNA single strands, fluorescence quantum yields
ΦF(ds) of the double-stranded DNA, and the ratios ΦF(ds)/ΦF(ss) to quantify the light-up effect; 2.5 μM DNA probe, 2.5 μM DNA target, 10
mM NaPi buffer, 250 mM NaCl, pH 7, 20 °C, for λexc refer to λmax in Table 1.
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dyes with very high photostability,49,50 in addition to thiazole
orange derivatives 17−19. The dyes were synthesized based on
literature procedures,51−54 and the synthesis details are
described in the Supporting Information. All dyes were clicked
to the (S)-configured module 1 and the (R)-configured
module 2, both as nucleotide-analogue components X in
oligonucleotides with the optimized sequence 5′-T-X-T-3′ at
the modification site. We used A again as the counterbase to
the modification site since this showed a light-up effect for
both the (S)- and the (R)-configured linker. We measured
again the fluorescence quantum yield of the single strand

ΦF(ss) vs the fluorescence quantum yield of the double-
stranded DNA ΦF(ds) after annealing at high temperature, and
the light-up effect was again quantified by the ratio ΦF(ds)/
ΦF(ss) (Figure 4). Furthermore, the optical data are listed in
Table 1 including the brightness B. At first glance, the
configuration of the linker at modification site X does not
significantly alter the optical properties. However, a more
careful examination of the optical properties reveals, that the
(S)-configured anchor yields a slightly higher light-up effect.
For instance, for the dye from azide 10, the ratio ΦF(ds)/
ΦF(ss) is 9.2 for DNA-S-10 in comparison to 7.3 for DNA-R-

Table 1. Spectroscopic Data of Fluorescent Probes DNA-S-10−DNA-R-19

DNA
Tm

(°C)
λmax

(nm)
εmax (ds)

(103 M−1 cm−1)
λem (ss)
(nm)

ΦF
(ss)

ΦF
(ds) ΦF(ds)/ΦF(ss)

B = εmax·ΦF(ds)
(103 M−1 cm−1)

Stokes shift
(cm−1)

DNA-S-10 72 450 34 520 0.04 0.33 9.2 11 2990
DNA-R-10 72 450 35 520 0.03 0.24 7.3 8.3 2990
DNA-S-11 72 450 26 520 0.04 0.21 5.7 5.6 2990
DNA-R-11 71 450 20 520 0.04 0.16 3.8 3.2 2990
DNA-S-12 73 420 20 500 0.02 0.20 8.7 3.9 3810
DNA-R-12 73 420 20 500 0.02 0.14 6.5 2.8 3810
DNA-S-13 74 440 24 520 0.08 0.15 2.0 3.6 3500
DNA-R-13 73 440 23 520 0.09 0.18 2.1 4.2 3500
DNA-S-14 73 420 16 500 0.01 0.03 2.1 0.4 3810
DNA-R-14 73 420 16 500 0.02 0.04 2.1 0.6 3810
DNA-S-15 75 500 28 580 0.13 0.40 3.0 11 2760
DNA-R-15 74 500 28 580 0.13 0.41 3.2 11 2760
DNA-S-16 75 480 32 550 0.04 0.30 6.7 9.3 2650
DNA-R-16 74 480 32 550 0.04 0.20 4.7 6.4 2650
DNA-S-17 72 485 86 530 0.07 0.05 0.7 4.2 1750
DNA-R-17 72 485 86 530 0.06 0.05 0.7 4.0 1750
DNA-S-18 73 485 88 530 0.13 0.08 0.6 7.4 1750
DNA-R-18 74 485 96 530 0.11 0.11 1.0 11 1750
DNA-S-19 72 485 80 530 0.17 0.10 0.6 8.0 1750
DNA-R-19 71 485 86 530 0.15 0.12 0.7 9.9 1750

Figure 5. Left panel: DETEQ concept applied for DNA-S-10-N1 and DNA-S-10-N2. The electron transfer (ET) between X and N quenches the
fluorescence of the single strands but not of the double strands upon annealing. Right panel: Fluorescence quantum yields ΦF(ss) of the DNA
single strands, fluorescence quantum yields ΦF(ds) of the double-stranded DNA and DNA−RNA hybrids, and the ratios ΦF(ds)/ΦF(ss) to
quantify the light-up effect; 2.5 μM DNA probe, 2.5 μM DNA or RNA target, 10 mM NaPi buffer, 250 mM NaCl, pH 7, 20 °C, λexc = 450 nm.
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10. This difference could be rationalized by the right-handed
helicity of the DNA double helix. This is supported by the fact
that the configuration-dependent difference in the quantum
yield is observed only for double-stranded DNA probes, not
for single-stranded probes. The dye from azide 11 shows a
smaller light-up effect (5.7 for DNA-S-11 and 3.8 for DNA-R-
11), which was expected since the elongated spacer with three
CH2 units between the dye and the oligonucleotide anchor
moves the dye further away from the core DNA base stack and
thus allows more conformational flexibility. If the dye was
anchored by the nitrogen of the indole moiety (DNA-S-12 and
DNA-R-12), the light-up effect was only slightly diminished
(8.7 for DNA-S-11 and 6.5 for DNA-R-11) in comparison to
DNA-R-10 and DNA-S-10, but the brightness B was
significantly lower. In the dye azides 13−16, the alkyl spacer
was completely omitted, and the azide was directly attached to
the chromophore at the indole moiety, thereby replacing the
cyano group. These dyes differ in the pyridinium and
quinolinium parts, respectively. In this set of DNA probes,
only DNA-S-16 and DNA-R-16 showed a significant light-up
effect of 6.7 and 4.7, respectively, if at all. Since thiazole orange
was a very often used dye in hybridization-sensitive DNA
probes,24,47,48,55,56 we also tested three thiazole orange-derived
dye azides, 17−19, bearing spacers of two different lengths.
Unexpectedly, those three dyes did not show any light-up

effect when attached to DNA probes, which we cannot explain
based on their structures. Furthermore, the Stokes shift for
these DNA probes is only 10 nm, which is not meaningful for
fluorescence RNA imaging purposes. The melting temper-
atures of all duplexes DNA-S-10 to DNA-R-19 lie in the
narrow range between 71 and 75 °C, and do not correlate with
the observed light-up effect. This indicates that the light-up
effect is not the simple result of stacking inside the DNA/RNA
duplex, but results from a complex mixture of different effects,
including stacking and photophysical interactions. In summary,
the combination of the (S)-configured anchor and the dye
from azide 10 in DNA-S-10 shows the highest light-up effect
of nearly one order of magnitude and a suitable brightness of
more than 11,000 M−1 cm−1; we used that for further
improvement of the fluorescence properties.
Combination with the DETEQ Concept Using 5-

Nitroindole as a Fluorescence Quencher. In our earlier
work, we established the “DETEQ” concept (“detection by
electron transfer-controlled emission quenching”) for fluo-
rescent DNA probes, which uses the defined quenching of
fluorescence by electron transfer processes.57 As one example
of this concept we showed that 5-nitroindole quenches the
fluorescence of dyes in DNA single strands, but not in DNA
double strands if the 5-nitroindole moiety is placed near the
fluorescent DNA modification.58 We combined this quenching

Figure 6. Combination of the hybridization-sensitive probe DNA-S-10 with energy transfer (EnT). The second probe is modified with Cy3.5, Cy5,
and Atto590 as energy acceptors at the 5′ end (illustrated in red). Bottom left panel: Fluorescence intensity changes detected with the different
binary probes; λexc = 435 nm. Bottom right panel: Fluorescence intensity ratios between unbound DNA probes Fss and target RNA-bound probes
Fds; 2.5 μM DNA probe, 2.5 μM RNA target, 10 mM NaPi buffer, 250 mM NaCl, pH 7, 20 °C, λexc = 435/450 nm. *The DNA-S-15 probe was
used (instead of DNA-S-10) and excited at a wavelength of 450 nm or 500 nm.
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concept with the hybridization-sensitive probe DNA-S-10 that
was the result of sequence optimization in the previous part
(Figure 5). The 2′-deoxynucleoside of nitroindole (N) is
commercially available as phosphoramidite and is considered
as a universal base analogue since there is no significant base-
pairing selectivity with one of the canonical DNA bases A, C,
G, or T.59 We placed the 5-nitroindole nucleotide at two
different distances at the 5′ site of the dye labeling site X, with
one (N1) and two (N2) intervening T−A pairs. As expected,
the light-up effect of the fluorescence from the single-stranded
to the double-stranded DNA was enhanced. This was the result
of a significant lowering of the fluorescence quantum yield of
the single strand. These stands are in agreement with our
proposed mechanism according to our DETEQ concept.
Accordingly, the electron transfer in the single strand occurs
between the dye and the 5-nitroindole as a quencher over a
short distance by the flexible folding. After annealing to the
double strand, the electron transfer is inhibited by the
increased distance. The comparison of the fluorescence
properties of the DNA double strands shows this characteristic
behavior. The light-up effect on the fluorescence by hybrid-
ization is 9 without the nitroindole for DNA-S-10. With a
distance of only one intervening base pair between X and N in
DNA-S-10-N1, the fluorescence light-up effect increases to 20,
whereas DNA-S-10-N2 with two intervening base pairs
between X and N shows a lower light-up effect of 11. For
the later mRNA imaging application, we also checked the
hybridization properties of these DNA probes with RNA. In
the DNA−RNA hybrids, the light-up effect is increased from 7
(with DNA-S-10) over 9 (with DNA-S-10-N2) to 16 with
DNA-S-10-N2. Here again, just one intervening base pair
places X and N in the right position for optimal hybridization
sensitivity of the fluorescence readout. The latter value is
clearly in a range that will be suitable for fluorescent mRNA
imaging in cell biology.
Combination in Binary Probes Using Energy Transfer.

Binary oligonucleotide probes with two different fluorescent
labels have the general advantage that a fluorescence readout is
obtained only if both probes bind to the RNA target and
thereby come into proximity of 10 nm or closer to each other,
which is in the range of typical Förster radii of dye
combinations.60 The energy transfer quenches the donor
emission of the first probe upon its excitation and generates a
wavelength-shifted fluorescence of the acceptor emission of the
second probe. This concept was applied for mRNA imaging in
single living cells.61 The use of a nonradiative62 or “dark”63

intermolecular resonance energy transfer increases the
fluorescence readout since spectral overlaps between the
donor and acceptor emission typically generate poor signal-
to-noise ratios. It looked therefore reasonable to combine our
hybridization-sensitive probes in a binary probe concept
together with a variety of fluorescent dyes as potential energy
acceptors. In the single-stranded probe DNA-S-10 non-
radiative decay pathways dominate and there is only a low
fluorescence intensity detectable. As a result of hybridization to
the DNA or RNA target, these nonradiative pathways are
suppressed and fluorescence is turned on by 1 magnitude of
order, as described above. The suppression of nonradiative
decay pathways should also pave the way for energy transfer if
the donor emission overlaps with the absorbance of an
acceptor dye in the second probe (Figure 6).

The change in the fluorescence intensity was measured using
excitation at 435 nm, which is the characteristic wavelength for

the dye from azide 10 as an energy donor in these binary
probes. The fluorescence readout was measured at the typical
ranges of the acceptor dyes (with a fluorescence maximum of
610 nm for Cy3.5, 670 nm for Cy5, and 630 nm for Atto590).
All three dyes have a very low extinction at 435 nm;
nevertheless, there is a very small amount of background
fluorescence Fss detectable by direct excitation of these dyes.
More importantly, the fluorescence Fds is significantly
intensified by the presence of complementary RNA and the
probe DNA-S10 in the ternary complex. The fluorescence
intensity increases by a factor Fds/Fss of 52 (for the DNA probe
with Cy3.5; λexc = 435 nm), 360 (for Cy5; λexc = 435 nm), and
50 (for Atto590; λexc = 450 nm). If the dye from azide 15 was
used in DNA-S-15 together with a Cy5-binary probe, the
fluorescence intensity increases by a factor Fds/Fss of 212
(excitation at 450 nm). These contrast ratios for the acceptor
emission are significantly larger than the contrast ratio
achieved for the donor emission with DNA-S-10 alone (9−
10). This makes it clear that the fluorescence readout is
significantly enhanced by the use of binary probes. The
fluorescence contrast ratios are at least comparable or even
better than reported values for similar DNA probes in the
literature, like the FIT64,65 or DRET probes.63

■ CONCLUSIONS
Fluorescent oligonucleotide probes were prepared by a
modular approach using the click post-synthetic modification
strategy. The new glycol-based DNA building block is probably
the smallest possible clickable unit and nucleotide replacement,
with just two carbons between the phosphodiester bridges and
an additional alkyne group. Both enantiomers of this DNA
building block and a variety of photostable cyanine−styryl
dyes, as well as thiazole orange derivatives were screened in
different sequential contexts. The combination of the (S)-
configured DNA anchor and the cyanine−styryl dye from azide
10 in DNA-S-10 shows the highest fluorescence light-up effect
of nearly one order of magnitude and a suitable brightness of
more than 11,000 M−1 cm−1. This hybridization sensitivity and
fluorescence readout were further developed utilizing electron
transfer and energy transfer processes. The combination with
the nucleotide of 5-nitroindole as an electron acceptor and a
quencher in a distance with one intervening base pair increases
the light-up effect to 20 with the DNA target and 16 with the
RNA target. The fluorescence light-up effect as the readout
could be significantly enhanced by the use of a second DNA
probe with commercially available dyes, like Cy3.5, Cy5, and
Atto590, at the 5′-end. Using this binary probe concept,
fluorescence contrast ratios in the range between 50 and 360
were obtained. The latter values were obtained with a red-
shifted fluorescence readout from the range of 500−550 nm to
the range of 610−670 nm. Taken together, these new
fluorescent DNA probes have a significant potential for RNA
imaging in live cells which do not require washing procedures.
Additionally, they have the advantage that they can be
synthesized in a modular approach using click chemistry,
which makes the exchange of dyes to adjust the fluorescent
readout for a given biological imaging problem easy.

■ EXPERIMENTAL PROCEDURES
All experimental details are described in the Supporting
Information.
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