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of Chemistry Fluorogenic hybridization probes are essential tools in modern molecular biology techniques. They allow
detection of specific nucleic acid molecules without the need to separate target-bound from unbound
probes. To enable detection of targets at low concentration, fluorogenic probes should have high
brightness. Here, we report the development of RNA hybridization probes (RNA FIT probes) that use
smart quenching and a light harvesting principle to enhance the brightness of fluorescence signaling.
The signaling mechanism is based on FRET between brightly emitting donor dyes and a fluorescent base
surrogate, such as quinoline blue (QB) or thiazole orange (TO). In the single-stranded state, QB/TO
nucleotides fluoresce weakly and quench the fluorescence of the donor dyes. Upon target recognition,
QB/TO stack with adjacent base pairs, resulting in enhanced fluorescence quantum yields. The donor

. 4 4th October 2024 dyes are blue-shifted by only 5-20 nm relative to the QB/TO nucleotides, allowing simultaneous
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Accepted 26th November 2024 excitation of both dye groups with efficient energy transfer. The combined photon absorption results in
exceptionally bright FIT probes. This feature facilitated the detection of RNA target in undiluted cell
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1 Introduction

Fluorogenic oligonucleotide hybridization probes enable the
detection of DNA/RNA when unbound probes cannot be sepa-
rated from bound probes, for example, in order to detect
specific nucleic acid sequences during polymerase chain reac-
tion (PCR) assays or in living cells.*”® The performance of a flu-
orogenic probe is defined by two key parameters: the degree of
fluorescence increase upon target binding and the brightness of
the fluorescence signal. The latter is important when probe/
target concentrations are low in relation to autofluorescence
of the matrix, a challenge that arises for measurements of cell
lysates, cells or even tissues.

One of the most frequently utilized detection principles is
based on the distance-dependent interaction between a fluo-
rescence donor and a fluorescence acceptor. Molecular Beacon-
type probes are designed to assume a hairpin shape that
permits energy transfer from one fluorophore to the other
chromophore.*® Binding of the target induces a conformational
rearrangement which increases the distance between the two
chromophores and thereby minimizes energy transfer. A
disadvantage of detection principles relying on large scale
conformational changes is that even interactions with nucleic
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acid-binding proteins can induce donor emission.® In the
majority of cases, read-out is focused on donor emission. In the
bound state, the acceptor chromophore plays a relatively minor
role; it can be considered a mere cargo that, at worst, limits the
maximum attainable intensity of the donor signal.

Herein we introduce a fluorogenic probe technology in
which energy transfer between two or more dyes persists in both
the unbound and bound states. This approach enables all dyes
to contribute to emission of the target-bound probe and thereby
enhance brightness of signaling. The method is based on FIT
probe methodology, which was introduced by us to increase the
sequence specificity of nucleic acid detection and facilitate RNA
live cell imaging. FIT probes are oligonucleotide probes with an
intercalator dye of the thiazole orange (TO) family inserted as
a surrogate nucleobase that serves as a hybridization
reporter.”** Upon target recognition, the TO-like intercalator
dye is embedded within the double helical base stack (Fig. 1A).
The resulting restriction of torsional motions around the
central methine bridge prolongs the lifetime of the excited
state, and hence increases fluorescence. The FIT probe meth-
odology was used previously for realtime PCR,""* live cell RNA
imaging,'*?* RNA double strand detection,* fluorogenic
aptamers®?** and was also considered for detecting RNA
editing.>>*

The brightness of fluorescent signaling by FIT probes is
limited by the TO-like dye incorporated as a fluorescent base
surrogate. TO and quinoline blue (QB) emit in a useful spectral
range (TO: 530 nm, QB: 600 nm) and, when incorporated into

© 2025 The Author(s). Published by the Royal Society of Chemistry
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(A) Principle of light-harvesting FIT probes. An intercalator dye (red) is linked as fluorescent base surrogate and quenches the emission of

the light harvester dye (magenta) in the single-stranded date. After hybridization with target RNA the light harvester transfers excitation energy to
the fluorescent base surrogate, which fluoresces due to restriction of twisting motions around the central methine bridge. (B) The absorption
maxima of the light harvester dyes such as AF568 and AF488 are blue-shifted by 5-20 nm relative to FIT dyes such as Ser(QB) or Ser(TO) enabling

efficient energy transfer (ET).

DNA FIT probes, provide up to 16-fold (TO) or 195-fold (QB)
increases of fluorescence upon hybridization. However,
brightness is limited by moderate quantum yields (TO: ¢ =< 0.5;
QB: ¢ = 0.6). To improve signal intensity, we introduced two TO
or QB dyes.”” Although sequence specificity was high, bright-
ness enhancements were rather small due to self-quenching.
Herein we present a new approach which involves coupling of
light-collecting “auxiliary dyes” to create extremely bright FIT
probes. The intercalator dyes QB,"®*° TO™'® and a tricyclic ben-
zothiazole containing TO derivative (TOy;.)*® were designed to
serve two distinct functions. In addition to their established role
as hybridization reporters, the fluorescent base surrogates were
hypothesized to function as smart acceptors of Forster reso-
nance energy transfer (FRET) from bright Alexa Fluor (AF) dyes
(568 or 488, Fig. 1B right).*' These auxiliary dyes were selected to
enable simultaneous excitation of both the auxiliary dye and the
hybridization reporter while permitting partial overlap
(Fig. S6t) with the absorption of the fluorescence base surro-
gate. The donor excitation maxima were blue-shifted by 5-
20 nm relative to the hybridization reporter. As result, excitation
energy can be transferred required that the two dyes are posi-
tioned in sufficient proximity. However, emission can only
occur if the torsions of the TO-like hybridization reporter dye
around the methine bridge are restricted by formation of the
probe-target complex. In addition, in the single stranded state,
the probe can adopt conformations that allow direct contact of
the two dyes. Therefore, in the absence of target, the hybrid-
ization reporter acts as quencher. In presence of target, inter-
calation prevents direct contact and the auxiliary dyes serve as
light collectors that increase the extinction coefficient of the
base surrogates acting as hybridization reporter. The base
surrogates can be regarded as “smart” FRET acceptors, given
that they act as quenchers in the absence of target and as
emitters when target is present.

© 2025 The Author(s). Published by the Royal Society of Chemistry

2 Results and discussion

We commenced our study by preparing DNA FIT probes (Fig. 2)
targeting the CDR3 regions of T cell receptor (TCR) mRNA in the
CCRF-CEM T cell line. The serinol-linked QB nucleotide Sq (see
Fig. 1B) was introduced at a central position of oligonucleotide
probes. Sqp was flanked by an LNA nucleotide, which increases
QB brightness most probably due to local rigidification of the
probe-target duplex.” During DNA synthesis, alkyne-modified
uridine was coupled at varied distances to the N-Tfa-protected
serinol nucleotide (Syg). Ammonia cleavage provided oligonu-
cleotides offering alkynyl groups and the serinol amino group
for post-synthetic introduction of dyes. First, Cu-click (step 1)
was used to conjugate the auxiliary dyes. For a combination
with the QB dye, we selected the sulfonated AF 568 dye and
assumed that the net negative charge would minimize interac-
tions with negatively charged DNA/RNA. The conjugation reac-
tion proceeded smoothly in 94% yield for C1-AF568. The HPLC-
purified material was used in the coupling of the QB dye (step
2). Employing HATU as activator of the carboxyl function and
PPTS as enhancer of QB solubility the coupling succeeded with
73% yield for C1-AF568-QB.*° This synthesis protocol proved
robust and provided rapid access to multi-labelled
oligonucleotides.

Hybridization of the QB-containing FIT probe C1-QB with
the RNA target was accompanied by a 44-fold increase in fluo-
rescence quantum yield (Fig. 3A). For comparison, we prepared
probe C1-AF568, which tethers an AF568 dye to the 5-position of
a uridine. This probe has near unity quantum yield (Table S37)
and is much brighter than C1-QB, but non-responsive (Fig. 3B,
C and Tables S2, S3t), indicating efficient dye solvation in both
single and double stranded states. Of note, introduction of the
QB dye in C1-AF568-QB rendered emission from AF568
responsive to hybridization, as shown by the low fluorescence of
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Fig. 2 Step wise labelling of oligonucleotides with AF568 and QB via Cu-click (step 1) and amide bond formation (step 2) to form the light
harvesting FIT probes. HPLC traces show the analysis of aliquots from the reaction mixture after step 1 (left) and step 2 (right).

the single stranded probe (Fig. 3D). The absorption band at
550 nm indicates dye-dye contact in the absence of target RNA.
Importantly, target-bound dual labelled probe C1-AF568-QB is
brighter than the mono-labelled probe C1-QB (Fig. 3A, right). Of
note, quantum yields of both single stranded and target-bound
states (Table S3t) remained at the level of the C1-QB probe
indicating that excitation energy is efficiently transferred from
AF568 to QB. Excitation spectra would provide little additional

A) |

information due to the extreme similarity of the donor and
acceptor spectra. We conclude that bright emission of target-
bound C1-AF568-QB results from a combination of extinction
coefficients of the dye constituents. The overlap between the
emission spectrum of AF568 and the absorption spectrum of QB
(Fig. S61) should result in sufficient Forster radii (see Table S9t
for an estimation). This should make it possible to position
AF568 on nucleotides that are not in close proximity to the QB
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C1-AF568: ATACTGCGTATCU 156:ST CCCAAGGCTGCT
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C5-2AF568-QB: ATACTGCGTATCU s s565SasUarsss CCCAAGGCTGCT
C6-2AF568-QB: ATACTGCGTATCU 568 qaTi CCCAAGGCU r555GCT
C7-2AF568-QB: ATACUr555GCGTATCU prs6SqsT, CCCAAGGCTGCT

a0y,

C1-AF568-QB

o

c1-QB C) C1-AF568 D)

«
8
S

400 300 400 309 400

300 300 300
200 200

N
8
3

200 200 200

100 100 )
100 / 100 ¥ 100

+0 0 10 0 = 0

£(A) / L.mol.cm-1*103

o

J1-2AF565-QB: GGTGU 4r56AGCCATAS 5T, UprsssAGCCGAACAGGTC

Brightness

0 40 80 120 160 403 Mt omt

C7-2AF568-QB

E) C5-2AF568 F)

300 400 300
200 200

100 X 100-

AEIVANN

550 600 650 700 550 600 650 700 550 600 650 700

Wavelength / nm Wavelength / nm Wavelength / nm

Absorbance ... Single strand
— Double strand

Fig. 3

10 0 = 10

550 600 €50 700 550 600 650 700 550 600 650 700
Wavelength / nm Wavelength / nm Wavelength / nm

Fluorescence ... Single strand

—— Double strand

(A) Comparison of hybridization-induced enhancement in fluorescence quantum yield (¢qs/¢ss, black and grey bars left) and maximum

achievable brightness (red bars, right) in double-stranded state for FIT probes containing only QB, only AF568 or both dyes. (B—G) Comparison of
absorbance spectra (black) and fluorescence spectra (red) of indicated probes before (dotted lines) and after (solid lines) hybridization with the
complementary RNA. Subscript L mark LNA nucleotides, conditions: 200 nM probe and 4 eq of RNA target in PBS (100 mM NaCl, 10 mM

NazHPOy4, pH 7) at 25 °C. Aex = 560 Nnm, Aem = 570—800 nm.
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dye and still maintain energy transfer. In oligonucleotides C2-,
C3- and C4-AF568-QB, the AF568 dye was separated from the QB
hybridization reporter by 2, 4 or 8 spacer nucleotides (Fig. 3A).
The added extinction coefficients of the two dyes ensured an
enhanced brightness of the probes while maintaining low
single-strand fluorescence due to QB-induced quenching of
AF568 emission in absence of target (Fig. 3A and Tables S2, S37).
A comparison of the four probes shows that fluorescence turn-
on is increased with decreasing AF568-QB distance (Fig. 3A,
left). The accompanying decrease in single strand fluorescence
(Table S2t) suggests that proximity facilitates quenching of
AF568 by QB. It is instructive to plot the overall quenching
efficiency for single stranded and target-bound forms of the
AF568-QB probes (Fig. 4). This plot puts their emission intensity
in relation to the emission intensity that would be expected if
fluorescence emission of single labelled AF568 and QB probes
were additive. In the single stranded state, arranging the dyes in
1, 3 or 5 nucleotides distance quenching efficiency is very high
with values >93%. This shows that non-intercalated QB is an
efficient quencher of AF568 emission. For C4-AF568-QB the
quenching efficiency drops to 80%, which is plausible given the
increased distance (9 nt) between the two dyes. Target-bound
probes show much lower quenching due to a 45-fold increase
of QB quantum yield upon hybridization. The fact that
quenching efficiency does not reach zero values suggests that
energy transfer occurs also in the target-bound state. It is not
possible to selectively excite and read the emission of the donor
dye or the acceptor dye. Therefore, conventional methods for
determining FRET efficiencies are not applicable. For an esti-
mation, we compare the quantum yield of donor-acceptor-
labelled probes with that of the corresponding probes con-
taining only a single dye. At 100% FRET efficiency, the quantum
yield should be governed by the acceptor dye, whereas an
arithmetic mean of the quantum yields would be expected if the
two dyes emit independently. This analysis suggests a high
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Fig. 4 Quenching efficiencies (Q) for the light harvesting FIT probes
before (blue triangles) and after (orange squares) hybridization with
target RNA. Q =1 - Fiar-ap)/(Fiar) + Fiam). where Fiar-qp) is the inte-
grated fluorescence intensity of the light harvesting FIT probes con-
taining AF568 and QB, Fgg) and Faf) are the integrated fluorescence
intensities of the corresponding QB-FIT probes and AF-568 containing
probes upon excitation at 560 nm.
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efficiency of FRET in C1-AF568-QB (¢4s = 0.56 vs. ¢gs = 0.93 and
0.53 for C1-AF568 and C1-QB, respectively), which decreases
substantially for C4-AF568-QB (¢q4s = 0.65 vs. ¢gs = 0.95 and 0.53
for C4-AF568 and C4-QB, respectively). We conclude, that the
two dyes begin to emit independently as the FRET efficiency is
affected by the increasing distance. As a result, C4-AF568-QB is
brighter than C1-AF568-QB.

Next, we examined probes containing two auxiliary dyes in
addition to the QB nucleotide. Due to the highest fluorescence
turn-on, the first auxiliary dye was placed adjacent to QB. In C5-
2AF568-QB, the two AF568 dyes were placed as 3’ and 5 next
neighbours of the QB base surrogate. This probe showed char-
acteristics of aggregation-induced quenching (Fig. 3F).
Quantum yields were low (¢gs = 0.02, ¢gs = 0.04), and
quenching efficiency (Fig. 4) estimated from fluorescence of
single labelled probes was high in both single and double
stranded states. Also in absence of the QB dye in C5-2AF568,
fluorescence quantum yields were much lower than observed
for single AF568-labelled probes (¢4s5(C5-2AF568) = 0.26 vs.
¢as(C1-AF568) = 0.92). This and the absorption spectra (peak at
540 nm, Fig. 3E) suggest that proximity allows the AF568 dyes to
readily form an H-dimer.*” In stark contrast, probes C6-2AF568-
QB and C7-2AF568-QB (Fig. 3A) showed exceptional brightness
of up to 179000 M~ " em ™" (Table S4t). These probes contained
the second auxiliary dye in 10 or 7 nt distance to the first AF568
dye. Importantly, in the single stranded state, the single QB dye
was still able to quench emission of the two AF568 dyes,
enabling 14- to 17-fold enhancements in fluorescence upon
hybridization (Fig. 3G and S27). In J1-2AF568-QB, which is
specific for the TCR CDR3 region expressed by Jurkat cells, we
again placed the first AF568 near the QB dye, and the second
AF568 in a larger distance to prevent aggregation-induced self
quenching. In this sequence context too, introduction of a QB
base surrogate and two light harvesting AF568 dyes provided the
desired features of high brightness in the target-bound state
while fluorescing poorly in the absence of target (Fig. S27).

With proof of principle established, we moved on to the
development of probes that would allow measurements in the
presence of nucleolytic enzymes in cells and cell lysates (Table
1). 2’-OMe modifications were introduced into the backbone. In
most cases, the resulting RNA FIT probes provided even higher
brightness and higher extents of hybridization-induced fluo-
rescence enhancements than the DNA FIT probes (Table 1). To
explore the generality of the light harvesting approach we also
prepared RNA FIT probes based on thiazole orange nucleotides,
which emit in the green spectral region. TO and its recently
discovered tricyclic analogue TOy;. were combined with AF488
dyes.*® The excitation maxima of AF488 are blue-shifted by 15-
20 nm relative to TO and TOy;.. Again, with brightness values up
to 99000 M~ " cm™ " the presence of the auxiliary dyes ensured
high emission intensity of target-bound probes while TO and
TOyi. retained the ability to quench the emission in the single
stranded state.

Increased brightness of fluorescence signals is advantageous
when the concentration of the probe is low and/or when back-
ground is high due to matrix autofluorescence. In this regard, it
is instructive to compare probes C7-2AF568-QB-OMe and C7-

Chem. Sci., 2025, 16, 846-853 | 849
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Table 1 2-OMe gapmer FIT-probes in the red (QB)“ and green (TO,
TOtric)? fluorescence channels targeted against RNA

Probe ¢ss ¢ds ¢ds/¢ss Br6/103
C1-AF568-QB-OMe 0.036 0.52 14.4 109.6
AUACUGCGUAUCUArs6sSas TLCCCAAGGCUGCU

C7-2AF568-QB-OMe 0.049 0.65 13.3 224.8
AUACUArs6sGCGUAUCU Ars63Sae TLCCCAAGGCUGCU

JK1-2AF568-QB-OMe 0.048 0.56 11.7 155.2
GGTGUArs6sAGCCATASqeT UArsssAGCCGAACAGGT

C1-AF488-TOyj.-OMe 0.041 0.49 11.8 60.0
AUACUGCGUAUCU aragsStorric TLCCCAAGGCUGCU

C7-2AF488- TOy;i. -OMe 0.050 0.46 9.18 96.5
AUACUrassGCGUAUCU arassStoric TLCCCAAGGCUGCU

JK1-2AF488-TOyi. OMe 0.045 0.44 9.6 99.4

GGTGUnrassAGCCATAStotricTLUArassAGCCGAACAGGT

% dex = 560 nm, Ao, = 570-800 nm. b Aex = 485 nm, Aey, = 500-700 nm.
© At £ax in M~ em L. Underlines mark 2’-OMe modifications.

QB-OMe, which have different characteristics. While C7-QB-
OMe provides the highest enhancement of fluorescence inten-
sity upon hybridization (75-fold for C7-QB-OMe vs. 18-fold for
C7-2AF568-QB-OMe), C7-2AF568-QB-OMe is much brighter
(Bmax (C7-2AF568-QB-OMe) = 224.800 M~ cm ™" vs. Bryay (C7-
QB-OMe) = 72.500 M~ ' em ™). This proved important for the
detection of small amounts of the target RNA. Increasing
amounts of target RNA were added to probes C7-2AF568-QB-
OMe and C7-QB-OMe in PBS and the fluorescence intensity at
600 nm was measured (Fig. 5A). Light-harvesting probe C7-
2AF568-QB-OMe afforded a 40 pM limit of detection (LOD)
compared to 2 nM with the traditional FIT probe C7-QB-OMe.
The increased sensitivity of the light-harvesting probe is
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mainly due to a smaller influence of deviations in the
background-corrected fluorescence F — F,,. For example, at 1 nM
target the standard deviation amounts to 17% of the signal
provided by C7-QB-OMe but only to 3% for C7-2AF568-QB-OMe.

Next, we evaluated the probes in undiluted cell lysates, which
is a challenging matrix due to its autofluorescence and viscosity.
Plotting the target-dependent fluorescence increase against
target concentration showed again a larger slope for the light-
harvesting FIT probe (Fig. 5B), which indicates a higher sensi-
tivity for RNA detection also in this matrix. The two auxiliary
dyes in C7-2AF568-QB-OMe provided a 4-fold improvement in
the limit of detection (LOD: C7-2AF568-QB-OMe, 2 nM; C7-QB-
OMe, 8 nM). The lower performance of probes in lysate has been
observed previously.” Single stranded FIT probes tend to show
stronger emission in viscous environment and standard devia-
tions are higher, which might be due to a viscosity response.*

To further increase matrix complexity and explore scope and
limitations, we examined FIT probes in the flow cytometry-based
detection of mRNA in living cells. This application presents
a significant challenge, particularly due to the low mRNA target
concentrations and the difficulties in delivering probes into cells.
This can lead to situations where either an inefficient number of
probes have entered the cell to generate contrast against the
background of cellular autofluorescence or an excess of probes
remain unbound or mislocalize/aggregate when cell uptake is
forced. We tested how FIT probes responded to different mRNA
targets that encode the hypervariable CDR3 region of the T cell
receptor (TCR). Microporation was used to deliver the probes
into “difficult-to- transfect” T cells. Most of the cells (60-80% of
10° cells, Fig. S71) survived a 25 ms, single 240 V pulse, which
allowed relatively weak staining. Jurkat cells were subjected to
microporation with probes that were designed to target their TCR
mRNA. In initial experiments, microporation was conducted
using “traditional” FIT probes, which contained only QB dyes.
However, no discernible difference was observed between cells
treated with the probe and those subjected to mock micro-
poration (data not shown), indicating that the fluorescence
intensity was insufficient to yield meaningful results given the
low efficiency of delivery. With the brighter light-harvesting
probe JK2 it was possible to observe a population of Jurkat
cells that exhibited fluorescence levels exceeding those observed

B) 100% cell lysate
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Fig. 5 RNA detection in (A) PBS buffer and (B) 100% cell lysate (obtained from CCRF-CEM cells (ACC 240, Leibniz Institute DSMZ-German
Collection of Microorganisms and Cell Cultures)). Fluorescence intensities measured for the C7-QB-OMe (black line) and C7-2AF568-QB-OMe
at different concentrations of synthetic target RNA. Fluorescence intensity for the cell lysate without probe is denoted by the orange triangle in
(B). Zex = 560 NnM, Aem = 600 Nm.
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Fig. 6 Flow cytometric evaluation of light-harvesting FIT probes in the detection of TCR mRNA in Jurkat cells and CCRF CEM cells. Histograms

of Jurkat cells or CCRF CEM cells after mock eletroporation and after
Comparison of the percentage of cells having fluorescence higher than

electroporating with the (A) JK2 probe and the (B) CEM14 probe. (C)
autofluorescence after microporation (data from 5-6 replicates). Cell

lines were originally purchased from the Leibniz Institute DSMZ-German Collection of Microorganisms and Cell Cultures: Jurkat (ACC 282) and

CCRF-CM (ACC 240).

in mock microporation (Fig. 6A). Flow cytometric analysis of six
replicates demonstrated that following the delivery of JK2, 26%
of cells exhibited higher fluorescence than the background
(Fig. 6C). The mean fluorescence intensity of Jurkat cells was
increased by an average of 177% (Table S107). For comparison,
delivery of JK2 into CCRF CEM cells (which express a different
TCR) resulted in a lower increase of fluorescence intensity
(+68%) and only 12% of the 6 x 10° to 15 x 10> live CCRF CEM
cells analyzed exhibited higher than background fluorescence
(see Fig. 6A, right for an example and Fig. 6C for averaged data). A
control experiment used probe CEM14 (Fig. 6B) to target the TCR
mRNA expressed by CCRF CEM cells. Microporation of CEM14
enhanced the mean fluorescence intensity of live CCRF CEM
cells by 120%, compared to 67% of live Jurkat cells (Table S107).
On average, 15% of the CCRF CEM cells had higher fluorescence
than mock-microporated cells, whereas only 6% of the CEM14-
treated Jurkat cells exceeded background fluorescence (Fig. 6C).

It should be noted that the fold changes of mean fluores-
cence intensity induced by the probes were relatively small,
probably due to the mild microporation protocol. Under these
conditions, only a small fraction of the cells will receive probes.
Harsher microporation would result in more efficient delivery.
However, this increases the number of dead cells, which tend to
acquire large amounts of probe and therefore give false posi-
tives. Further work is needed to improve delivery. Notwith-
standing the challenges, the observation that (i) JK2 designed to
target an mRNA target present in Jurkat cells but not in CCRF
CEM cells induces higher fluorescence in Jurkat cells than in
CCRF CEM cells and that (ii) CEM14 targeted against mRNA
expressed by CCRF CEM cells but not by Jurkat cells increases
stronger fluorescence increases in CCRF CEM cells suggests
that the probes engage on the target.

3 Conclusions

We have developed a method to improve the brightness of flu-
orogenic hybridization probes (FIT probes) by introducing
auxiliary dyes that serve as light harvesters. A distinctive feature
of the probes is that the light-collecting dyes transfer excitation

© 2025 The Author(s). Published by the Royal Society of Chemistry

energy to a base surrogate, which only fluoresces if it can enter
into stacking interactions with neighboring base pairs by form-
ing the probe-target duplex. In the single-stranded state, dyes in
the thiazole orange family act as fluorescence quenchers. Our
data show that a QB or TO nucleotide can quench the fluores-
cence of two light-harvesting AlexaFluor dyes. It is conceivable
that fluorescence quenching would be maintained if further AF
dyes were introduced. The intercalation of the QB or TO dye,
forcibly formed by hybridization with the target, closes quench-
ing channels. The achievable quantum yields are limited by the
QB or TO dyes, indicating energy transfer from the AF to the QB/
TO dyes. Bright fluorescence obtained upon target binding is the
result of more effective photon absorption. A prerequisite for this
is to avoid quenching interactions between the light-harvesting
dyes. Our data demonstrate that this is possible when the dyes
are attached at a distance of 7-11 nucleotides to 5-alkynylpyr-
imidines by click reaction.

Due to the combination of bright fluorescence on the target
and weak emission of the single strands, the light-harvesting FIT
probes enabled the sensitive detection of RNA in challenging
matrices such as pure cell lysate. In a scope and limitations
study, we examined how the probes respond to the presence of
target mRNA in live cells. In spite of challenges with the amount
of probes delivered into T cells, the evidence suggests that the
probes engage with their target. Firstly, probes designed to target
an mRNA target present in Jurkat cells, but not in CCRF CEM
cells, resulted in higher fluorescence levels in Jurkat cells than in
CCRF CEM cells. Secondly, microporation of probes targeting the
TCR mRNA of CCRF CEM cells induce higher fluorescence levels
in CCRF CEM cells than in Jurkat cells. We conclude, the
markedly enhanced brightness resulting from the incorporation
of light-harvesting dyes into FIT probes is anticipated to be
beneficial in a multitude of application scenarios.

Data availability

The datasets supporting this article have been uploaded as part
of the ESL.{

Chem. Sci., 2025, 16, 846-853 | 851


http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d4sc06729k

Open Access Article. Published on 02 December 2024. Downloaded on 1/18/2026 4:36:50 PM.

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

(cc)

Chemical Science

Author contributions

A. H. synthesized and evaluated the properties of oligonucleo-
tide probes. A. K. and U. G. performed the biological experi-
ments. A. H. wrote the first draft of the manuscript. O. S.
conceived the research and wrote the final draft of the
manuscript.

Conflicts of interest

There are no conflicts to declare.

Acknowledgements

We acknowledge HS Diagnomics GmbH (Berlin, Germany) for
sharing sequencing data and Marcus Frohme (Technical
University of Applied Sciences Wildau, Wildau, Germany) for
help with cell cultures. We are grateful for support from Deut-
sche Forschungsgemeinschaft, Se819/21-1.

Notes and references

1 A. R. Buxbaum, G. Haimovich and R. H. Singer, In the right
place at the right time: visualizing and understanding mRNA
localization, Nat. Rev. Mol. Cell Biol., 2015, 16(95), 109.

2 B.Faltin, R. Zengerle and F. von Stetten, Current Methods for
Fluorescence-Based Universal Sequence-Dependent
Detection of Nucleic Acids in Homogenous Assays and
Clinical Applications, Clin. Chem., 2013, 59, 1567-1582F.

3 F. Tomoike and H. Abe, RNA imaging by chemical probes,
Adv. Drug Deliv. Rev., 2019, 147, 44-58.

4 S. Tyagi and F. R. Kramer, Molecular beacons: probes that
fluoresce upon hybridization, Nat. Biotechnol., 1996, 14,
303-308.

5 S. Tyagi, D. P. Bratu and F. R. Kramer, Multicolor molecular
beacons for allele discrimination, Nat. Biotechnol., 1998, 16,
49-53.

6 R. W. Dirks, C. Molenaar and H. ]J. Tanke, Methods for
visualizing RNA processing and transport pathways in
living cells, Histochem. Cell Biol., 2001, 115, 3-11.

7 O. Seitz, F. Bergmann and D. Heindl, A convergent strategy
for the modification of peptide nucleic acids: novel
mismatch-specific PNA-hybridization probes, Angew. Chem.,
Int. Ed., 1999, 38, 2203-2206.

8 O. Kohler and O. Seitz, Thiazole orange as fluorescent
universal base in peptide nucleic acids, Chem. Commun.,
2003, 2938-2939.

9 O. Kohler, D. V. Jarikote and O. Seitz, Forced intercalation
probes (FIT Probes): thiazole orange as a fluorescent base
in peptide nucleic acids for homogeneous single-
nucleotide-polymorphism detection, Chembiochem, 2005, 6,
69-77.

10 L. Bethge, I. Singh and O. Seitz, Designed thiazole orange
nucleotides for the synthesis of single labelled
oligonucleotides  that  fluoresce = upon  matched
hybridization, Org. Biomol. Chem., 2010, 8, 2439-2448.

852 | Chem. Sci., 2025, 16, 846-853

View Article Online

Edge Article

11 F. Hovelmann and O. Seitz, DNA stains as surrogate
nucleobases in fluorogenic hybridization probes, Acc.
Chem. Res., 2016, 49, 714-723.

12 F. Hovelmann, L. Bethge and O. Seitz, Single labeled DNA
FIT probes for avoiding false-positive signaling in the
detection of DNA/RNA in gPCR or cell media,
Chembiochem, 2012, 13, 2072-2081.

13 E. Socher, D. V. Jarikote, A. Knoll, L. Roglin, J. Burmeister
and O. Seitz, FIT probes: peptide nucleic acid probes with
a fluorescent base surrogate enable real-time DNA
quantification and single nucleotide polymorphism
discovery, Anal. Biochem., 2008, 375, 318-330.

14 J. Chamiolo, G. M. Fang, F. Hovelmann, D. Friedrich,
A. Knoll, A. Loewer and O. Seitz, Comparing agent-based
delivery of DNA and PNA forced intercalation (FIT) probes
for multicolor mRNA imaging, Chembiochem, 2019, 20,
595-604.

15 F. Hovelmann, I. Gaspar, S. Loibl, E. A. Ermilov, B. Roder,
J. Wengel, A. Ephrussi and O. Seitz, Brightness through
local constraint-LNA-enhanced FIT hybridization probes
for in vivo ribonucleotide particle tracking, Angew. Chem.,
Int. Ed., 2014, 53, 11370-11375.

16 1. Gaspar, F. Hovelmann, J. Chamiolo, A. Ephrussi and
O. Seitz, Quantitative mRNA imaging with dual channel
gFIT probes to monitor distribution and degree of
hybridization, ACS Chem. Biol., 2018, 13, 742-749.

17 A. G. Torres, M. M. Fabani, E. Vigorito, D. Williams, N. Al-
Obaidi, F. Wojciechowski, R. H. Hudson, O. Seitz and
M. ]J. Gait, Chemical structure requirements and cellular
targeting of microRNA-122 by peptide nucleic acids anti-
miRs, Nucleic Acids Res., 2012, 40, 2152-2167.

18 Y. Kam, A. Rubinstein, A. Nissan, D. Halle and E. Yavin,
Detection of endogenous K-ras mRNA in living cells at
a single base resolution by a PNA molecular beacon, Mol
Pharm., 2012, 9, 685-693.

19 N. Kolevzon, D. Hashoul, S. Naik, A. Rubinstein and E. Yavin,
Single point mutation detection in living cancer cells by far-
red emitting PNA-FIT probes, Chem. Commun., 2016, 52,
2405-2407.

20 M. V. Sonar, M. E. Wampole, Y. Y. Jin, C. P. Chen,
M. L. Thakur and E. Wickstrom, Fluorescence detection of
KRAS2 mRNA hybridization in lung cancer cells with PNA-
peptides containing an internal thiazole orange, Bioconjug.
Chem., 2014, 25, 1697-1708.

21 D. Hashoul, R. Shapira, M. Falchenko, O. Tepper, V. Paviov,
A. Nissan and E. Yavin, Red-emitting FIT-PNAs: "On site"
detection of RNA biomarkers in fresh human cancer
tissues, Biosens. Bioelectron., 2019, 137, 271-278.

22 T. Sato, Y. Sato and S. Nishizawa, Triplex-forming peptide
nucleic acid probe having thiazole orange as a base
surrogate for fluorescence sensing of double-stranded
RNA, J. Am. Chem. Soc., 2016, 138, 9397-9400.

23 S. B. Ebrahimi, D. Samanta, H. F. Cheng, L. I. Nathan and
C. A. Mirkin, Forced intercalation (FIT)-aptamers, J. Am.
Chem. Soc., 2019, 141, 13744-13748.

24 S. B. Ebrahimi, D. Samanta, B. E. Partridge, C. D. Kusmierz,
H. F. Cheng, A. A. Grigorescu, J. L. Chavez, P. A. Mirau and

© 2025 The Author(s). Published by the Royal Society of Chemistry


http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d4sc06729k

Open Access Article. Published on 02 December 2024. Downloaded on 1/18/2026 4:36:50 PM.

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

(cc)

Edge Article

C. A. Mirkin, Programming fluorogenic DNA probes for
rapid detection of steroids, Angew. Chem., Int. Ed., 2021,
60, 15260-15265.

25 C. S. Swenson, H. S. Argueta-Gonzalez, S. A. Sterling,
R. Robichaux, S. D. Knutson and J. M. Heemstra, Forced
intercalation peptide nucleic acid probes for the detection
of an adenosine-to-inosine modification, ACS Omega, 2023,
8, 238-248.

26 G. M. Fang, J. Chamiolo, S. Kankowski, F. Hovelmann,
D. Friedrich, A. Lower, J. C. Meier and O. Seitz, A bright
FIT-PNA hybridization probe for the hybridization state
specific analysis of a C — U RNA edit via FRET in a binary
system, Chem. Sci., 2018, 9, 4794-4800.

27 S. Schollkopf, A. Knoll, A. Homer and O. Seitz, Double FIT
hybridization probes - towards enhancing brightness, turn-
on and specificity of RNA detection, Chem. Sci., 2023, 14,
4166-4173.

28 A. Knoll, S. Kankowski, S. Schollkopf, J. C. Meier and
O. Seitz, Chemo-biological mRNA imaging with single
nucleotide specificity, Chem. Commun., 2019, 55, 14817-
14820.

© 2025 The Author(s). Published by the Royal Society of Chemistry

View Article Online

Chemical Science

29 F. Hovelmann, I. Gaspar, J. Chamiolo, M. Kasper, J. Steffen,
A. Ephrussi and O. Seitz, LNA-enhanced DNA FIT-probes for
multicolour RNA imaging, Chem. Sci., 2016, 7, 128-135.

30 A. Homer and O. Seitz, New thiazole orange derivatives for
improved fluorescence signaling of DNA FIT probes,
Synthesis, 2023, 55, 3251-3262.

31 Previously, TO was used as donor of FRET: F. Hovelmann,
I. Gaspar, A. Ephrussi and O. Seitz, Brightness Enhanced
DNA FIT-Probes for Wash-Free RNA Imaging in Tissue, J.
Am. Chem. Soc., 2013, 135, 19025-19032; E. Socher,
A. Knoll and O. Seitz, Dual fluorophore PNA FIT-probes —
extremely responsive and bright hybridization probes for
the sensitive detection of DNA and RNA, Org. Biomol
Chem., 2012, 10, 7363-7371.

32 M. Ogawa, N. Kosaka, P. L. Choyke and H. Kobayashi, H-type
dimer formation of fluorophores: a mechanism for
activatable, in vivo optical molecular imaging, ACS Chem.
Biol., 2009, 4, 535-546.

33 A. Kocak, A. K. Homer, A. Feida, F. Telschow, J. L. Gorenflos
Lopez, C. Baydaroglu, M. Gradzielski, C. P. R. Hackenberger,
U. Alexiev and O. Seitz, Fluorogenic cell surface glycan
labelling with fluorescence molecular rotor dyes and
nucleic acid stains, Chem. Commun., 2024, 60, 4785-4788.

Chem. Sci., 2025, 16, 846-853 | 853


http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d4sc06729k

	Light harvesting FIT DNA hybridization probes for brightness-enhanced RNA detectionElectronic supplementary information (ESI) available. See DOI: https://doi.org/10.1039/d4sc06729k
	Light harvesting FIT DNA hybridization probes for brightness-enhanced RNA detectionElectronic supplementary information (ESI) available. See DOI: https://doi.org/10.1039/d4sc06729k
	Light harvesting FIT DNA hybridization probes for brightness-enhanced RNA detectionElectronic supplementary information (ESI) available. See DOI: https://doi.org/10.1039/d4sc06729k
	Light harvesting FIT DNA hybridization probes for brightness-enhanced RNA detectionElectronic supplementary information (ESI) available. See DOI: https://doi.org/10.1039/d4sc06729k
	Light harvesting FIT DNA hybridization probes for brightness-enhanced RNA detectionElectronic supplementary information (ESI) available. See DOI: https://doi.org/10.1039/d4sc06729k
	Light harvesting FIT DNA hybridization probes for brightness-enhanced RNA detectionElectronic supplementary information (ESI) available. See DOI: https://doi.org/10.1039/d4sc06729k
	Light harvesting FIT DNA hybridization probes for brightness-enhanced RNA detectionElectronic supplementary information (ESI) available. See DOI: https://doi.org/10.1039/d4sc06729k
	Light harvesting FIT DNA hybridization probes for brightness-enhanced RNA detectionElectronic supplementary information (ESI) available. See DOI: https://doi.org/10.1039/d4sc06729k


