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Abstract

A main limitation of single-molecule fluorescence (SMF) measurements is the ‘high concentration barrier’, describing the maximum concentration
of fluorescent species tolerable for sufficient signal-to-noise ratio. To address this barrier in several SMF applications, we design fluorogenic
probes based on short single-stranded DNAs, fluorescing only upon hybridizing to their complementary target sequence. We engineer the
quenching efficiency and fluorescence enhancement upon duplex formation through screening several fluorophore—quencher combinations, label
lengths, and sequence motifs, which we utilize as tuning screws to adapt our labels to different experimental designs. Using these fluorogenic
probes, we can perform SMF experiments at concentrations of 10 uM fluorescent labels; this concentration is 100-fold higher than the operational
limit for standard TIRF experiments. We demonstrate the ease of implementing these probes into existing protocols by performing super-
resolution imaging with DNA-PAINT, employing a fluorogenic 6-nt-long imager; through the faster acquisition of binding events, the imaging of viral
genome segments could be sped up significantly to achieve extraction of 20-nm structural features with only ~150 s of imaging. The exceptional
tunability of our probe design will overcome concentration barriers in SMF experiments and unlock new possibilities in superresolution imaging,

molecular tracking, and single-molecule fluorescence energy transfer (smFRET).
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Introduction

The study of structure, dynamics, and function of biological
systems has been transformed by the unique insights gath-
ered from their study using single-molecule methods both in
vitro and in vivo [1]. Their versatility and sensitivity have
made single-molecule fluorescence (SMF) spectroscopy and
microscopy studies especially popular, particularly when com-
patibility with use in living cells is required [2, 3]. The de-
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tection of a fluorescing molecule, its emission properties, and
its precise location enable measurements of molecular stoi-
chiometries, as well as super-resolution imaging and single-
molecule tracking [4-10].

In many SMF experiments, a critical limitation known as
the ‘high concentration barrier’ complicates single-molecule
analysis when the concentration of fluorescent species ex-
ceeds a certain concentration [1-10 nM for general wide-field
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microscopy, 100 nM for total internal reflection (TIRF) mi-
croscopy, and 50-100 pM for solution-based confocal mi-
croscopy] [11-13]. At higher concentrations of fluorescent
molecules, the signal-to-noise ratio (SNR) deteriorates too far
to allow for a reliable analysis of the data. This limitation in-
troduces the need to remove any unbound or non-specifically
bound fluorophores (e.g. in immunohistochemistry- or Halo-
Tag-based labelling approaches [14, 15]) and to limit experi-
mental designs with correctly labelled species to relatively low
concentrations, which are often far below biologically rele-
vant affinities [12, 13].

Strategies to address the concentration barrier have focused
both on limiting the excitation of or the emission from un-
bound (or otherwise diffusing) fluorescent molecules in the
background and on enhancing the fluorescence of molecules
involved in the process or bound to the structures of interest.
Background suppression can be achieved by suitably modi-
fied instruments, such as in zero-mode waveguides, using the
evanescent excitation field in a TIRF microscope or via the
employment of a second laser inducing stimulated-emission
depletion (STED) in STED microscopy, which reduces the
de facto excited volume. The standard for SMF experiments
and the TIRF microscope, however, still cannot allow rou-
tine detection of single immobilized molecules in the presence
of >100 nM fluorescent species [12, 16-18].

Fluorescent enhancement of only those molecules that are
under observation using plasmonic effects can improve the
SNR of a measurement by several orders of magnitude [19],
but requires the experimental protocol to be compatible with
the stability, accessibility, and functionality offered by the
specific nanostructure employed in the experiment. As such,
nanostructures facilitating plasmonic enhancement are so far
unsuitable for imaging or tracking experiments.

A third approach focuses on using fluorogenic
molecules that exhibit a significant increase in quantum
yield/fluorescence emission upon interacting with their target
structure. Examples of this include fluorogenic dyes (e.g.
Nile red in PAINT microscopy and different intercalators
[20-23]) or molecular structures in which a conformational
change upon binding displaces a dark quencher (Q) to recover
fluorescence of a fluorophore (F).

In particular, DNAs have a long-standing history of being
used as fluorogenic sensors. A main focus of the early develop-
ment has been on PCR (polymerase chain reaction) probes, al-
lowing detection and quantification of PCR products without
further post-processing [24, 25]. In early days, the read-out
relied on nuclease digestion of the single-stranded DNA (ss-
DNA) to either remove a Q from the proximity of an F or free
the F into solution [24-26]. Fluorogenicity upon hybridization
of these ssDNAs was first used in molecular beacons, which
use a self-complementary stem region to facilitate interactions
between terminally attached F and Q [27, 28]. Later on, this
secondary structure was found not to be required for fluoro-
genicity of ssDNAs [29]. The utilized quencher molecules have
been diverse: fluorescent dyes, dark quenchers, DNA bases
(with their intrinsic quenching ability), and metal nanopar-
ticles have been employed [24, 25,27, 29-31].

The quenching process in such short doubly labelled ss-
DNAs can contain FRET-quenching and contact-quenching
components, both of which show different spectral and molec-
ular dependencies [29, 32, 33]. Many studies have focused
on generating high quenching efficiencies, with little focus on
the brightness of the de-quenched construct after hybridiza-

tion. Yet, when translating the concept from ensemble into
single-molecule settings, the de-quenched state is particularly
important, since a single emitter must be bright enough to be
detected or localized. The deployment of fluorogenic probes
in SMF and localization-based SRM has thus been limited,
requiring significant protocol and sequence engineering and
limiting the probe length to above 15 nt [34-37].

In contrast to other approaches that address the concen-
tration barrier, the employment of these fluorogenic labels
or components does not require any specialized optics or
nanofabrication—but is compatible with either [38].

Here, we present a general strategy on how to design fluoro-
genic ssDNA-based probes based on terminal labelling with F
and Q, which can be employed in a wide range of experimen-
tal set-ups, biological processes, and biomolecules. Through
careful characterization of the effect of the main parameters
in the design of such probes (F-Q pairing, probe length, and
sequence effects), we address previous limitations for short
probes (5-15 nt). The strategy we devise allows for ‘plug and
play’ addition of fluorogenicity into experimental protocols,
which we demonstrate in DNA-PAINT imaging using a 6-nt
fluorogenic imager. Furthermore, we can demonstrate opera-
tional SMF assays at micromolar concentrations, highlighting
the wide range of possible experimental implementations of
our findings.

Materials and methods

Characterization experiments
Probe design

All labelled probe sequences can be found in Supplementary
Table S1. DNA probes were modified to carry a 5'-
ATTO647N and a 3'-Q (BHQ1, BHQ2, or BBQ650). Probes
of different lengths were designed to conserve the 3 nt sur-
rounding the F and Q attachment site (5'-ATTO647N-TTT-
X,-TTT-Q), with only the central section altered to facili-
tate different lengths. The 18-nt probe that contained a 4-nt
self-complementary region differs from this design. All probes
were ordered from biomers.net (Ulm, Germany). Complemen-
tary, biotinylated docking strands were ordered from Merck.

Sample preparation

Target strands were immobilized via a biotin binding Neu-
trAvidin on coverslips coated by polyethylene glycol. In wells
of silicone gaskets, 20 ul of the target strands (100-500 pM)
were incubated for 10-30 s, followed by washing three times
with 200 pl phosphate buffered saline. Subsequently, 30 ul
of DNA imaging buffer (200 mM MgCl,, 10 mM NacCl, 50
mM HEPES, pH 7.4, 6 mM bovine serum albumin, 3 mM
Trolox, 1% glucose, 40 pug/ml catalase, and 0.1 mg/ml glu-
cose oxidase) containing the stated probe concentrations were
added.

Imaging

SMF movies were collected using the Nanoimager SMF mi-
croscope (Oxford Nanoimaging) in objective-based TIRF il-
lumination mode, with the excitation angle set at 54.0°. We
performed the imaging using continuous-wave excitation [640
nm, with the laser power of 9% (1.4 mW)]. In all experiments,
we used 100 ms exposures.
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Image processing

To obtain brightness information for localized spots (‘sig-
nal’), all “.tif’ files obtained from imaging at 10 nM were
processed in the Picasso ‘localize’ tool [39]. Photon counts
of these localizations were frequency-counted, and distribu-
tions were fitted to obtain mean photon counts for each probe.
In some samples, we observed two brightness populations.
We excluded the population resulting from probes without
functional quenchers (either bleached Qs or faulty synthesis),
which exhibits the same brightness as probes with only the F
labelling. The obtained photon counts (Spq) were normalized
by dividing them by the average photon counts observed for
probes without Qs (Sg) to obtain the ‘normalized signal’ Sx.

Normalized S = Sy = SF—Q
Sp

From all videos, background intensities were extracted us-
ing a custom script, averaged over the central area of the field
of view and across the first 10 frames of the movies. These
background intensities were plotted against the probe concen-
tration and fitted with a linear regression in Origin (Origin
Labs) to extract the molar background Bgq mei. These were
normalized by dividing them by the molar background emis-
sion of probes only labelled with a F (By,,,) to calculate the
‘normalized background’, By mol-

B
Normalized B = By ol = 2FQmol

BF,mol

The normalization applied here ensures that our evalua-
tion is not sensitive to e.g. changes in quantum yield of the
dye when going from ss to ds state, and instead only captures
the changes induced by the quencher being present. The flu-
orogenic factor (FF), capturing the overall fluorogenicity of a
probe, was calculated for all samples by dividing the normal-
ized signal by the normalized background:

S~

FF = .
BN,mol

Single-molecule hybridization assay

Sample preparation

Oligos were obtained from biomers.net and Merck, dissolved
to a final concentration of 100 uM, and stored at —20°C
(for sequences, see Supplementary Table S1). All components
of the gapped target were mixed in annealing buffer (200
mM Tris-HCI, pH 8.0, 500 mM NaCl, 1 mM ethylenedi-
aminetetraacetic acid) at 2 uM, and then annealed in a ther-
mocycler (program: heating to 90°C, then cooling to 25°C at
2°C/min, storing at 4°C). The labelled 8-nt probe was ordered
from biomers.net (Ulm, Germany), carrying a 3’ Atto647N
and a 5'-BHQ1. Preparation of surfaces and immobilization
were performed as described for characterization experiments.
Imaging was performed in buffer containing 20 mM HEPES,
200 mM NaCl, 80 mM MgCl,, 5% dextran sulphate, and
5% formamide.

Imaging

Samples were imaged at 2 M under the same conditions de-
scribed for the characterization experiments. Imaging was per-
formed at 1.4 mW of 640 nm and 0.8 mW of 532 nm excita-
tion with an exposure time of 200 ms.
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Data analysis

Molecules were localized in the green channel; traces were ex-
tracted and fitted with an HMM using custom Python soft-
ware. Binding kinetics were fitted using the probability den-
sity functions correcting for finite exposure times of the cam-
era and length of states in MEMLET [40]. All graphs were
plotted in Origin (Origin Labs).

Viral DNA-PAINT imaging
Virus strain

A/Puerto Rico/8/34 (HINT1) influenza virus (PR8) purified
from embryonated chicken eggs was purchased from Charles
River Laboratories, aliquoted, flash-frozen in liquid N;, and
stored at —80°C before use.

Probe design

Primary probes against the NA and the PB1 segment were de-
signed as outlined in [41]; the PB1 probes were adopted to
contain multiplexed docking sites against the 6-nt imager (5'-
CCACCACCACCA-3'). The P3 imager sequence was used as
described previously [39] and was fluorescently labelled with
Cy3B on the 5" end. The 6-nt imager has the following se-
quence: 5'-TGGTGG-3' and was labelled with ATTO643 on
the 5" end and with BMNQI1 on the 3’ end. Imager strands
were purchased from metabion international AG (P3-Cy3B;
Planegg, Germany) or biomers.net (6-nt imager; Ulm, Ger-
many).

Virus sample preparation

All virus samples were prepared as outlined in [41]. Cover
slips were cleaned (sonic bath and plasma cleaner) to re-
move any contamination immediately before use. Viral par-
ticles were thawed on ice and fixed using 4% formaldehyde.
After dilution in 0.9% NaCl solution, viral particles were
added into CultureWell gaskets (& 6 mm, Grace Biolabs, USA)
mounted on the cleaned coverslips, and the liquid evaporated
at 34°C. After removal of the gaskets, sticky slides VI0.4
(ibidi, Germany) were used to create flow channels over the
viral particles. Viral particles were then permeabilized with
0.5% Triton X-100 before primary probes were added to a
final concentration of 4 uM and incubated overnight at 37°C.
Unbound probes were removed using a clearing buffer be-
fore DNA-PAINT imaging was performed in imaging buffer
(buffer B+ [39] with 75 mM MgCl,, supplemented with 3 mM
Trolox, 1% glucose, 40 pg/ml catalase, and 0.1 mg/ml glu-
cose oxidase).

Imaging

All imaging steps were performed as described in the charac-
terization section at laser powers of 3.6 mW (532 nm) and
150 mW (635 nm) at exposure times of 200 and 20 ms,
respectively.

Image processing

The image processing steps are following those outlined in
[41] adjusted to adopt the different noise behaviour in these
experiments. Localizations were detected with Picasso ‘Local-
ize’ [39] with the following parameters: box length = 7; gra-
dient = 3000; baseline = 400; sensitivity = 2.75; quantum
efficiency = 0.82; and pixel size = 117 nm. The gain (= sensi-
tivity x quantum efficiency) and offset (= baseline) are es-
timated using the sCMOS analysis provided by GDSC im-
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ageJ plugin [42]. Localizations were then undrifted using the
AIM algorithm [43] implemented in Picasso render using the
following parameters: segmentation, 100 frames; intersection
distance, 20 nm; and max. drift in segment, 60 nm. DBSCAN
[44] was performed to find clusters with the following param-
eters: eps = 0.5 x pixel; min_samples = 0.01x frame number;
and rounded to integers. Clusters were then filtered by core
sample ratio (number of core samples/total samples >0.8) and
with component number = 2.

To extract physical features from the found clusters, each
localization in a cluster is rendered as a Gaussian with a sigma
of 3.9 nm, then a low-pass filter (order-one Butterworth filter
with a cut-off frequency of 0.02) and Gaussian filter (sigma,
5.85 nm) are applied to the image. Next, each localization
is transferred to a binary image using the ISODATA method
[45] excluding any clusters larger than S000 nm?, and then
the Hilditch skeleton [46] is found to represent the segment
(‘spine’). If branches exist in the skeleton, the longest one
is chosen. The median value of the distance between each
pixel on the skeleton and the boundary of the binary image
is considered the radius of the segment. Reconstructed super-
resolution images were exported from Picasso “render” [39].

Fourier ring correlation was performed on individual clus-
ters (with a minimum of 20 localizations); the correlation
functions were fitted with a mono-exponential decay and

thresholded at 1/7.

Results

Tuning the properties of self-quenching ssDNA
probes using fluorophores and dark quenchers

To generate fluorogenic probes, we focused on doubly la-
belled ssDNAs, which are well suited for labelling in a lab
environment for a variety of reasons. First, the sequence al-
lows for specific interactions even at very short lengths (see
DNA-PAINT applications using <10-nt-long ssDNAs [39])
and provides versatility for multiplexing [36, 47, 48]. Further,
the strength of interaction (and consequently the kinetics of
hybridization) can be tuned across a wide range of timescales
(from very transient interactions in DNA-PAINT microscopy
(hundreds of ms [48]) to fluorescent labelling of DNA origami
structures that can be stable for weeks [49, 50]). ssDNA oli-
gos are widely available from a range of commercial suppli-
ers, making the technology available to and affordable for re-
searchers outside of expert synthesis laboratories. The spectral
properties of the probe can be varied by the choice of the con-
jugated fluorophore, of which a huge variety is commercially
available. DNAs are compatible with live-cell experiments (es-
pecially once protected by chemical modifications) and do not
change the size of the targeted molecule significantly, leaving
properties such as molecule diffusion of macromolecular tar-
get unaffected.

The generation of fluorogenicity in our probes follows a
simple principle: an ssDNA is labelled terminally with a fluo-
rescent dye on the 5’ end and a dark quencher on the 3’ end.
When in solution, the short persistence length of ssDNA (~1
nm [51]) allows it to collapse into a random coil, whereby
dye and quencher are kept in close enough proximity to al-
low for contact-mediated or high-efficiency FRET quenching
of the dye’s fluorescence (Fig. 1A). Upon hybridization, the ds-
DNA (double-stranded DNA) duplex, due to its much higher

persistence length (=50 nm), separates dye and quencher, de-
quenching the probe and increasing fluorescence emission.
This concept has been adopted in many applications [34, 35,
37, 52], but it was so far assumed that a useful contrast be-
tween dark and bright states would require the DNA to be
chosen from a limited range of lengths (15-20 nt) with little
possibility to apply the same fluorogenic strategy to shorter
or longer constructs without loss of performance. The under-
lying assumptions were that, in a shorter probe, the remain-
ing FRET quenching would not allow for bright enough flu-
orescence in the bound state, while for longer constructs the
quenching in the unbound state would not be efficient enough
to allow for significant fluorogenicity, unless hairpin structures
were designed into the probes, as, for example, in molecular
beacons [29, 36, 53].

Here we show that through controlling and tuning the emis-
sion of the probes in the quenched and de-quenched states,
we can generate fluorogenic probes that overcome the previ-
ous design limitations and push boundaries in a wide range
of applications, including super-resolution imaging and SMF
assays.

The basis for the fluorogenicity of our labels is the FRET
interaction between F and Q, and potential further contribu-
tions by contact quenching in the single-stranded state.

In the following, we characterize three key design features
of our labels (Fig. 1C). First, the Ry of the F/Q pair is reflect-
ing the strength and spatial sensitivity of the FRET interaction.
Second, the length of the ssDNA will determine the distance
changes between F and Q upon hybridization. Third, the DNA
sequence determines the specificity of target binding and influ-
ences the hybridization kinetics.

Further, internal stabilization through transient secondary
structures can be an important factor in quenching back-
ground fluorescence of unbound probes. We, however, do not
want to rely on these interactions for high fluorogenicity:
Some experimental designs might demand a specific sequence,
while others will more crucially rely on fast kinetics of probe
binding (e.g. DNA-PAINT imaging). Then, it is crucial to
eliminate secondary structures and internal interactions be-
tween bases, e.g. by reducing the number of bases to two non-
complementary ones.

To systematically assess the influence of these parameters
(Ro, length, structural elements), we look at the performance
of a set of test or reference probes. These probes were designed
to conserve the immediate environment of the dye and to be
free of any secondary structure (by only consisting of two non-
complementary bases).

The effects of these parameters were characterized by calcu-
lating the fluorogenic factor (FF) for each probe, which com-
pares the emission in the bound (‘signal’) and unbound state
(‘background’) of the labels in the typical set-up of single-
molecule TIRF experiments (Fig. 1A and B, for more details,
see the ‘Materials and methods’ section).

Both signal and background are normalized to the levels
observed for a F-only probe; this normalization removes any
dependence on fluorescence changes observed upon binding
of F-only probes (e.g. due to changes in quantum vyield of a
F when forming dsDNA) and extracts the effect the addition
of a Q is having. All observed trends are unaffected by this
normalization. The values given discussed our figures are thus
all relative brightnesses with respect to the F-only reference.
We calculate the fluorogenic factor FE, which is the fold change
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Figure 1. Experimental set-up for characterization experiments. (A) ssDNA probes carry a fluorophore (F) and dark quencher (Q) on the 5’ and 3’ ends,
respectively. In the single-stranded state in solution, the fluorescence emission is quenched. Upon binding their complementary docking strand
immobilized on a surface, the fluorescence emission increases due to the increased distance between F and Q. (B) The measured intensity of spots
(‘signal’; red square) and the background (grey square) is extracted from the raw video and compared to values of probes only carrying the F (C) We
evaluate three main parameters of the probes: the Ry of the F/Q pairing, the length of the label, and the effect of transient secondary structures.
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Influence of the Forster radius of the fluorophore/quencher
pair on fluorogenicity

In the quenched state, the probe design is relying on con-
tact quenching or very high-efficiency FRET-based quench-
ing of the dye fluorescence. Both require close proximity and
at least a minimal spectral overlap [54]. Upon target bind-
ing, the increased distance between F and Q allows for de-
quenching and recovery of the fluorescence signal. Any re-
maining quenching in the bound state is due to FRET for dis-
tances that exceed the range of any contact quenching (as-
sumed to be the case for all tested probes here).

For the FRET component, the spectral overlap between F
emission and Q absorption is one of the factors in determining
the Forster radius Ry. Here, we thus tested several different
Qs (BHQ1, BHQ2, and BBQ650) on the 3’ end of a 15-nt-
long construct labelled with a 5" F (Fig. 2). Based on spectral
measurements and extinction coefficients, we estimated their
Forster radii to be 3.5, 5.2, and 6.2 nm for BHQ1, BHQ2,
and BBQ650, respectively, when paired with Atto647N as F.
We chose 15 nt as probe length to allow for reliable detection
of both signal and background fluorescence (both well above
instrument noise levels in all cases). To minimize any effects of
structure-based changes in quenching behaviour, all quenchers
were chosen to have similar molecular structures.

In the quenched, single-stranded state, the relative back-
ground is decreasing with increasing Ry of the F/Q pair, con-
sistent with a higher degree of FRET quenching (Fig. 2, ‘back-

ground’ in grey). However, even in the case of the lowest Ry
(3.5 nm, ATTO647N and BHQ1), we find efficient quench-
ing, with a background of below 10% of the F-only reference
construct.

The relative fluorescence signal upon probe hybridization
follows the same trend (Fig. 2, ‘signal’ in red): a large Ry
correlates with low signal from the de-quenched probe. With
the ATTO647N-BHQ1 construct, the full signal can be recov-
ered, whereas for the highest spectral overlap construct (with
BBQ650), we recover ~45% of the signal of the dye-only ref-
erence. For BHQ2 with the intermediate Ry, the recovered sig-
nal is 70%.

Our results highlight that the quencher choice has to be
carefully balanced for an optimal fluorogenic probe. In the
unbound state, a quencher with large spectral overlap (e.g.
BBQ650 for ATTO647N) is most desirable; in contrast, for
the bound and de-quenched state, probes with a small spectral
overlap between dye and quencher have the brightest signal.

Upon calculation of the FE, we can see that the constructs
with BHQ2 and BHQ1 perform best (FF = 11.9 + 0.4 and
FF = 11.1 £ 0.9, respectively), with BBQ650 achieving a
slightly lower FF of 8.8 & 0.2. The small differences suggest
that high FFs can be achieved with a range of quenchers and
that the choice of quencher allows to dim or brighten a specific
probe in both states. We anticipate that the FF of a particu-
lar label depends significantly on how the distance changes
align with steep parts of the distance versus FRET efficiency
curve, and might thus be more significant in probes of differ-
ent length (shorter or longer than 15 nt).

Ultimately, the Ry thus serves as a ‘tuning screw’ in the ex-
perimental design: an assay that requires a very short probe
(e.g. for fast DNA-PAINT imaging); i.e. where even in the
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Figure 2. The effect of varying spectral properties of the quencher on fluorogenicity with all data processing steps. (A) Sample video frame, highlighting
background (grey) and signals (red). (B) Fluorogenicity upon hybridization. Red: signal intensity in the hybridized state, normalized to the F-only reference
construct. With increasing Ry of the F/Q pair, the recovered signal from hybridized probes decreases. Grey: background emission by unbound probes,
normalized to the F-only reference construct. The background emission is efficiently quenched in all tested constructs, and higher for F/Q pairs with
large Ry. The FF as the measure for overall performance is similar for all constructs, with the BBQ650 performing worse (FF = 8.8 & 0.2) than both
BHQs (FF = 11.9 &+ 0.4 and FF = 11.1 & 0.9). Mean values and standard deviation from three independent experiments, if not stated otherwise.

(C-E) Data processing to obtain normalized background emissions: after extracting background intensities of videos at different probe concentrations (C),
a linear fit was performed to extract molar background emissions for the different constructs (D). All values are normalized to the reference construct
without Q to obtain normalized background emissions (E). (F-H) Data processing to obtain normalized signal emissions: brightness distributions of the
signal emissions of all constructs were fitted with Gaussians to extract peak positions (F, vertical lines indicate background levels at 10 nM). Peak
emission levels (G) were then normalized to the reference construct without Q, yielding normalized signal levels (H). The respective a.u. counts for
signal and background were extracted from the same movie files and have been corrected for camera dark counts.
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Figure 3. Length dependency of fluorogenicity. (A) The FF calculated as
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showed the highest fluorescence enhancement upon hybridization;
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longer probes. (B) Red/Circles: normalized signal intensity in the
hybridized state, normalized to the dye-only reference construct. With
increasing length, the signal increases and saturates from 10 nt onwards
at the intensity that is expected for a case without any residual FRET
quenching. Grey/Squares: normalized background emission by unbound
probes, normalized to the dye-only reference construct. The background
emission is efficiently quenched in all tested constructs with the lowest
background level observed with the 5-nt probe. Background in general
increases with label length, with a stable level for intermediate lengths
between 8 and 20 nt. Mean values and standard deviation from three
independent experiments.

de-quenched state F and Q are very close, a low spectral over-
lap can help to recover enough signal to perform insight-
ful measurements. On the other end of the length spectrum,
probes where hybridization allows for a large separation of
F and Q, the background can be more efficiently suppressed
than with an F/Q pair with a high Rg. The ideal quencher
thus always depends on the specific requirements of the ex-
periment and the choice should be made taking those into
account.

Influence of the probe length on the fluorogenicity

In a distance-sensitive process such as FRET, the probe length
has a profound impact on the fluorogenicity. We characterized
a series of probe lengths spanning across the range of 5 to 25
nt, with 5 nt being the shortest we were able to observe hy-
bridization to surface-immobilized complementary DNA. We
chose an F/Q pair with low spectral overlap (ATTO647N and
BHQ1) to allow for sufficient de-quenching of the very short
probes to be able to reliably detect them. Figure 3 shows the
observed signal and background emission (Fig. 3B) for probes
of different lengths, from which we calculated the FF (Fig. 3A).

Tunable fluorogenic DNA probes for single-molecule imaging 7

Overall, the background increases with increasing length,
from the 5-nt probe (which emits only ~1.5% of the F-only
probe) to the 25-nt probe (which emits ~27% of the un-
quenched probe; Fig. 3B). However, for lengths between 6 and
20 nt, the relative background shows no significant increase,
suggesting that the dynamics of the structure allow for a sim-
ilar level of quenching across these lengths. Even the 25-nt
probe is still 73% quenched, presumably due to its collapse
into a random coil, which allows the dye and quencher to
reach distances on average well below the Ry of the F/Q pair
(3.5 nm; see Supplementary Fig. S1).

In the de-quenched state, the relative signal intensity fol-
lows the expectation for FRET-based quenching at the dis-
tances determined by the probe length. Most promisingly, the
short probes (5-8 nt) show an emission of 50%-70% of the
saturation fluorescence signal (Fig. 3B) and can clearly be im-
aged in our SMF set-up. Using a FRET pair with a small R,
as in this case, has allowed us to recover sufficient fluores-
cence emission in the de-quenched state for single-molecule
measurements, despite the very short distance in the dsDNA
state formed upon hybridization. With increasing length, the
relative signal further increases, until it saturates at the full
fluorescence level from 10-12 nt onwards (where distances
approach and then exceed 2x Ry).

Upon calculating the FF (Fig. 3A), we see that the shortest
probe (5 nt) has the highest FE, mainly caused by very low
background levels, potentially hinting at additional quench-
ing processes beyond the ones seen in longer probes (or the
average distance of dye and quencher is much lower than in
longer probes), resulting in very efficient FRET quenching.

There is a length window between 10 and 20 nt, where
(almost) the full signal is recovered and there is still effi-
cient background suppression, leading to an FF of ~10 for all
lengths. For the 25-nt label, the increased relative background
reduces the FF and we would thus expect to see even lower
level of fluorogenicity from this F/Q pair for probes exceed-
ing lengths of 25 nt.

The described observations were made for this specific F/Q
pair. For a more efficiently quenching pair (with a larger Ry),
we expect the signal in the hybridized state to only be fully
recovered at longer lengths, i.e. greater distances between F
and Q. For the ssDNA state, the background increase might
then also only occur for longer probes, making this a promis-
ing approach for the design of longer fluorogenic probes. On
the contrary, for very short probes, the Ry should be chosen to
be as short as possible to allow for sufficient signal recovery
upon hybridization.

Transient secondary interactions to further reduce back-
ground fluorescence

Based on the strong distance dependency of the FE, we hy-
pothesized that the introduction of transient secondary inter-
actions could help further improve the FF, especially in longer
probes (Fig. 4A). This approach is used in molecular beacons,
which often use hairpin-like structures created by the comple-
mentarity within a stem region, usually situated at either end
of the probe. Often, these stem regions are fairly long (e.g. 6
bp [28]), forming relatively stable structures under most ex-
perimental conditions. Consequently, the hybridization kinet-
ics may be affected significantly, which can render the probe
unsuitable for certain applications [55].

Here, we focus on a short 4-nt intramolecular complemen-
tarity within an 18-nt probe (AG = —4.23 kcal/mol at 25°C
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Figure 4. Secondary structures can improve fluorogenicity. (A) Schematic
of the reduced dynamics in the unbound, ssDNA state of probes capable
of forming intramolecular base pairs, and leading to a reduced average
F-Q distance. (B) NUPACK prediction of secondary structure at 25°C
based on a 4-nt self-complementary region of the 3’ end and centre
section of the sequence. (C) Signal intensity in the hybridized state and
background level, normalized to the dye-only reference construct. The
18-nt probe with secondary structure emits the same signal level as the
F-only reference, the 15-nt and the 20-nt sample, suggesting full
hybridization and no residual FRET quenching. The background is reduced
to 1.5%—-2%, resulting in an FF of 63, 5x larger than in reference
constructs of comparable lengths. (D) Zoom-in of panel (C). Background
emission by unbound probes, normalized to the dye-only reference
construct. Secondary structure in the 18-nt probe is significantly reducing
the background emission compared to probes of similar length without
any secondary structures (as indicated by reference lines for 15- and
20-nt constructs). Mean values and standard deviation from three
independent experiments.

based on NUPACK [56]). The NUPACK prediction shows that
it folds the 3’ end into the centre region (Fig. 4B). We hypothe-
sized that this would shift the equilibrium of possible ssDNA
states in the unbound state towards those with base pairing
and hence impose a closer F-Q distance (Fig. 4A, and FRET
experiments in Supplementary Fig. S2). At the same time, the
stability of this interaction is low, and the remaining 5’ seg-
ment of the probe can serve as a toehold [57] to facilitate ef-
ficient binding to a target.

In our single-molecule experiments, the relative signal lev-
els upon hybridization were not affected by this modification,
since we recovered the full fluorescence signal (Fig. 3C, similar
to the 15- and 20-nt constructs without secondary structure el-
ements). At the same time, we could indeed confirm that even
a 4-nt complementarity was sufficient to reduce the relative
background emission of this 18-nt probe to a similar level ob-
served in the (much shorter) 5-nt probe (Fig. 3D) and much
lower than the background observed in constructs of compa-
rable length without secondary structure. Consequently, the
FF of ~63 in this probe was the highest we have observed

in any of the constructs, and much higher than comparable
probes without secondary structures exhibit (compared with
15- and 20-nt probes in Fig. 3A).

This approach should be extendable to any long probe,
where a complementary region of a certain length can bring
dye and quencher into close proximity, even without a stable
structure. Overhanging single-stranded regions can help with
hybridization kinetics [57].

High-concentration single-molecule experiments

The design parameters we have characterized allow for the
generation of highly fluorogenic probes that can be used in
single-molecule experiments at concentrations orders of mag-
nitude above the concentration limit of 100 nM. For example,
use of the 18-nt probe with a transient secondary structure
(Fig. 4) allows clear single-molecule detection at concentra-
tions up to 10 uM (Fig. SA) along with full downstream anal-
ysis for brightness, location, and other properties.

Operating at high concentrations is particularly important
in single-molecule experiments that rely on the accumulation
of statistics from individual molecules, and where, without a
sufficient on-rate, this process can be long and tedious.

To demonstrate our capability to perform single-molecule
experiments at concentrations in the micromolar range, we
explored extension of an assay capable of detecting single-
base mismatches in a target structure via the hybridization ki-
netics of a fluorogenic probe [16] (Fig. 5B). A fully matched
target will lead to a more stable interaction with the probe,
compared to one with a de-stabilizing, single-base mismatch.
We performed the assay using 2 uM of fluorogenic probe and
achieved a high SNR that allows for robust detection of bind-
ing events (Fig. 5C). The dwell times of all binding events
were extracted for all four possible bases at the position la-
belled with X, and clearly show the more stable interaction
of the probe with the fully complementary target with G at
the position X, which leads to longer bound times. The sin-
gle mismatch reduced the interaction lifetime by a factor of
~2, allowing a clear distinction of target sequences purely
based on the hybridization kinetics [16]. Operating at 2 uM
has allowed us to accumulate 1000-3000 fitted binding events
within an imaging time of 5 min per field of view, averaging
between 10 and 20 events per evaluated molecule. Use of a
higher concentration of the fluorogenic probe accelerated the
process of distinguishing between complementary and mis-
match sequences by collecting significant number of binding
events in a shorter span of time due to enhanced on-rate at the
elevated probe concentration.

Fast super-resolution imaging with 6-nt imagers in
DNA-PAINT

To demonstrate a fast and easy implementation of flu-
orogenic probes into existing experimental protocols, we
performed localization-based super-resolution imaging using
DNA-PAINT with a fluorogenic imager. DNA-PAINT allows
for imaging of biological samples through the accumulation of
localizations from transiently binding, fluorescently labelled
imager strands to complementary docking strands bound to
the target structure of interest [39].

Recently, we have developed a protocol for DNA-PAINT-
based imaging of the influenza A viral genome [41]. In this
negative-sense, single-stranded RNA virus, the genome con-
sists of eight viral RNA segments, organized in ribonucleo-
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Figure 5. Single-molecule experiments at high concentrations. (A) Single-frame images of the 18-nt probe (described in Fig. 4) at various concentrations
binding to complementary target strands. Individual molecules can be identified at all concentrations up to 10 uM. (B) Single-molecule assay for
mismatch detection and base calling. The binding kinetics of fluorogenic 8-nt probes will distinguish the fully matched sequence from a mismatch at
position labelled with X. (C) Intensity versus time traces of an 8-nt probe binding to a target at 2 uM; top: fully complementary target; bottom: A:C
mismatch at position X. (D) The duration of binding events extracted from time traces at 2-uM probes for all four possible bases at position X. Lifetimes
were fitted accounting for the camera frame rate and error bars are 95% confidence intervals determined by bootstrapping.

protein complexes (vVRNPs) in which the RNA wraps around
oligomerized virus-encoded nucleoproteins (NPs) and is sta-
bilized in this complex by intermolecular interactions. Super-
resolution imaging of the viral segments using DNA-PAINT
requires the incubation with segment-specific primary probes,
which label the segments with many copies of docking sites
for a specific DNA-PAINT imager, as previously established
[41] (Fig. 6A). In eight subsequent rounds of imaging, all
eight different segments can be imaged within the same sample
(and the same individual particles). Performing eight rounds
of exchange-PAINT is time-consuming and forms the main
bottleneck to accessing the heterogeneity within the viral par-
ticles at statistically significant levels.

Much like other SMLM techniques, the acquisition of a sin-
gle reconstructed image is time-consuming, mainly because
it is the experimental environment that determines imaging
speed in DNA-PAINT. There are two key factors to consider:
the hybridization kinetics of imagers to the docking strand
and the need for motion blur of unbound imagers, which is re-
quired for precise localization of only target-bound imagers.
Both factors limit the imager concentration to the picomo-
lar to low nanomolar range [39, 48, 58]. Fluorogenic imagers
can help to address both points: through them being essen-
tially dark when unbound, the need for motion blur is signifi-
cantly reduced, so shorter exposure times can be implemented
without detecting unbound imagers. Further, speeding up the
actual kinetics of the hybridization/de-hybridization cycle re-

quires fast off-rates (i.e. shorter sequences) as well as faster
on-rates, facilitated by higher imager concentrations.

Recent efforts to achieve faster or higher-quality imaging
include use of fluorogenic imager strands [34-36], focusing
on the development of specific sequences with mismatches or
use of a limited set of dyes to achieve fluorogenicity. However,
our fluorogenic approach allows us to create very short imager
strands, which can operate at high concentrations and speed
up imaging even further.

To demonstrate these capabilities, we employed fluorogenic
6-nt-long imagers in imaging viral RNA segments. We imaged
two of the eight segments in our experiments: the PB1 segment
with probes complementary to the 6-nt imager, and (for com-
parison) the NA segment with probes complementary to the
P3 imager sequence used in the original study (Fig. 6A) [41].

The 6-nt imager sequence (5'-ATTO643-TGGTGG-
BMNQ1-3') was adopted from published Imager sequences
[58] without further sequence engineering. To maximize the
on-rate of imager binding, the primary probes carrying the
docking site for the 6-nt imager contained a multiplexed
docking sequence (extension: -CCACCACCACCA-), creating
three possible binding sites for the imager (a concept first
introduced in [48]; Fig. 6B). The fluorogenic properties of the
6-nt imager allowed raising the imager concentration to 20
nM and shorten the exposure time to 20 ms (compared to §
nM and 200 ms for the P3 imager) [41] without significant
increase in the background levels.
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Figure 6. DNA-PAINT on viral particles using 6-nt imagers. (A) General strategy for labelling of the viral genome: RNA-carrying viral segments are
hybridized by primary probes that provide the docking sequence for DNA-PAINT imagers. In sequential rounds, the PB1 segment is imaged with the
fluorogenic 6-nt imager (purple backbone, left panel) followed by the NA segment with the P3 imager (green backbone, right panel). (B) Arrangement of
docking sites for the 6-nt imager. (C) Reconstructed images of PB1 segment imaged with the 6-nt imager. (D) The zoom-in illustrates the fitted spine and
radius. (E) Localizations per segment for both imagers. (F) Segment radius, fitted to the extracted segments. Values are mean and standard deviation of

two (6 nt) or three (P3) independent experiments.

We observe levels of co-localization of the two segments
(imaged with different imagers) that are expected based on
the prevalence of each segment type [41] when imaging the
same field of view, and see very few clustered localizations in
a negative control sample (a sample without primary probes
carrying the docking site for our 6-nt imager strand; see
Supplementary Fig. S4). These results establish that our signal

is specific, and that binding sites are accessible to the doubly
labelled 6-nt imager.

We observe more localizations uniformly spaced out across
the FOV using the 6-nt imager compared to the P3, which may
reflect non-specific surface interactions of the imagers. When
imaging at longer exposure times, these very short events are
not picked up (or are very dim and can easily be filtered), but
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when imaging at 20 ms, they are noticeable. To extract the seg-
ments, we perform a cluster analysis (see the ‘Materials and
methods’ section) and implemented an additional filtering step
in the 6-nt imager data to extract only those clusters with a
high core sampling ratio (i.e. high number of central localiza-
tions), which originate from true viral segments (Fig. 6C).

The observed clusters of localizations can be fitted with a
spine along the long axis of the clusters, and a radius (median
distance between boundary and spine), both of which report
on the physical dimensions of the vRNPs (Fig. 6C and D).
The fitted spine length of the NA segments imaged with P3
exhibits a wide distribution ranging up to ~150 nm, poten-
tially caused by projecting the segments oriented in 3D onto
the imaging plane [41]. The segment radius follows a much
narrower distribution with a mean of ~15-20 nm, in agree-
ment with previous estimates [41, 59, 60]. We chose the seg-
ment radius as the appropriate physical parameter of the viral
segments to test our 6-nt imagers and compare to the previous
protocol with non-fluorogenic imagers.

Using the 6-nt fluorogenic imagers, we performed DNA-
PAINT imaging at 20 ms exposure times (a factor of 10
smaller than the previous protocols). The higher imager con-
centration (20 nM) increased the on-rate of the 6-nt imager to
1.19 571 (£0.02 s~ calculated from localizations per cluster
after filtering, Fig. 6E), ~6-fold larger than observed for the P3
imager (0.196 & 0.001 s~!). During image acquisition, the seg-
ment sampling increases steadily, and fits of the segment radii
converge eventually to their true value (within the error mar-
gins affected by localization precision) of 16 nm (+1 nm) for
the PB1 segment imaged by the 6-nt imager and 13 nm (£0.5
nm) for the NA segment imaged by P3 (Fig. 6F). Notably, the
radii could be extracted after imaging of ~100 binding events
per segment, which required ~800-1000 s of imaging with the
P3 imager, and only ~150 s of imaging with the 6-nt imager
(Fig. 6E), at which point we reached sub-10 nm resolution
(based on Fourier ring correlation of the data from the 6-nt
imager, Supplementary Fig. S5).

In summary, we demonstrated super-resolution imaging of
viral genome segments with a fluorogenic 6-nt imager strand.
Through increasing the imager concentration while shorten-
ing the exposure time, the imaging process could be sped up
significantly (by a factor of 6). We utilize the key tuning screws
of the fluorogenicity to facilitate sufficient de-quenching in the
hybridized state of the 6-nt imager, overcoming limitations of
previous fluorogenic strategies failing in particular at short
probe lengths.

Conclusion

We have conducted an in-depth characterization of the flu-
orogenicity in self-quenching ssDNA probes (terminally la-
belled with F and Q), evaluating the effect of probe length,
Ry of the F/Q pair, and transient secondary interactions on
fluorogenicity.

Previously, optimizing for the highest degree of quench-
ing in the unbound state led to the conclusion that a min-
imum of ~15 nt distance had to be incorporated between
dye and quencher to allow for sufficient de-quenching for
single-molecule detection [34, 36]. However, by focusing on
the principles guiding the de-quenching efficiency, we con-
structed highly fluorogenic probes of various lengths, down
to 5 nt. We also devised strategies that can increase quenching
(and thereby fluorogenicity) in longer probes.

Tunable fluorogenic DNA probes for single-molecule imaging "

Our findings can easily be translated to other spectral
regions. Although we chose the red dye ATTO647N for
our characterization, we have also performed experiments
with ATTO643 (both applications presented) and Cy3B
(Supplementary Fig. S3). The only spectral or dye-specific
property in our design is the Ry of the F/Q pair, which can
easily be determined for most F-Q combination by evaluating
available spectral data, independent of the spectral region of
interest. Previous approaches on short (8-12 nt) ssDNA fluo-
rogenic probes have used a self-quenching approach, whereby
two terminally fluorophores on the probe would contact-
quench in solution [16, 35, 37]. This approach is, however,
limited to very specific fluorophores (e.g. ATTO647N and
ATTOG655) and does not easily translate to other spectral
regions.

Possible contributions from contact quenching in the un-
bound state when using F-Q pairs (not addressed in our study)
will further improve the FE as the unbound state will be fur-
ther darkened without affecting the de-quenched fluorescence
significantly (given the same Ry). Such contributions could be
optimized by finding the most efficient Qs that exhibit a simi-
lar Ry with the F of choice. Because R values are measurable
and—to a large degree—predictable, Qs can be pre-selected
for their Ry, and then only a subset of suitable candidates
tested for the best contact quenchers—a property much more
difficult to predict without experimental testing.

The probe length in our design is fully flexible within the
regions interesting for hybridization kinetics spanning the
timescales of most experiments (5-25 nt), and via the intro-
duction of secondary structures, even longer designs are pos-
sible. We are, however, not relying on specific structural mo-
tifs, giving the experimentalist complete freedom over the se-
quences used.

Overall, this allows us to generate plug-and-play level solu-
tions to introduce fluorogenicity into experimental designs - a
summary of design considerations for different experimental
applications is given in Table 1.

To demonstrate the ease of implementation of such so-
lutions into existing protocols, we performed DNA-PAINT
imaging on influenza A viral segments with a 6-nt-long, flu-
orogenic imager and showed that we can recover the physi-
cal dimensions accurately and six-fold faster than in the ini-
tial viral imaging protocol using a non-fluorogenic imager.
DNA-PAINT uses point-spread-function fitting to localize ev-
ery emitter, a process much more sensitive to background
than e.g. the SMF assays we performed in this study. Thus,
fluorogenic imagers were required to perform good-quality
DNA-PAINT imaging even when operating below the techni-
cal TIRF concentration barrier of 2100 nM. More generally,
the background reduction will improve the SNR at any con-
centration, making it useful in single-molecule measurements
at all concentration ranges.

The introduction of fluorogenicity into virtually any ssDNA
label will allow a wide range of studies previously inaccessible
due to lack of signal specificity or high levels of background
fluorescence. Concentrations in the micromolar range (as we
demonstrated in our SMF assay) allow to speed up reaction
and binding kinetics of the ssDNA probes.

Indirectly, fluorogenicity opens experimental avenues to
circumvent and address old problems and questions of
single-molecule fluorescence experiments. One such applica-
tion allowed us to implement virtually bleaching-free single-
molecule FRET measurements through the constant exchange
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Table 1. Design strategy for probes in different experimental applications

Quencher choice

Structural elements

Applications

Probe length Limiting factors

<8-10 nt De-quenching in bound
state, potentially low
on-rates

10-20 nt

>20 nt Quenching in the

Short Rps, e.g. BHQ1 in
combination with red
dyes like ATTO647N or
ATTO643

High FFs can be achieved
with many Qs, short Ros
allow highest signals,
intermediate Ros might
achieve higher maximum
operational
concentrations

Large Rys (e.g. BBQ650

Avoid to maximize
on-rates

Help lowering
background emissions,
but can impair on-rates
and should be carefully
placed (include toehold
overhangs)

Help lowering

Transient labelling with
fast turnovers, like in

DNA-PAINT [39]

Transient labelling with
longer bound times, like
REFRESH [37]; labelling
in more complex
sequence environments
where higher specificity is
required

Stable labelling in most

unbound state with red dyes)

background emissions, buffer conditions

where required

of fluorophores delivered on fluorogenic ssDNA r-labels at
high concentrations [37].

Through the high signal specificity of fluorogenic probes
(unbound probes can be virtually dark), our fluorogenic
probes will be of great advantage in live-cell single-molecule
imaging and tracking applications, extending the current state
of the art where ssDNAs for fluorophore delivery are predom-
inantly used in fixed cells that require washing of unbound
probes. Such a capability will pave the way for direct imaging
of biomolecular structure and interactions in vivo, opening a
plethora of exciting biological applications and assays.
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