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of nanoscale structures at ~10-nanometer resolution. In DNA-PAINT, fluorescently
© The author(s) 2018. This labeled DNA “imager” strands bind transiently and with high specificity to
complementary target “docking” strands anchored to the structure of interest.
The localization of single binding events enables the assembly of a super-
resolution image, and this approach effectively circumvents photobleaching.
The solution exchange of imager strands is the basis of Exchange-PAINT, which
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KEYWORDS enables multiplexed imaging that avoids chromatic aberrations. Fluid exchange
super-resolution during imaging typically requires specialized chambers or washes, which can
microscopy, disturb the sample. Additionally, diffusional washout of imager strands is slow

in thick samples such as biological tissue slices. Here, we introduce Quencher-
Exchange-PAINT—a new approach to Exchange-PAINT in regular open-top
imaging chambers—which overcomes the comparatively slow imager strand
switching via diffusional imager washout. Quencher-Exchange-PAINT uses
“quencher” strands, i.e., oligonucleotides that prevent the imager from binding
to the targets, to rapidly reduce unwanted single-stranded imager concentrations
to negligible levels, decoupled from the absolute imager concentration. The
quencher strands contain an effective dye quencher that reduces the fluorescence
of quenched imager strands to negligible levels. We characterized Quencher-
Exchange-PAINT when applied to synthetic, cellular, and thick tissue samples.
Quencher-Exchange-PAINT opens the way for efficient multiplexed imaging of
complex nanostructures, e.g., in thick tissues, without the need for washing steps.

fluorescence imaging,
DNA nanotechnology,
DNA-PAINT,

fluorescence quencher

1 Introduction of different techniques have emerged, with many

recent ones allowing for the imaging of structures
With a wide range of requirements for optical imaging  smaller than the diffraction limit of light [1, 2]. Examples
in molecular biology and medicine, a broad spectrum include structured illumination microscopy (SIM) [3],
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4Pi [4], stimulated emission depletion (STED) microscopy
[5, 6], (fluorescence) photoactivated localization micro-
scopy [(F)PALM] [7, 8], (direct) stochastic optical
reconstruction microscopy [(d)STORM] [9, 10], and
combinations of different methods [11, 12].

The relatively straightforward-to-implement method
DNA-PAINT (Point Accumulation Imaging in Nanoscale
Topography [13]) is based on transient binding of
fluorescently labeled oligonucleotides [14, 15]. Although
labeled strands (“imager”) in solution are detected
only as a diffuse fluorescence background signal,
they appear as diffraction-limited spots once they
bind to a complementary target strand (“docking
strand”) as a result of the transient immobilization
and can be localized with single-nanometer precision.
The diffuse background can be minimized by imaging
in total internal reflection fluorescence (TIRF) or highly
inclined and laminated optical sheet (HILO) modes
and binding times can be adjusted by modifying
buffer conditions and strand lengths. This approach
enables imaging with high specificity and contrast
and, unlike other super-resolution techniques, dye
photobleaching is negligible.

Because the fluorescent marker is not fixed on the
target structure, multiplexed imaging can be achieved
by exchanging imager solutions with different sequences,
a method known as Exchange-PAINT [14, 16, 17]. This
imaging of multiple targets with Exchange-PAINT by
means of the same fluorescent dye gives an image
free of chromatic aberrations. Nonetheless, current
Exchange-PAINT protocols require lengthy washing
steps and potentially complex fluidics systems. Especially
in samples with limited diffusion, e.g., tissue slices,
the switching time between different imagers can be
substantial due to slow diffusional removal of imagers.
The washing steps are critical because full removal of
imagers between exchange rounds is crucial for
crosstalk-free imaging.

Here, we demonstrate imager switching by a revised
and simplified procedure, called Quencher-Exchange-
PAINT. Instead of washing off and replacing imager
strands, we add so-called “quencher strands,” which
hybridize to, and thus passivate, the imager. This action
rapidly reduces the effective concentration of free
single-stranded imagers available for binding with
docking strands. To maintain a low fluorescent

background, a fluorescence quencher is conjugated to
the quencher strand, with minimum intramolecular
distance to the imager dye. We show that the use of
quencher strands allows for easier sequential target
imaging without the need for washing steps or
specialized chambers. Quencher-Exchange-PAINT
imaging can be performed in a conventional open-top
imaging chamber, and imager binding to the docking
strand is rapidly stopped by adding a small volume
of quencher strands at a sufficiently high concentration
into the imaging chamber.

We show that a suitably designed quencher-imager
pair with high affinity enables short switching times,
up to an order of magnitude shorter than conventional
Exchange-PAINT does, while yielding the same imaging
quality. Furthermore, imaging of nanostructures in
tissue slices with rapid imager switching is demonstrated.
Switching is decoupled from the slow, diffusion-limited
imager removal from the sample during imaging of a
tissue slice because the concentration of quencher
strands rises to a level required for inhibition more
rapidly in comparison with the diffusional removal
of imagers at a washing step with a buffer solution.

2 Results and discussion

21 Tuning of the DNA-PAINT event rate with
competitive strands

Binding-event rate optimization is crucial for efficient
DNA-PAINT imaging [15, 16]. If too many binding
events per frame are observed, the risk of overlapping
events increases, reducing the localization precision.
If the rate is too low, then imaging takes an unnecessarily
long time. Exchange-PAINT represents an extreme
case, in which the event rate has to be reduced to
background levels before switching to a new round
of imagers to ensure crosstalk-free imaging. The most
obvious way to tune the binding-event rate during
image acquisition is by changing the concentration of
free imager strands. Usually, this task is accomplished
by diluting or concentrating the imager strands in a
microscope chamber (Fig. 1, top) during a sequence
of washing steps; this approach directly changes the
event rate. Here, we propose Quencher-Exchange-PAINT,
a scheme in which the free imager concentration can
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Figure 1 A sketch demonstrating conventional tuning of DNA-PAINT imager/docking binding-event rate vs. proposed tuning via
quencher strands, which are complementary to the imager and thus compete with docking strands for binding to the imager. In DNA-
PAINT, the event rate is proportional to the concentration of free imager strands. The concentration of free imager strands can either be
tuned by the absolute concentration of the imager (“Conventional”, top) or by adding a competitive complementary strand (“Quencher”,

bottom). The fluorescent quencher, conjugated to the competitive strand, reduces background fluorescence levels thus enhancing the
signal-to-background ratio. In the schematic, the color of DNA strands identifies corresponding complementary strands, docking and

imager strands 1 (red), docking and imager strands 2 (green).

be reduced by simply adding a DNA strand compl-
ementary to the imager. The added complementary
strand competes with the docking strand for binding
to the imager. Fluorescence quenchers are conjugated
to the competitive strand (which we therefore call a
“quencher strand,” see Fig.1, bottom) to reduce
background fluorescence and maintain a high signal-
to-background ratio.

2.2 Design of an effective imager-and-quenching
strand pair

It is desirable to minimize the concentration of com-
peting binding strands required to significantly reduce
free imager concentrations. The reason is two-fold: (1)
This approach makes it practical to add only small
amounts of a quencher strand solution to achieve fast
and complete termination of docking-imager binding
events, and (2) it reduces the concentration of the
quencher strand in solution required to achieve
essentially complete removal of free imagers. With
respect to the latter consideration, tuning of the

binding-event rate may be possible with a competitive
complementary strand lacking a conjugated quencher.
Nevertheless, this approach may come at the cost of
significant background fluorescence from imagers that
do not contribute to the super-resolution image, and
this background in turn negatively affects localization
precision [18]. This problem can be effectively avoided
by addition of a quencher dye that quenches the
fluorescence of competitively bound imagers, thereby
maintaining a high signal-to-background ratio and
high localization precision. On the other hand, extremely
high quencher concentrations (> 10 uM) give rise to
their own backgrounds as we show below, thus
necessitating the design of a quencher-imager pair
with high mutual affinity.

Efficient extinction of the imager dye fluorescence
by the quencher is highly desirable. This notion was
tested with long complementary strands that bind
permanently and are labeled with a dye—quencher pair
(Atto 655 and Iowa Black RQ, Fig. 2(a)). Streptavidin-
coated polystyrene beads were attached to a coverslip
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Figure 2 Quenching efficacy of a quencher coupled to complimentary oligonucleotides. (a) Dye-labeled, biotinylated oligonucleotides
are linked to a streptavidin-coated polystyrene bead (bottom). Complementary quencher-modified strands (17 bp) will permanently bind,
and the unbound quencher in solution is removed by washing. The residual fluorescence intensity per bead after saturated, permanent
binding of quencher strands is 2.1% + 0.6%. (b) Imager—quencher pair P1+ and complementary P1 docking strand used in (c) and (d).
The sketch shows P1+ pairs bound and unbound in solution. (¢c) Modeled free imager concentration [/] for an imager—quencher pair with
high binding affinity (P1+). (d) Experimental data on bulk fluorescence intensity for the imager—quencher pair, at an imager
concentration of 50 nM. Line: Modeled bulk fluorescence intensity. A rise of intensity for higher concentrations of the quencher owing
to fluorescence of the quencher. Simulated fluorescence intensities with parameters o= 0.02, =15 x 107, =0.07, K4=3.8 x 10~ nM at
equilibrium. Ky was calculated with estimated AG=—-18.0 kcal-mol™' (DINAmelt webserver [19, 20]).

to act as anchors for biotinylated single-stranded
DNA with a conjugated dye molecule. Complementary
quencher strands with an overlap of 17 bp were added
to the solution surrounding the beads, hybridized to
the dye-labeled strands attached to the beads, and
remaining free quencher and imager strands were
washed out with plain buffer (see Experimental). The bulk
fluorescence measurements indicated that fluorescence
of the Atto 655 dye was reduced by approximately
98% upon hybridization with a quencher strand.
Criteria (1) and (2) above can be optimally fulfilled
when quencher and imager strands have high binding
affinity for each other, but the design must also ensure
comparatively low affinity for transient binding between

UANERSITY pazes

docking and imager strands; this condition is the
basis of DNA-PAINT super-resolution.

On the basis of these considerations, we designed
an imager—quencher pair using a DNA sequence
termed P1+ (Fig. 2(b)), which is based on a previously
published P1 design [14] but with a higher binding
affinity as compared to the P1+ imager and P1
docking binding owing to an increased number (13)
of complimentary bases between the P1+ imager and
P1+ quencher. For this design, AG=-18.0 kcal-mol™
(under typical DNA-PAINT imaging buffer conditions,
calculated with DINAmelt [19, 20] for 500 mM NaC(l],
T =293.15 K), so that dissociation constant Ky, becomes
small enough (38.1fM) to ensure near-permanent
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binding within the imager—quencher complex. The
modeled curve based on equilibrium binding in
Fig.2(c) (for details see Electronic Supplementary
Material (ESM), supplementary theory) indicates that
the free imager concentration can be reduced to
negligible levels once quencher strand concentration
exceeds the imager concentration. Imaging quality is
not expected to change relative to conventional DNA-
PAINT because the transient low-affinity binding
between the P1+ imager and the P1 docking strand
involves only 9 complementary base pairs.

To estimate the background fluorescence intensity
F, the residual fluorescence of a hybridized imager—
quencher complex (IQ) as well as the fluorescence
from the free quencher strand itself (Q) have to be
taken into account. The background fluorescence
should be proportional to the concentration of these
species

F oc[I]+a[IQ]+ BQ1+y )

where o and f are parameters that denote the ratio of
fluorescence from quencher-imager complexes and
quencher strands, respectively, versus a free imager
strand; y quantifies a nonspecific background that
tends to be present in experiments; for details see
Supplementary theory Egs. (51)-(S3) in the ESM. A
curve calculated from this model is shown in Fig. 2(d)
as a function of quencher strand concentration. Once
the quencher concentration is much higher than the
total imager concentration [I], the very small fluorescence
of the quencher itself becomes non-negligible, and
the total measured fluorescence increases.

The predicted dependence of fluorescence intensity
based on model Eq. (1) was confirmed experimentally
(Fig. 2(d), squares). Increasing concentrations of P1+
quencher strands were added to an imager present
at a fixed concentration of I,=50nM, and bulk
fluorescence F was recorded. The data showed that
efficient quenching is possible with the quasi-perm-
anently binding quencher strands and overcomes the
limitations of a standard DNA-PAINT experiment.
Notably, the measured fluorescence remains low
from a quencher concentration of 50 nM up to several
hundred n), i.e., the fluorescence of the quencher is
still negligible even at a 10x higher concentration of
quencher strands compared to the imager concentration.

2.3 Tuning of the binding-event rate and back-
ground fluorescence by quencher strands

The anticipated reduction in background fluorescence
by an imager—quencher pair with high binding affinity
compared to the imager-docking binding affinity was
tested in a Quencher-DNA-PAINT experiment as
shown in Fig. 3. The extended imager sequence P1+
shows—just as the conventional imager P1—compa-
ratively low affinity for transient binding between
docking and imager strands because it contains the
9-base sequence of P1 to allow for transient binding
to a P1 docking strand. Adding the quasi-permanently
binding P1+ quencher strand to a solution containing
the P1+ imager in DNA-PAINT tuned the effective
concentration of the free imager. Here, we imaged
500-nm streptavidin-coated polystyrene beads that
were labeled with biotinylated P1 docking strands
and compared both the binding-event rate and the
fluorescence background as a function of the effective
free imager concentration [I]. If no quencher was
added, then the free imager concentration equals the
total imager concentration [I] = [Iy], and the binding-
event rate increases proportionally to an increase in [I]
(Fig. 3, black filled squares). Similar proportionality
of the event rate with the effective free imager
concentration is observed with added high-affinity
P1+ quencher strands (Fig. 3, black empty squares),
where [I] can be approximated as follows (see
Supplementary theory Eq. (54) in the ESM)

[T = [Io] = [Qo] )

As expected, the measured fluorescence background
shows an approximately linear increase with the
increasing total imager concentration in the absence
of quencher strands (Fig. 3, red filled squares). If a
quencher is added, and the measured background
fluorescence is plotted against the remaining free imager
concentration (calculated as [Iy] —[Qo]), then a similar
dependence is observed although the background is
slightly higher (Fig. 3, red empty squares). This result
is consistent with residual fluorescence of the
imager—quencher complex and free quencher itself
(i.e., @, B> 01in Eq. (1)). Overall, Fig. 3 shows that the
effective free imager concentration can be reduced
both by adding the high-affinity P1+ quencher strand
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Figure 3 The effect of increasing imager and quencher concentrations on the DNA-PAINT event rate and fluorescence background. (a)
The binding event rate of imager strands to docking strands attached to polystyrene beads is proportional to the concentration of
unbound free imager strands. (b) The same effective free imager concentration, i.e., event rate, as in (a) can be achieved at a higher
concentration of the imager, if the additional imager strands are bound to complimentary quencher strands. (c) Black: the event rate is
proportional to the effective free imager concentration both without the quencher (filled symbols) and as the quencher concentration is
varied with a fixed total imager concentration of 1 nM (empty symbols). The free imager concentration is estimated from equilibrium
binding and K; of 3.8x107'* M. Inset: Raw data and a rendered image of DNA-PAINT with polystyrene beads. Scale bar: 1 um.
Red: Fluorescent background intensity after subtraction of the imager-unrelated offset increases linearly with the free imager
concentration. With the added quencher (empty symbols), the background is generally higher than with an equivalent pure imager

concentration at the same effective free imager concentration.

or by reducing the absolute imager concentration,
resulting in a similar behavior of both the fluorescence
background and the binding-event rate.

The experiments above showed that the use of the
high-affinity quencher strands works as desired,
namely, that the addition of the quencher strands in
solution has an effect almost exactly equivalent to
physical removal of imagers from the solution. This
pattern holds both for the reduced pool of free
imagers (that can bind to docking strands and thus
reduce the binding-event rate by competitive binding)
and for the reduction of bulk fluorescence by adding
a fluorescence quencher modification to the quencher
strand.

These findings also indicate that the use of quenchers
is not suitable for increasing the signal-to-background
ratio in DNA-PAINT, at least with simple competi-
tive-binding strategies. The concomitant reduction in
the event rate at best matches the reduction in the
fluorescence background. In other words, one cannot
do better in terms of the signal-to-background ratio
for DNA-PAINT than adjusting imager concentrations
to achieve the desired event rate, at least not via
simple competitive quencher binding schemes. This

TSINGHUA
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list includes the quencher strand designs shown in
this manuscript and extends to the potential use of
molecular beacon imagers [21]. Nevertheless, the use
of quenchers shown here is a practical alternative to
actually removing imagers from the solution as we
further demonstrate below in experiments with biol-
ogical samples.

2.4 Quencher-Exchange-PAINT without the need
for solution exchange

The presented high-affinity quencher/imager tuning
scheme (as illustrated with the P1+ design) can be
employed to implement Exchange-PAINT, that is,
imaging serially with different imagers, without solution
exchange. DNA-PAINT imaging of polystyrene beads
(Fig. S1 in the ESM) and microtubules in fixed COS-7
cells (Figs. 4(a) and 4(b)) confirmed that the additional
three bases of the P1+ imager sequence beyond those
complementary to the P1 imager did not interfere
with the imaging performance, because the docking-
imager binding site was left unchanged. In rendered
images, the localization error and the photon number
per binding event yielded similar results with P1+
and P1 imagers.

@ Springer | www.editorialmanager.com/nare/default.asp
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Figure 4 Efficient quenching of a modified imager strand with a quasi-permanently binding quencher shown on tubulin in fixed
COS-7 cells. (a) DNA-PAINT imaging with a 10-base P1 imager (green) gives imaging quality similar to that of an extended 13-base
P1+ imager (red). Grey: A fluorescent widefield image. (b) Similar localization errors for the P1 and P1+ imager confirm a similar
binding behavior. The image shown in (a) rendering only localization events with an error < 8 nm. (c¢) Tubulin imaged for data shown in
(d); grey: A fluorescent widefield image. (d) The localization event rate of tubulin imaged with the P1+ imager at 4 nM in an open
chamber. At t=710s, 7.5 uL of the P1+ quencher is added to the 500-puL chamber to achieve a total quencher concentration of 15 nM.
Efficient suppression of the binding-event rate can be achieved without washing or fluid exchange steps and without a high concentration

of a quencher.

To demonstrate Quencher-Exchange-PAINT without
the need for exchanging solutions, microtubules were
imaged in an open-top chamber with a P1+ imager.

A small amount of concentrated complementary
quencher strands was then added into the imaging
chamber: Here, 7.5 uL of 1 uM P1+ quencher strand
into a 500-uL open-top imaging chamber containing
imager at 4 nM. This action yielded a total quencher
strand concentration of ~15 nM in the chamber and
ensured saturated quenching of imager strands. The
diffusional distribution of quencher strands in a sample

chamber containing fixed cells is fairly rapid and
achieved efficient quenching after approximately 5 min
(Figs. 4(c) and 4(d)). As shown before, the nonspecific
adsorption of imagers is very low in biological samples
[14], and as a result, the super-resolution images (e.g.,
Fig. 4(c)) have very high contrast.

Conventional Exchange-PAINT requires full fluid
exchanges from one imager to washing buffer and
next imagers. This arrangement is typically achieved
either with specially designed chambers [16], which
can require complex preparation, or with multiple

www.theNanoResearch.com | www.Springer.com/journal/12274 | Nano Research
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washing steps in an open-top chamber. A drawback
when working with an open chamber is that accidental
full draining can deteriorate sample quality or dislodge
the sample.

We demonstrated a full Quencher-Exchange-PAINT
cycle in fixed cells by means of an open-top imaging
chamber by imaging microtubules and the mitochondrial
import receptor subunit TOM20 (Figs. 5(a) and 5(b)).
With 1x excess of quencher strands over the imager
concentration, efficient suppression of P1+ binding
was achieved after 3 min: Comparable to the suppression
speed shown at the 4x excess above (Figs. 4(c) and
4(d)). The benefits of conventional Exchange-PAINT
are preserved, such as negligible crosstalk and inde-
pendence of chromatic aberrations.

A generalized Quencher-Exchange-PAINT protocol
(Fig. 5(c)) implements multiple rounds of Exchange-
PAINT without the need for fluid exchange. Here,
the sample was imaged in an open-top microscopy

chamber, and full suppression of imager binding
events could be achieved with a small amount of a
concentrated complementary quencher added by
pipetting, for example, 1 uL of 500 nM quencher into
a 500-pL chamber. This situation should result in a
final quencher strand concentration of ~1 nM, sufficient
to reduce the binding-event rate as well as the
background fluorescence to negligible levels. Adding
excess quencher strand concentration should speed
up the suppression and thus allows for faster switching.
Additionally, it guarantees full suppression even in
the case of local concentration variations. Note that
adding the quencher strand complementary to the
previous imager (here P1+) and the subsequent imager
(here P2+) at different time points is proposed for
quality control, i.e., to check that event rates drop to
negligible levels before adding imager complementary
to a different docking strand. P1+, P2+, ...
thogonal imagers that follow a scheme similar to the

are or-
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Figure 5 The Quencher-Exchange-PAINT concept involving a simple open-top microscopy chamber. (a) A full Exchange-PAINT
cycle using the P1+ imager and quencher for B-tubulin and the P5 imager for TOM20 in fixed COS-7 cells. Low crosstalk is achieved
without any washing steps by adding a small amount of the quencher and subsequently the P5 imager into an open chamber. (b)
Widefield and rendered Exchange-PAINT image corresponding to data shown in (a), red: TOM20, green: B-tubulin. (c) Left to right:
Transient binding of imager P1+ to a partially complementary (9 bp) docking strand allows for imaging of the first target. A small
volume of highly concentrated complementary (13 bp) quencher strands is added. The concentration is chosen so that the resulting
concentration in the chamber is at least equal to the imager concentration. Depending on diffusion, but typically after several minutes,
the binding-event rate of the P1+ imager drops to negligible levels, and the imager matching the next target can be added to the sample.
In principle, these steps can be repeated with an arbitrary number of orthogonal imager—quencher pairs.
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P1+ design presented in Fig.2, i.e., high affinity
between imager and quencher strands, but relatively
low affinity between imager and docking strands.
This arrangement can be achieved by generalizing
the scheme underlying the P1+/P1 strands and adapting
it to orthogonal DNA-PAINT strands, such as those
evaluated by Jungmann et al. [14]. Even faster and
less invasive Quencher-Exchange-PAINT could be
achieved by adding the P1+ quencher strand and
P2+ imager simultaneously as a mixture at a single
pipetting step, and the localization events of suitably
chosen transition time are discarded to avoid crosstalk
between the P1+ and P2+ channels.

In principle, Quencher-Exchange-PAINT with or-
thogonal quencher—imager pairs enables multiplexed
imaging of an arbitrary number of targets labeled
with orthogonal docking strand sequences. Subsequent
imager binding (P2+, P3+, ...) can be suppressed with
respective complementary quencher strands (P2+
quencher, P3+ quencher, ...). Repeated imaging and
quenching of the same target is possible as well. The
free imager concentration [I] =~ [l)] —[Qo], which
determines the binding-event rate, has to be adjusted
by adding sufficient imager, to compensate for an
excess quencher strand concentration.

2.5 Rapid imager exchange in Quencher-Excha-
nge-PAINT of tissue samples

In addition to the application of Quencher-Exchange-
PAINT to simplified multiplexed super-resolution
imaging, we investigated its ability to accelerate
imager switching in multiplexed tissue imaging. If
the imager solution surrounding the sample is fully
replaced by a buffer during a conventional washout,
the drop of the event rate depends on the diffusion of
imager strands out of the sample. Although these
time scales are negligible with DNA origami samples
in a free solution and with thin fixed cells, diffusion
of imager strands in tissue slices is much more varied
and can result in an imager washing step requiring
regularly more than 15 min. In our experiments, time
scales of 50% removal were as large as 10 min although
in some tissue locations in our experiments with
murine, rat, and porcine cardiac tissue samples, removal
was considerably faster. Notably, there were no obvious
criteria to predict imager removal time, and this

drawback precluded selecting tissue portions for fast
exchange.

Quencher-Exchange-PAINT offers a way to decouple
the binding-event rate from the absolute imager
concentration and thus from imager diffusion itself
(Fig. 6(a)). To reduce the event rate, quencher strands
at a concentration much higher (10-50x) than the
imager concentration were added to the solution
surrounding the tissue. This concentration gradient
led to an increase in the quencher strand concentration
to a sufficient level throughout the tissue much faster
than the diffusion of the imager out of the tissue,
resulting in a rapid reduction of the binding-event
rate. Figure 6(b) reveals an increasingly rapid event
rate suppression with the increasing quencher strand
concentrations. Ryanodine receptors in a murine
cardiac tissue slice were imaged, and the event rate
was modulated sequentially by washing with plain
buffer and different concentrations of complementary
quencher strands (1, 10, or 50 nM at an initial imager
concentration of 1 nM), while the field of view and
imaging sequence remained the same for comparability.
In the shown case, washing with plain buffer did not
decrease the event rate to levels necessary for
Exchange-PAINT for over 10 min. Washing with
quencher strands 10-50x more concentrated than the
imager concentration within the tissue reduced the
event rate to background levels within 5 min.

Due to the washing steps involved in the presented
tissue Quencher-Exchange-PAINT, the high quencher—
imager binding affinity is no longer crucial, because a
high proportion of the imager—quencher pairs will be
washed out in the process. Therefore, a shorter quencher
strand, binding to a conventional P1 imager with a 9
bp overlap, could be used here as well. Nevertheless,
the P1+ type approach without explicit solution exchange
should also work for tissues, with the following
alteration: A larger excess of the P1+ quencher should
be added because the acceleration of the suppression
of imager-docking binding relies on the saturation of
binding between quencher and imager strands. This
rapid saturation steepens the time course of reduction
in the free imager amount relative to the diffusional
time course of the quencher concentration increase.

To demonstrate a full Quencher-Exchange-PAINT
cycle in tissue, we imaged porcine and rat cardiac

www.theNanoResearch.com | www.Springer.com/journal/12274 | Nano Research
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Figure 6 The influence of a fluorescence quencher on washing steps during Exchange-PAINT imaging of cardiac tissue samples. (a)

After imaging one target in Exchange-PAINT (left), the imager has to be removed efficiently for subsequent imaging steps. This

removal is achieved by replacing the imager with plain buffer (top), but can take several minutes in samples with limited diffusion.

Quenching the remaining imager with complementary quencher-conjugated strands will reduce the event rate much more rapidly

(bottom). (b) A cardiac tissue sample is washed with plain buffer (black) and increasing quencher concentrations (blue, red, and green),

and this approach reduces the event rate more effectively. The inset shows the absolute event rate of the washes; the free imager
concentration was readjusted by adding more imager after each wash.

tissue slices, targeting ryanodine receptors (Imager
P1) and TOM20 (Imager P3; Fig.7). The binding-
event rate dropped to negligible levels in less than a
minute (Fig. 7(a)). Here, the washing step was maintained
longer than strictly necessary to demonstrate a constantly
low event rate, similar to the background event rate
in tissue, after the quencher was added. Subsequent
addition of an orthogonal P3 imager allowed for
crosstalk-free multiplexed imaging of the next target,
here TOM20 (Fig. 7(b)).

3 Conclusions

Here, we introduce Quencher-Exchange-PAINT, which
enables rapid, low-crosstalk Exchange-PAINT imaging
of protein clusters and membrane structures in cell
and tissue samples. The addition of fluorescence
quenchers conjugated to oligonucleotides and comple-
mentary to imager strands is equivalent to a decrease of
imager concentration, reducing both the fluorescence
background and the binding-event rate. Thus, exchanging
imager solutions in Quencher-Exchange-PAINT can
be decoupled from the slow diffusional washout of
the residual imager, thereby accelerating the process
considerably. The same approach based on quencher-

TSINGHUA
UNIVERSITY PRESS =

coupled strands can be implemented for straightforward
Quencher-Exchange-PAINT imaging without the need
for washes and full fluid exchange chambers. The
free-imager concentration and therefore the Quencher-
DNA-PAINT binding-event rate can be easily tuned by
adding a small volume of complementary quencher
strands at high concentration into an open-top imaging
chamber.

Moreover, we show the flexibility of the synthetic
DNA design, by means of an imager and quencher
strand pair with slightly extended length that
achieves the desired high affinity while not affecting
the super-resolution imaging quality. The throughput
of Quencher-Exchange-PAINT can in principle be
increased by combination with spectrally multiplexed
imaging (see Fig. S2 in the ESM). Furthermore, the
concept of Quencher-Exchange-PAINT could be used
to facilitate other related techniques such as the
generalization of Exchange-PAINT to confocal imaging
and other super-resolution techniques such as STORM
or STED [22-24]. In these methods, a tuning or
reduction of the imager-binding rate is also essential
and can be facilitated by adding complementary
quencher strands.

@ Springer | www.editorialmanager.com/nare/default.asp
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Figure 7 Exchange-PAINT facilitated by a wash with an additional quencher. (a) The DNA PAINT event rate for the P1 imager drops
to background levels after a wash with a complementary quencher strand. Subsequently, imager P3 is added. (b) A superimposed image
of channels P1 and P3. Green: Ryanodine receptors imaged at 1 nM P1, washed with 10 nM P1 Quencher. Red: TOM20 imaged with P3
at 1 nM. The tissue slice was imaged 3 pm above the coverslip in HILO mode.

4 Experimental

4.1 Materials and sample preparation

High-performance liquid chromatography (HPLC)-
purified modified oligonucleotides were purchased
from Eurofins Genomics (Imager strands and strep-
tavidin-modified docking strands for bead experiments,
Eurofins Scientific, Luxemburg) and IDT (Amino
modified docking strands and quencher modified
strands, Integrated DNA Technologies, Coralville).
P1 docking strands were labeled with the Cy3 dye to

enable quality control via widefield fluorescence imaging.

Cy3 excitation at 642 nm is negligible and thus did
not interfere with our DNA-PAINT experiments. The
sequences used are given in Table 1.

Lyophilized DNA was resuspended and stored in
Tris-EDTA (TE, pH 8.0, Sigma-Aldrich) buffer at
100 pM. Dilution in DNA-PAINT buffer (1x PBS,
500 mM NaCl, pH 8.0, see buffer C in Ref. [14]) was
carried out for imaging.

Coverslips for imaging of polystyrene (PS) beads
were coated with PLL-g-PEG (SuSoS, Duebendorf) to
prevent nonspecific binding. PLL-g-PEG at a con-
centration of 0.1 mg-mL™ in PBS was washed off the
coverslip after 30 min. The docking strands were
attached to the streptavidin-coated PS beads (diameter:
500 nm, Microparticles GmbH, Berlin) by dispersing
them in TE buffer containing 300 mM NaCl and

£ .
(B) TIINGHYA &) Springer

Table 1 Docking, imager, and quencher strand sequences

Name Sequence (5" — 3")
Permanently Atto 647N — TATACATCTATCTTCATTATT -
binding imager  Biotin
Permanently TAATGAAGATAGATGTATT - Iowa Black

binding quencher
P1 imager [14]
P1 docking

P1 quencher

RQ

CTAGATGTAT — Atto 655
Biotin/antibody - TTATACATCTA — Cy3
Iowa Black RQ — ATACATCTAC
GCGCTAGATGTAT — Atto 655

Iowa Black RQ - ATACATCTAGCGC
GTAATGAAGA — Atto 655
Biotin/antibody - TTTCTTCATTA
Iowa Black RQ — TCTTCATTAC
CTTTACCTAA — Atto 655

Antibody - TTTTAGGTAAA

P1+ imager
P1+ quencher
P3 imager [14]
P3 docking

P3 quencher
PS5 imager [14]
P5 docking

biotinylated docking strands. Docking strands were
added in 4x excess concentration as compared to the
binding capacity of the beads to ensure a saturated
coating. Unbound oligos were removed by repeated
centrifugation and redispersion steps.

The experimentation with rat and murine tissues
was approved by the University of Exeter ethics
committee and the use of porcine tissue by the
University of Bristol ethics committee. The preparation
and immunostaining procedure is described elsewhere
in detail [25]. Cryosections were cut at a thickness of
15 um and deposited onto poly-L-lysine—coated No.
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1.5 coverslips. The tissue slices were hydrated, blocked
at room temperature, and then incubated with a
primary antibody in an incubation solution (1% BSA;
0.05% Triton X-100; 0.05% NaNs) at 4 °C overnight.
All tissue slices were labeled with a ryanodine
receptor (RyR) 2-specific antibody, and the rat and
pig tissues shown in Fig. 7 were additionally labeled
with a primary antibody against the mitochondrial
import receptor subunit TOM20. Respective secondary
antibodies (Jackson ImmunoResearch, West Grove)
conjugated to the DNA-PAINT docking strands were
added after multiple washing steps with PBS.

COS-7 cells were seeded on coverslips and grown
overnight in DMEM at 37°C and 5% CO,. After
removal of the medium, the cells were fixed in
ice-cold methanol for 15 min at -20 °C and washed
three times in PBS. After that, the cells were per-
meabilized with 0.2% Triton X-100 in PBS and
blocked with 1% BSA in PBS for 10 min each.
p-Tubulin and TOM20 were immunostained with
respective primary antibodies (1:200 in the incubation
solution) at room temperature for 1h. After three
washes with PBS for 5min each, the respective
secondary antibodies conjugated to DNA-PAINT
docking strands P1 for B-tubulin and P5 for TOM20
were added at 1% in the incubation solution. The
sample was washed three times with PBS for 5 min
each before addition of the imager strands.

4.2 Imaging setup

All data were acquired using a modified Nikon
Eclipse Ti-E inverted microscope (Nikon, Tokyo) and
an Andor Zyla 4.2 sCMOS (scientific complementary
metal-oxide-semiconductor) camera (Andor, Belfast).
For quality checks of the labeling, a widefield fluorescence
imaging LED light source was employed (CoolLED,
Andover). Atto 655 was excited with a CW diode
laser (Omikron LuxX, Rodgau) at 642 nm with a power
of 140 mW, attenuated to approximately 15 mW with
an illumination spot with approximately 30 pm diameter
in the sample. A 60x 1.49NA APO oil immersion TIRF
objective (Nikon, Tokyo) was used. PS beads were
imaged in TIRF mode, whereas tissue slices in HILO
mode. Thermal drift was reduced with a custom
objective holder, and the focus was controlled by a

piezo objective scanner (P-725, Physik Instrumente,
Karlsruhe). Lateral drift correction during post-analysis
was achieved via tracking the data acquired with an
auxiliary camera in transmission mode at a non-
interfering wavelength. This tracking setup was also
implemented for continuous focus stabilization during
image acquisition.

4.3 Image acquisition and analysis

Oligo concentrations were estimated by measuring
the absorbance at the DNA absorbance peak (260 nm)
and at the absorption maximum of the respective dye
or quencher oligo modification on a NanoDrop
spectrophotometer (Thermo Fisher Scientific, Waltham).
Bulk fluorescence was measured in a 200 pL chamber
and 50 pum above the coverslip, to minimize the detected
fluorescence of imagers adsorbed on the coverslip
surface.

DNA-PAINT images were captured with integration
time 100 ms. Fluid exchange in Exchange-PAINT
experiments on tissue and streptavidin-coated poly-
styrene beads was facilitated by means of a 3D-printed
chamber (printed with Form2, Formlabs, Somerville).
It included a straight channel with a volume of
approx. 140 uL, an inlet that could be attached to a
syringe or a pump (via 0.1” FEP tubing), and a waste
reservoir which was decoupled from the imaging
channel. Tissue slices were imaged in HILO mode 5
um (Fig. 6) and 3 pm (Fig. 7) away from the surface
of the coverslip. Fixed cells imaged by Quencher-
Exchange-PAINT without the need for washing were
imaged in an open-top microscopy chamber. A cleaned
coverslip was attached to a reusable Perspex slide
with a circular chamber cut in its middle (construction
time approx. 1 min, for details see Ref. [26]).

Control of the optical components including the
microscope, image acquisition, and analysis was based
on a custom-written software package, Python Micro-
scopy Environment (PyME), which is available freely
via: https://bitbucket.org/christian_soeller/python-
microscopy-exeter/. Single binding events were detected
and fitted to a 2D Gaussian for localization. The data
were next filtered with respect to parameters of a Gaussian
fitting, e.g., the peak intensity, o and localization errors.
Thus, binding events that were not in focus could be
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effectively suppressed. Drift correction uses data acquired
by an auxiliary camera via the transmission light
path, while deviating aberrations between the two
imaging paths were corrected for. Super resolution
images were rendered by jittered triangulation [27].
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