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ABSTRACT: Single-molecule localization microscopy (SMLM) has revolutionized optical
microscopy, extending resolution down to the level of individual molecules. However, the
actual counting of molecules relies on preliminary knowledge of the blinking behavior of
individual targets or on a calibration to a reference. In particular for biological applications,
great care has to be taken because a plethora of factors inﬂuence the quality and applicability of
calibration-dependent approaches to count targets in localization clusters particularly in SMLM
data obtained from heterogeneous samples. Here, we present localization-based ﬂuorescence
correlation spectroscopy (lbFCS) as the ﬁrst absolute molecular counting approach for DNApoints accumulation for imaging in nanoscale topography (PAINT) microscopy and, to our
knowledge, for SMLM in general. We demonstrate that lbFCS overcomes the limitation of
previous DNA-PAINT counting and allows the quantiﬁcation of target molecules independent
of the localization cluster density. In accordance with the promising results of our systematic
proof-of-principle study on DNA origami structures as idealized targets, lbFCS could
potentially also provide quantitative access to more challenging biological targets featuring
heterogeneous cluster sizes in the future.
KEYWORDS: DNA-PAINT, super-resolution microscopy, single-molecule localization microscopy (SMLM), molecular counting,
ﬂuorescence correlation spectroscopy (FCS)

T

presumably the preferred option. Either way, however, when
applying one of these counting approaches to localization
clusters of unknown size, only relative counting results are
obtained, determined by the a priori assumptions or by the
assumed number of molecules within reference localization
clusters.
In the special case of DNA-PAINT, an approach for
molecular counting has been proposed, termed quantitative
PAINT (qPAINT),23 which exploits the programmable
hybridization of single-stranded and ﬂuorescently labeled
DNA probes (“imagers”) to their complementary “docking
strands” (DSs) ﬁxed as labels to the target molecules. DNAPAINT hence decouples the necessary “blinking” in SMLM
from the photophysical properties of the ﬂuorescent
markers.7,24 However, when extracting DNA hybridization
dynamics from DNA-PAINT data for molecular counting, one
still has to consider several pitfalls both at the stage of data
acquisition and post processing. On the acquisition side, this
includes the choice of optimized illumination schemes for
uniform spot detection eﬃciency25 as well as minimizing
photoinduced damage.26 As typically high laser intensities are
used in order to gain spatial resolution,27 ﬂuorescence bursts
recorded during DNA-PAINT acquisition are usually limited

he advent of super-resolution (SR) microscopy has
revolutionized life science research by providing visual
access to speciﬁc biological structures at the nanoscale.1−4 The
SR methods summarized as single-molecule localization
microscopy (SMLM), such as stochastic optical reconstruction
microscopy3 (STORM), photoactivated localization microscopy4 (PALM), and (DNA)-points accumulation for imaging
in nanoscale topography5,6 (PAINT) circumvent the diﬀraction limit by acquiring image sequences of a “blinking” target
structure by stochastically activating only a small subset of all
ﬂuorescent labels at a time. Thus, these methods enable
localization of individual dye molecules in each camera frame
and downstream rendering of SR images from the localizations
obtained over all frames. Based on the fact that each targeted
molecule contributes a certain number of localizations to the
SR image, SMLM has been employed as a quantitative tool to
count molecules for nearly a decade.7,8 Extensive eﬀorts have
been made in this direction particularly for the methods
STORM/PALM7−22 mostly based on either (i) a priori
knowledge of the blinking dynamics or the number of
localizations per ﬂuorescence marker (e.g., via supplementary
experiments or theoretical modeling) or (ii) on an initial
calibration directly within the sample by using isolated
localization clusters originating from an assumed number of
ﬂuorescent molecules as a reference. Because a multitude of
factors can inﬂuence the blinking dynamics locally in the
sample,7,8 a calibration directly within the sample as in (ii) is
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Figure 1. Principle of absolute molecular counting with lbFCS. (a) DNA-PAINT schematic for imaging DNA origami nanostructures exhibiting a
variable number of docking strands (DSs) N (either N = 1 or N = 2). (b) DNA-PAINT image acquired at low laser power showing the two DNA
origami from (a). The spatial resolution does not suﬃce to robustly distinguish the number of DSs Ni in the DNA-PAINT image. All localization
clusters in an image are automatically detected as circular “picks” (white circles) for downstream DS counting analysis. (c) Top: for each pick, the
intensity versus time trace containing the temporal information on imager binding and unbinding is analyzed by computing the autocorrelation
function. Bottom: the computed autocorrelation curve of the intensity trace shows a characteristic monoexponential decay and is well described by
the ﬁt model with the two parameters amplitude Ai and characteristic decay time τi (eqs 1 and 2). (d) Extraction of DNA hybridization rates via
imager concentration series. Left: histograms of τi distributions from all identiﬁed localization clusters (passing the ﬁltering procedure as in
Supplementary Figure 3) in the DNA-PAINT images of the same target, measured at three diﬀerent imager concentrations c. The mean ⟨τ⟩ (black
dashed lines) decreases with c, as expected from eq 2. Right: Fitting eq 2 to ⟨τ⟩ versus c yields kon and koff. (e) Left: distribution of Ai obtained from
the same clusters as in the histograms in (d). Right: reformulating eq 1 and inserting (kon, koff, c) allows to convert each Ai to the number of DSs Ni
in each cluster over all samples with peaks at N = 1 and N = 2 (black dashed lines). Scale bars: 50 nm in (b). Error bars correspond to standard
deviation.

hybridization rates via lbFCS at a precision of better than 5%
and, most importantly, independent of the number of DSs per
localization cluster. The DNA hybridization rates obtained
over all localization clusters serve as calibration for lbFCS to
subsequently count the number of DSs per cluster in each of
the three samples. In order to minimize photoinduced damage
and to obtain the true imager binding kinetics, we reduce the
laser intensity for lbFCS measurements to a minimum while
still allowing for eﬃcient spot detection but at the cost of
spatial resolution. In a benchmark study of lbFCS on DNA
origami structures with a predesigned number of DSs, we
additionally image each ﬁeld of view (FOV) ﬁrst at a low and
then at a high laser power. This allows us to spatially resolve
individual DSs as a visual ground truth for the lbFCS counting
results over all localization clusters. Finally, we show that via
lbFCS we can extend the restriction of qPAINT where the
cluster densities (number of DSs) determine the applicable
imager concentration. Over a wide range of cluster densities,
we show that lbFCS counting results are in good agreement
with the visual ground truth.

by photobleaching of the dye rather than the actual
dissociation of the imager strands−an eﬀect that can be
accompanied by the photoinduced depletion of DSs during the
course of a measurement.26 Furthermore, qPAINT requires
adjustment of the imager concentration to the expected density
of DSs, limiting the applicability to biological samples, which
might exhibit a heterogeneous distribution of DS densities.23
On the postprocessing side, counting with qPAINT is also
relative as it relies on the calibration to the hybridization
kinetics of single DSs.23
In this study, we introduce localization-based ﬂuorescence
correlation spectroscopy (lbFCS) as a quantitative tool for
DNA-PAINT that, to our knowledge, for the ﬁrst time allows
absolute molecular ensemble counting in clusters of SMLM
data. We ﬁrst show that autocorrelation analysis of
ﬂuorescence ﬂuctuations similar to classical FCS28,29 can be
applied to localization clusters in DNA-PAINT images (i.e.,
the rendered localizations) of DNA origami structures30
allowing the extraction of imager binding kinetics. Following
previous work,31 our approach is based on imaging a sample at
three diﬀerent imager concentrations allowing extraction of the
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Figure 2. Experimental validation of lbFCS. (a) The 1DS structures with N = 1 for testing the lbFCS approach. (b) Repetition of 10 concentration
series each with freshly prepared imager stocks (10 × 3 samples). ⟨τ⟩ versus c ﬁt for each concentration series demonstrating high reproducibility.
(c) 1/A versus c ﬁts show similar reproducibility. The ﬁts passing through the origin yield that the concentration ratios were adjusted correctly. (d)
Sets of kon (left, light green) and koff (right, dark green) extracted from the ﬁts in (b) for each imager stock. Mean and standard deviation are given
as gray line and light gray area, respectively. (e) Histogram of lbFCS counting results N over all 30 samples from the concentration series on 1DS
structures. The black dashed line indicates the median at N = 0.97 ± 0.11. Error bars correspond to standard deviation in the case of ⟨τ⟩, kon, and
koff and interquartile range in the case of 1/A.

Results and Discussion. The Principle of lbFCS. As model
targets for molecular counting with DNA-PAINT in this study
we employed DNA origami,30 a method allowing the precise
and large scale production of artiﬁcial nanostructures from
DNA as building material. In the context of DNA-PAINT,
DNA origami have been extensively used for creating
nanometer patterns of DSs as ideal benchmarking systems
for the obtainable spatial resolution of the used microscope.6,32,33 In the following, we outline how to count the
number of DSs on DNA origami structures in DNA-PAINT
images with lbFCS (a detailed step-by-step description of all
analysis steps can be found in Supplementary Figure 1). Figure
1a shows a DNA-PAINT schematic of two surface-immobilized DNA origami, one with two DSs (N = 2) and the other
with a single DS (N = 1). Freely diﬀusing imagers bind to the
DSs at association rate kon and unbind at dissociation rate koff,
thereby generating the characteristic blinking required for
downstream SMLM reconstruction. The concentration of
imager strands is denoted as c. DNA-PAINT imaging was
performed on a custom-built total internal reﬂection
ﬂuorescence (TIRF) microscope with a homogeneous (“ﬂattop”) intensity proﬁle for optimized acquisition conditions25
and temperature control (see Supplementary Figure 2a for a
detailed setup sketch). A low laser power was selected to
obtain imager dissociation rates unbiased by photobleaching
(Supplementary Figure 2b) while still preserving the ability of
robust spot detection. Albeit the reduction in laser power
minimizes photoinduced damage during acquisition, it comes
at the cost of reduced spatial resolution leaving clusters of
localizations that do not allow counting of the number of DSs
by eye (Figure 1b). However, lbFCS allows to count the
number of DSs per structure solely based on the assumptions
that (1) every target structure in the sample is subject to the
same imager concentration c and (2) all individual DSs of the

target structures bind imager strands with equal hybridization
rates given by kon and koff. This implies that the values kon and
koff are determined for all structures in one sample (i.e.,
globally) by the designed sequence of the DS and the imager
strand for a ﬁxed set of environmental conditions (temperature, buﬀer, and so forth). Around each automatically
detected cluster i in an image we deﬁne a circular region
referred to as “pick” (white circles in Figure 1b) for which we
plot the respective intensity versus time trace Ii(t) containing
the temporal information on imager binding and unbinding to
the speciﬁc target structure (Figure 1c, top). From these, we
subsequently compute the autocorrelation curves Gi(l) (Figure
1c, bottom) which are well described by the monoexponential
ﬁt model previously derived for surface-integrated (SI)FCS:31,34,35 Gi(l) = Aiel/τi + 1. Here, l is deﬁned as the
autocorrelation lag time, Ai as the amplitude of the
autocorrelation function at zero lag time Gi(l = 0) and τi as
the characteristic exponential decay constant. Following
previous derivations,31,34,35 the model parameters are deﬁned
as
Ai (kon , koff ; Ni)|c =

1 koff
Ni konc

(1)

and
τi(kon , koff )|c =

1
konc + koff

(2)

Referring to the previous assumptions of global hybridization
rates and imager concentration, one can readily see that τi is
only a function of the global rate constants kon and koff meaning
that all picks in one sample of imager concentration c should
yield the same value of τi within the uncertainty of the
measurement. As a consequence the mean value ⟨τ⟩ over all
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Figure 3. Temperature and ion composition aﬀecting DNA hybridization rates. (a) lbFCS concentration series with 1DS samples at diﬀerent
temperatures, highlighting the temperature dependence of DNA hybridization rates (at ﬁxed [MgCl2] = 10 mM). (b) lbFCS concentration series
with 1DS samples at diﬀerent MgCl2 concentrations aﬀecting the DNA hybridization rates (at ﬁxed T = 23 °C). Gray lines and light gray shaded
areas correspond to the mean and the standard deviation, respectively, of the hybridization rates at standard conditions (T = 23 °C and [MgCl2] =
10 mM, see Figure 2d). Error bars correspond to standard deviation in the case of ⟨τ⟩, kon, and koff and interquartile range in the case of 1/A.

N = 2) in addition to the also concentration-dependent shift,
as can be seen in the left panel of Figure 1e. Each Ai value can

picks suﬃces for the extraction of the rate constants. The
amplitude Ai in contrast is subject to the same global
parameters but additionally depends on the number of DSs
Ni in each pick. lbFCS makes use of these dependencies in
order to extract both the hybridization rate constants kon and
koff and the number of DSs Ni in each pick by the following
procedure. First, we prepare and image three DNA origami
samples (here exemplarily containing both N = 1 and N = 2
DNA origami structures) at three diﬀerent imager concentrations (c1 < c2 < c3) and automatically detect all clusters in
the three resulting SR images (see Supplementary Figure 1).
Next, we autocorrelate all intensity traces and remove clusters
exhibiting nonrepetitive binding and/or binding dynamics
deviating from a clear monoexponential behavior in a ﬁltering
step before further analysis (see Supplementary Figure 3). The
left panel in Figure 1d shows the resulting τi histograms for all
remaining clusters in each of the three images. As expected
from eq 2, we observe a shift of the distributions toward lower
values with increasing c corresponding to a decrease of the
mean value ⟨τ⟩. Following the aforementioned reasoning, the
mean value ⟨τ⟩ for each imager concentration c (Figure 1d,
right panel) yields the global rate constants kon and koff by
ﬁtting eq 2. An analogous approach has been previously
demonstrated using SI-FCS for the same system (i.e., DNAPAINT on surface immobilized DNA origami) using an
ensemble autocorrelation analysis of the raw intensity
ﬂuctuations integrated over larger arrays of camera pixels
(originating from thousands of DNA origami), which allowed
for the extraction of imager hybridization rates via a
concentration series.31 Here, we show that this approach can
be directly transferred to each localization cluster in a DNAPAINT image of subdiﬀraction spatial resolution. This allows
one to make further use of the amplitude Ai of each pick for
molecular counting. According to eq 1, Ai depends on the
number of DSs in each cluster resulting in a distribution
exhibiting two peaks (for DNA origami either with N = 1 or

be converted into Ni by reformulating eq 1 to Ni =

1 koff
A i konc

(Figure 1e, right) and inserting the now available rate
constants kon and koff together with the respective imager
concentration c of each measurement. Figure 1e, right, shows
the distribution of the number of DSs present in each
localization cluster (i.e., either one or two DSs).
Validation of lbFCS. In order to demonstrate the ability of
lbFCS to extract DNA hybridization rates and to count DSs in
DNA-PAINT images acquired at low laser power, we ﬁrst
explored the case of a DNA origami design exhibiting just a
single DS (N = 1, referred to as “1DS”), as depicted in Figure
2a, because it is the only case of an implicit counting ground
truth. In 10 repetitions of the same experiment over the course
of 2 months, we prepared fresh imager stocks at 5, 10, and 20
nM for subsequent low laser power imaging on 1DS samples
(10 × 3 samples, standard conditions: imaging buﬀer
containing 10 mM MgCl2 and temperature controlled at 23
± 0.1 °C). lbFCS analysis of the localization clusters showed a
good reproducibility with respect to the output parameters τi
and Ai (Figure 2b,c). The mean (error bar, standard deviation)
denoted as ⟨τ⟩ of the τi distribution and the median (error bar,
interquartile range) denoted as A of the Ai distribution (N and
Ni) are shown whenever a statistical quantity of an ensemble is
presented. The representation of 1/A in Figure 2c is chosen to
verify the linear dependency on c (see eq 1). In addition, the
plot serves as a control for whether the imager concentrations
have been adjusted in the correct ratios when the ﬁt of eq 1
intersects the y-axis at the origin. Figure 2d shows the scatter in
kon and koff resulting from the 10 ﬁts in Figure 2b. Over all
measurements, we obtained the mean hybridization rates of
⟨kon⟩ = (6.5 ± 0.3) × 106 M−1 s−1 and ⟨koff⟩ = (2.66 ± 0.05) ×
10−1 s−1 with standard deviations below 5% and 2%,
respectively, proving high reproducibility. We attribute this
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Figure 4. Counting of docking strands on DNA origami. (a) Binning of experimental 1DS localization clusters (taken from stock measurements 1−
3, see Figure 2) for computationally increasing the number of DSs Nin as input for further testing of counting performance. (b) Median of the
counting result Nout versus Nin comparing the counting results obtained via qPAINT at diﬀerent imager concentrations (red) versus lbFCS (blue);
sum over all imager concentrations displayed (see Supplementary Figure 9 for individual lbFCS and qPAINT results). The black dashed line
displays a line through the origin of slope one as expected for ideal counting results (i.e., Nout = Nin). (c) lbFCS extracts correct hybridization rates
within the measurement uncertainty independent of Nin (kon and koff means (gray lines) and STDs (light gray areas) from Figure 2d). (d) Top:
DNA origami design with N = 4 DSs. Exemplary image of the same structure from the low laser power image (left) and the high laser power image
for visual counting (right). Bottom: counting results for visual counting (gray), qPAINT (red) and lbFCS (blue). (e) Same as (d), but for N = 12
DSs DNA origami design. Intensity traces that do not exhibit dark times anymore (see Supplementary Figure 7) cannot be analyzed via qPAINT
and are not shown in the histograms. Refer to Supplementary Table 1 for total numbers of analyzable clusters per histogram. (f) Same as (d,e) but
for N = 48 DSs DNA origami design (no visual count histogram due to too tight DS spacing (10 nm) for robust spot detection). Scale bars: 40 nm
in (a,d−f). Error bars in (b) correspond to interquartile range.

trend. We also varied the ion composition by changing the
standard of 10 mM MgCl2 by ±5 mM (at 23 °C) and again
used lbFCS to monitor the eﬀects on both rates, such as the 3fold increase in kon between 5 and 10 mM (Figure 3b).
However, as long as the rates are kept constant for all three
concentration measurements, lbFCS yields the correct
counting result of Ni = 1, independent of the actual
temperature or ion composition (Supplementary Figure 5).
Finally, the question of how precisely the absolute imager
concentrations must be controlled needs to be addressed. In
Supplementary Figure 6, we reanalyzed one of the stock
measurement series at standard conditions as presented in
Figure 1b−e by intentionally assuming higher or lower
absolute imager concentrations while keeping the correct
concentration ratios. The results clearly show that wrong
absolute imager concentrations neither aﬀect the absolute
counting ability of lbFCS nor the resulting dissociation rate koff
as long as the correct concentration ratios are preserved (for
which the 1/A ﬁt provides control when crossing the origin).
However, due to the product konc in eq 2, assumed imager
concentrations deviating from the “true” value by a factor of x
will result in an obtained association rate multiplied by the
inverse factor x−1. To avoid this ambiguity in order to
(relatively) compare obtained association rates we performed a
control concentration series on 1DS origamis using the same

high precision to the fact that we are able to minimize the
inﬂuence of unspeciﬁc binding to the surface (Supplementary
Figure 4) by only analyzing detected clusters which, in
addition, passed the ﬁlter criteria (see Supplementary Figure
3). Next, the values (kon, koff) for each stock were used to count
the number of DSs in each of the three samples of the
respective concentration series. Figure 2e shows the histogram
of Ni over all 30 samples (>90% of all data points lie within the
x-axis limits; >97 k localization clusters in total) with the
median at N = 0.97 ± 0.11, which is in good agreement with
the initial design of the 1DS structures.
The counting ability of lbFCS is based on the assumption
that kon and koff are global parameters which do not change
during the course of the concentration series measurements. It
is hence essential to precisely control the experimental
conditions aﬀecting DNA hybridization, such as temperature
and buﬀer ion composition. In order to quantitatively assay
these eﬀects, we ﬁrst repeated the concentration series on 1DS
samples at 21−24 °C (1 °C increments, all at 10 mM MgCl2),
a temperature range which we observed due to the heating of
the often enclosed sample space of commercial microscopes
during imaging. As reported in many DNA hybridization
studies before,32,36−38 Figure 3a shows that the dissociation
rates change considerably (up to ∼2.5-fold) over this
temperature range, whereas the association rates do not
change within the measurement error and show no observable
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largely increased for a given N and imager concentration c (i.e.,
the limit of qPAINT is reached already for much smaller N
compared to the previous study23).
Having conﬁrmed that lbFCS allows molecular counting
over this wide range of DS densities independent of the imager
concentration, we next validated the assumption that lbFCS
can extract the correct DNA hybridization rates independent of
N. Figure 4c displays that for all Nin we obtained the same
hybridization rates within the measurement uncertainty
verifying eq 2 and conﬁrming that τi is indeed independent
of the number of DSs per cluster.
In order to fully experimentally benchmark the counting
performance of lbFCS, we designed DNA origami species with
higher numbers of DSs (N = 4, 12, and 48). Like for the 1DS
structures, we prepared three samples per DNA origami
species at c = 5, 10, and 20 nM and measured each sample ﬁrst
at low laser power. Directly after each low power measurement,
we imaged the same FOV at high laser power in order to
obtain visual references at high resolution assignable to each of
the localization clusters from the low power measurement. The
top panel in Figure 4d depicts the N = 4 DNA origami design,
an example DNA-PAINT image of a single structure acquired
at low laser power (left) and the respective high power image
exhibiting the four DSs in the designed pattern (right). We
subsequently applied a spot detection algorithm to the high
power image in order to automatically count the number of
present DSs as a ground truth for the lbFCS and qPAINT
results from the low laser power images. The eﬃciency by
which individual staple strands are incorporated into each
DNA origami during the folding process is limited and also
position dependent,39 that is, only very few structures feature
all DSs from the initial design. The lower panel in Figure 4d
shows the counting results of lbFCS (blue) and qPAINT (red)
from the low power measurements as well as the visual
counting results (gray) from the high power measurements for
the three samples of N = 4 structures. Folding of this DNA
origami design resulted in structures primarily exhibiting one
or two DSs, which can be seen at the distinct peaks in all
lbFCS distributions and which is furthermore in good
agreement with the visual reference (refer to Supplementary
Figure 11a for a comparison of the lbFCS/qPAINT performance with respect to individual integers from the visual
inspection). Also qPAINT yields a distribution covering the
lbFCS and visual results, even for the sample imaged at c = 20
nM (as expected from Figure 4b for the regime N < 6). In
contrast, the qPAINT distribution does not feature clear and
distinct peaks. Figure 4e illustrates the counting results for the
measurement series on the N = 12 structures. Again lbFCS
produces counting results which correlate well with the visual
counting reference (see Supplementary Figure 11b for integerwise comparison with visual inspection), both peaking at
around N ≈ 10 and both exhibiting the same distribution
shape. However, for qPAINT we obtained a slightly left-shifted
distribution even for the sample imaged at c = 5 nM, which
further increased and broadened for the c = 10 and 20 nM
samples. As expected from Figure 4b, intensity traces extracted
from these samples started to lack enough unique dark times
for qPAINT analysis (compare Supplementary Figures 7 and 9.
The total number of analyzable clusters in each data set from
Figure 4d−f are given in Supplementary Table 1). At last, we
imaged the series of samples containing N = 48 structures
(Figure 4f). As can be seen in the top panel, we were able to
partially resolve the DSs tightly packed at a 10 nm spacing in

imager stock at standard conditions (see Figure 2b−e) for
every measurement in this study.
Molecular Counting. As a next step, we tested the
performance of lbFCS by arbitrarily grouping clusters of N =
1 obtained from earlier 1DS experiments (data taken from
stock measurements 1−3; see Figure 2) into clusters of deﬁned
N > 1 (≡ Nin) which is equivalent to the simple computational
addition of their respective intensity versus time traces (see
Figure 4a). This way, we created localization clusters of up to
Nin = 48 for each imager concentration (c = 5, 10, and 20 nM)
and analyzed them using lbFCS and qPAINT. It should be
mentioned at this point that in contrast to lbFCS the counting
of DSs with qPAINT needs a calibration23 by the inﬂux rate
c obtained from clusters containing a single DS only
kqPAINT
on
(see Supplementary Figure 7 for the principle of the qPAINT
approach). Supplementary Figure 8 displays the results as
obtained by qPAINT analysis of the 1DS experiments of
Figure 2b−e. The following results from molecular counting
with qPAINT hence rely on a calibration association rate of
kqPAINT
= (7.7 ± 0.2) × 106 M−1 s−1. With respect to the error
on
is proﬁting from the
we would like to note that also kqPAINT
on
ﬁltering procedure introduced in Supplementary Figure 3,
which in turn is based on the unique property of the
autocorrelation analysis of lbFCS to identify and exclude
clusters exhibiting dynamics that deviate from a clear
monoexponential behavior.
Figure 4b displays the analysis results Nout versus Nin for
both analysis methods (for lbFCS the sum over all three
imager concentrations is displayed. See Supplementary Figure
9a−c for individual results at c = 5, 10, and 20 nM,
respectively). As expected, lbFCS does not show any
concentration dependence and yields the correct counting
results (Nout = Nin, indicated by black dashed line) over the
whole range of Nin. In contrast, qPAINT starts underestimating
the correct number of DSs at a certain cluster size, an eﬀect
depending on the imager concentration (whereas for c = 5 nM
qPAINT starts deviating from the linear relation at Nin ∼ 48,
for c = 20 nM the deviation already occurs at Nin ∼ 12). As
explained in Supplementary Figure 10, this is due to the
increasing occurrence of simultaneous imager binding to
multiple DSs within the same cluster. Because the qPAINT
algorithm is based on the extraction of dark times from the
intensity versus time trace of a cluster, its intrinsic limit given a
certain imager concentration is determined by the maximum
number of DSs per cluster N at which the corresponding
intensity trace exhibits only few and, ultimately, no dark times
at all anymore (in other words, the cluster is continuously
ﬂuorescing during data acquisition due to constant imager
turnover). In accordance with this consideration, Figure 4b
shows that the higher the imager concentration, the faster this
limit determined by N is reached (see Supplementary Figure 9
for a detailed analysis of the number of unique dark times
extracted per cluster for the last qPAINT data points for c = 5,
10, and 20 nM at N = 48, 30, and 18, respectively). It should
be discussed, however, that our DNA-PAINT data deviates
from the type of data previously subjected to qPAINT
analysis23 in two aspects: (i) due to the low laser intensity,
the bright times are an order of magnitude longer (i.e., not
limited by fast photobleaching as in classical high-resolution
DNA-PAINT) and (ii) the imager-DS sequence design
qPAINT
employed in this study has a signiﬁcantly higher kon
23
6
−1 −1
6
(here 7.7 × 10 M s versus previously 1 × 10 M−1
s−1). Hence, our probability of simultaneous binding events is
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DOI: 10.1021/acs.nanolett.9b03546
Nano Lett. 2019, 19, 8182−8190

Letter

Nano Letters

In conclusion, we presented lbFCS as an absolute counting
approach for DNA-PAINT microscopy in a proof-of-principle
study targeting DNA origami structures as ideal samples. On
the basis of imaging a target of interest at several imager
concentrations, we showed that lbFCS allows the extraction of
imager hybridization rates at high precision from target clusters
independent of the number of DSs within a cluster, which
subsequently serves as calibration for counting of DS numbers
within all clusters. We ﬁrst conﬁrmed the measurement
principle on DNA origami exhibiting only a single DS and
assayed the measurement uncertainty and the inﬂuence of
experimental conditions such as temperature and buﬀer ion
concentration. Next, we examined the performance of lbFCS
to count the increasing number of DSs per cluster and
compared the obtained results to the state-of-the-art DNAPAINT counting approach qPAINT. We ﬁrst increased the
cluster size in a controlled way by grouping experimentally
obtained clusters containing only a single DS into clusters of
deﬁned N. The obtained results show that lbFCS yields the
correct counts over a range of more than 40 DSs for various
imager concentrations in contrast to qPAINT. In addition, the
extracted hybridization rates were unaﬀected by the number of
DSs per cluster within the measurement uncertainty.
Subsequent experimental benchmarking of lbFCS on DNA
origami structures exhibiting multiple DSs yielded counts in
good agreement with the visual ground truth obtained from
high-resolution images from the respective FOVs. Finally, we
could conﬁrm previous results regarding the depletion of DSs
in DNA-PAINT.26 lbFCS is sensitive enough to detect slight
changes in N due to depleted DSs and gave direct evidence
that neither the hybridization rates nor the “eﬀective” imager
concentrations were aﬀected by the employed low laser
intensities during image acquisition. The usage of oxygen
scavenging systems helped to virtually eliminate the depletion
of DSs, underlining the applicability of our approach.
The work presented in this study was based on surfaceimmobilized DNA origami structures as model targets for
DNA-PAINT microscopy. It should be highlighted that in this
case all presented counting results here could also be obtained
correctly via qPAINT when the imager concentration is
adjusted according to the DS density. qPAINT could in
principle also deal with samples containing heterogeneous
cluster densities by imaging the sample at diﬀerent imager
concentrations. We particularly see the strength of lbFCS in
future applications to DNA-PAINT data of biological samples,
where it might be hard to identify enough single DSs for a
robust calibration of the qPAINT inﬂux rate. Additionally,
local factors such as charge diﬀerences or steric hindrance
eﬀects introduced, for example, by the labeling linker to the
target molecule, might lead to changes in the imager
association rate limiting the applicability of the calibration
rate obtained from DSs on DNA origami. While lbFCS could
potentially solve these problems, the way toward cellular
samples bears several diﬃculties that still remain to be tested.
These include, among others, the eﬀects of elevated background ﬂuorescence, robust cluster identiﬁcation and demands
on achievable spatial resolution. We further would like to point
out that lbFCS in its current state relies on the identiﬁcation of
spatially well-separated clusters and is hence not applicable to
continuous structures (e.g., ﬁlaments).
Despite the focus on molecular counting presented here, the
scope of lbFCS essentially exceeds the study of speciﬁc DNA−
DNA interactions as in DNA-PAINT. We see promising

the DNA-PAINT images. However, the spatial resolution did
not suﬃce to robustly run the spot detection algorithm earlier
employed for the N = 4 and N = 12 origami for an unbiased
visual ground truth. The DS incorporation eﬃciency leads to a
broader spread in the actual number of DSs over all DNA
origami structures with increasing N, which is in agreement
with a broadening in the distribution of counted DSs by lbFCS
compared to the previous DNA origami designs with less DSs.
However, for all three imager concentrations lbFCS yielded the
same counting results with a median of around N ≈ 25.
Although for the c = 5 nM sample the qPAINT results are in
relatively good agreement with lbFCS, the distribution for the
10 nM sample is broadened and again shifted to the left due to
lacking unique dark times extractable from the respective
intensity versus time traces. As expected from Figure 4b, for c =
20 nM the DS density of the DNA origami design is already
beyond the applicable limit of qPAINT since almost 75% of all
clusters did not exhibit a single dark time anymore (see
Supplementary Table 1).
Finally, we investigated whether even during the low laser
power measurements the eﬀect of photoinduced DS depletion
via reactive oxygen species (ROS) generated upon excitation of
dye molecules can be observed, as previously described by
Blumhardt et al.26 For the N = 12 structure, we repeated the
concentration series with fresh samples this time measuring
four times longer than a usual low power measurement without
the use of an oxygen scavenging and triplet state quenching
system (4 × 30 min). We then temporally segmented the total
data set into four subsets and analyzed each subset individually
via lbFCS. Supplementary Figure 12a depicts the resulting ⟨τ⟩
versus c dependencies for all segments. We observed no
signiﬁcant diﬀerence between the time segments indicating
that hybridization rates were unaﬀected and giving direct
evidence that there was no bleaching of the imager solution
(i.e., decreasing c) during the course of the 2 h measurement.
Bearing this in mind, the clear change in 1/A versus c as shown
in Supplementary Figure 12b is a direct consequence of the
depletion of DSs leading to a decrease in N (compare eq 1).
Supplementary Figure 12c shows the counting results over all
segments normalized to the value of the ﬁrst segment for every
concentration. For an imager concentration of 20 nM, more
than 20% of the DSs were depleted after 2 h of measurement.
Furthermore, we observed an increase of the depletion rate
with increasing imager concentration which is in agreement
with previous results showing that the probability of photoinduced damage scales with the DS occupancy.26 With respect
to the results in Supplementary Figure 12b, this additionally
explains why an oﬀset in 1/A is becoming apparent for the
later segments, as the 1/A values of diﬀerent concentrations
already originate from origamis of diﬀerent N due to diﬀerent
depletion rates.
One of the proposed strategies to circumvent DS depletion
is the use of oxygen scavenging systems such as pyranose
oxidase, catalase, and glucose (POC) to directly remove ROS
from the solution upon generation.26 We repeated the same
extended low power measurement series with POC and Trolox
(a commonly used triplet state quencher) added to the
imaging buﬀer. Subsequent lbFCS analysis revealed neither
changes in ⟨τ⟩ nor in 1/A over the four time segments
(Supplementary Figure 12d,e). Hence, usage of oxygen
scavenging systems allows one to virtually eliminate DS
depletion during the low laser power measurements for lbFCS
(Supplementary Figure 12e,f).
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applications translating the high precision of lbFCS to study
speciﬁc and reversible DNA−protein and protein−protein
interactions with one of the species immobilized on a surface.
In addition, lbFCS could also ﬁnd application in structural in
vitro studies to count subunits of immobilized multimeric
complexes.
When targeting ﬁxed cells, however, future work needs to
address possible local changes in DNA hybridization rates,
which might lead to large deviations between DSs and clusters.
A next step in this direction will be combining lbFCS with
Exchange-PAINT40 in order to acquire the imager concentration series at the same FOV of a sample, potentially
providing access to local changes in hybridization rates and
allowing direct calibration with the cluster-speciﬁc rates for
more robust counting. Finally, the same FOV would be imaged
at high laser intensity for obtaining a DNA-PAINT image at
highest spatial resolution. Complementing high-resolution
DNA-PAINT images with an additional layer of robust
quantitative information obtained via lbFCS has the potential
to move the technology away from artiﬁcial or well-studied
structures toward physiologically relevant targets and,
ultimately, biological discovery.
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(24) Nikić, I.; et al. Debugging Eukaryotic Genetic Code Expansion
for Site-Specific Click-PAINT Super-Resolution Microscopy. Angew.
Chem., Int. Ed. 2016, 55, 16172−16176.
(25) Stehr, F.; Stein, J.; Schueder, F.; Schwille, P.; Jungmann, R.
Flat-top TIRF illumination boosts DNA-PAINT imaging and
quantification. Nat. Commun. 2019, 10, 1268.
(26) Blumhardt, P. Photo-Induced Depletion of Binding Sites in
DNA-PAINT Microscopy. Molecules 2018, 23, 3165.
(27) Deschout, H.; et al. Precisely and accurately localizing single
emitters in fluorescence microscopy. Nat. Methods 2014, 11, 253.
(28) Magde, D.; Elson, E.; Webb, W. W. Thermodynamic
Fluctuations in a Reacting System—Measurement by Fluorescence
Correlation Spectroscopy. Phys. Rev. Lett. 1972, 29, 705−708.
(29) Eigen, M.; Rigler, R. Sorting single molecules: application to
diagnostics and evolutionary biotechnology. Proc. Natl. Acad. Sci. U. S.
A. 1994, 91, 5740−5747.
(30) Rothemund, P. W.; Folding, K. DNA to create nanoscale
shapes and patterns. Nature 2006, 440, 297.
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