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ARTICLE INFO ABSTRACT

MSC: DNA-origami nanostructures have shown promising applications in single molecule localization microscopy.
62H35 They have become a reference standard for benchmarking and for developing new techniques for nanoscopy.
68U10 Here, we present a pipeline for quantifying the quality of these nano-structures when imaging multiple
Keywords: instances of them using DNA-PAINT technique. We show on several experimental datasets that these structures
Single molecule localization microscopy can have deformations and that the designed binding sites are not equally accessible for the labelled imager
]glNAt p’_\INT strands during the image acquisition process. These limitations result in non-uniform activation of the sites

ustering

Labelling efficiency
Particle fusion

over the origami pattern when fusing the instances into a single reconstruction.

1. Introduction

Single molecule localization microscopy (SMLM) is the most widely
used superresolution light microscopy method to study macromolecules,
subcellular or synthetic structures and complexes at nanometre resolu-
tion. Among other techniques, DNA Points Accumulation In Nanoscale
Topography (DNA-PAINT) has emerged as a powerful tool for optical
nanoscopy with typically high photon count per emitting molecule,
enabling sub—10 nm spatial resolution [1]. In DNA-PAINT, the needed
stochastic blinking for sparse localization of individual molecules oc-
curs via repeated transient binding and unbinding events of dye-
labelled imager strands to the docking strands (binding sites) on the
structure of interest. Therefore, a high degree of labelling (DOL) can
only be achieved if all the available binding sites on the target structure
are accessible and have equal binding affinity.

Previously, Strauss et al. [2] showed that strand incorporation is
strongly dependent on the binding site positions in the structure when
imaging DNA-origami nanostructures. To this end they used a template-
based registration approach to align repeated measurements of the
same nanostructure (“particles”) and a nearest neighbour search for the
assignment of localizations to their corresponding binding sites. Their
approach, however, suffers from two problems. First of all, template-
based registration of individual particle is susceptible to the so-called
template-bias problem [3]. This means that the assumed geometric
features of the template structure are likely to appear in the final
outcome of the registration. The implication is that the registration
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outcome does not provide independent evidence for the existence of
such geometric features in reality. The use of a template-free registra-
tion would thus provide more certainty about the final result. Secondly,
hard assignment of the localizations to their nearest neighbour binding
sites is based on the assumption that the origami design corresponds
to the physically realized nanostructure. However, this may not be a
realistic assumption and it does not allow investigation of the possible
deformation of the DNA-origami nanostructures.

Here, we present a workflow based on our previously developed
template-free particle fusion algorithm [3] to investigate structural
deformation of the particles with respect to the ground-truth model,
quantitative assessment of the labelling efficiency of the used fluo-
rophores and probing the accessibility of the binding sites on the target
structure (Fig. 1).

2. Methods
2.1. Single molecule localization microscopy datasets

Our test dataset consists of several experimental DNA-origami nanos-
tructures with different DOL and geometries imaged using DNA-PAINT.
It includes nanostructures in the shape of the ‘TUD’ logo [4], a 3 x 4
grid pattern, and letters ‘O’ and ‘T’ [5]. The designs of the DNA-origami
nanostructures are shown in Fig. 2a-d, and have a minimum lattice
spacing of 5 nm. Sample preparation and SMLM imaging of these data
were previously described in [3,6].
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2.2. Data analysis

Our workflow starts with all-to-all registration [3] of all N seg-
mented particles (Fig. 1). With the all-to-all registration, each individ-
ual particle is registered to all other particles by optimizing a distance
measure which works directly on localization data and their corre-
sponding uncertainties. This will provide us with N(N-1)/2 relative
transformations (rotations and translations) which are subsequently
averaged using Lie-algebra averaging. Lie-algebra averaging utilizes
the redundancy in the number of required relative transformations to
compute the absolute pose of each individual particle. With this the
initial reconstruction is computed and this reconstruction then acts as
a data-driven template which is used at the final step of the registration
pipeline to register pre-aligned particles to and to obtain the final
superparticle [3].

After particle fusion, we register the obtained superparticle to the
DNA-origami design. We will make use of this alignment later when
we want to assign each cluster of localizations (Gaussian mixture
component) to its corresponding binding site. Then, we cluster each in-
dividual aligned particle using a weighted-data Gaussian mixture model
clustering approach [7]. The advantage of this clustering algorithm
over other existing methods is threefold. Firstly, it correctly models the
image formation model in a SMLM acquisition by assuming that the lo-
calization distribution around each binding sites follows a multivariate
normal distribution. Secondly, it has only one intuitive free parameter
that needs to be set manually, namely the number of components of
the GMM which is equivalent to the effective (DOL weighted) number
of binding sites in the origami design. Lastly, it computes a saliency
scores (weight) per mixture component which allows a mechanism for
filtering of outlier Gaussian components that are often being formed
due to false positive localizations. For all the available datasets in this
work, we discard the outlier Gaussian components with less than 0.02
weight.

After clustering of each particle, the mixture component centres
are assigned to their nearest neighbour binding sites in the origami
design. This reveals the localization correspondence to the available
sites. Once these correspondences are found, we count the number of
events per site in the underlying structure, fit an anisotropic bivariate
normal distribution using the MATLAB built-in function fitgmdist with
the number of components k = 1 and used this to assess how uniform
the localizations were distributed over the structure.

3. Results

We applied our algorithm on two ‘TUD’ datasets with 30% and 50%
estimated labelling density with 549 and 456 particles, respectively.
These two datasets were acquired separately with different concentra-
tions of extended staples for DNA-PAINT to achieve different DOL [3].
Fig. 2e—f show the superparticles of the ‘TUD’ logo for the two datasets
in which the so-called ‘hotspot’ problem, i.e. nonuniform distribution
of the localizations over the available binding sites, is clearly visible.
While the reported average localization uncertainty for both datasets is
about 1 nm [3], the spread of the fitted Gaussian components around
the binding sites for 50% DOL data is smaller than for 30% DOL.
Furthermore, it seems that, for both datasets, the sites on the edge of
the structure had a lower chance (three times in the worst case) of
activation than those in the middle.

In another experiment, we fused 1233 DNA-origami nanostructures
forming a 3 x 4 grid pattern with 20 nm raster spacing (Fig. 2b). Al-
though this structure has almost the same dimensions as the “TUD’ logo,
we observed a more uniform binding site activation on it (Fig. 2 g and
D). In fact, this pattern has the most uniform distribution of localizations
around the binding sites which can be related to better accessibility of
the docking strands as these are well-separated in this case (Fig. 20-s).

Lastly, we applied our algorithm to letters ‘O’ and ‘T’ from the letter
dataset which was previously published by Huijben et al. [6]. Fig. 2¢c-d
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Fig. 1. Schematic workflow for binding site analysis of DNA-origami nanostructures.
Input segmented particles are first aligned using the all-to-all registration method.
Next, the resulting superparticle is aligned to the DNA-origami design pattern. This
will bring all particles in line with the design. Each particle is then individually
clustered using Gaussian mixture model clustering, followed by filtering of insignificant
mixture components, outlier removal and the assignment of the mixture components to
their nearest neighbour binding site in the DNA-origami pattern. Once the localization
correspondence to the binding sites is found, a multivariate normal distribution is fitted
to the distribution of localizations per site in order to find the mean position and the
spread of localizations in the vicinity of that site.

and Fig. 2h-i show the DNA-origami designs and their corresponding
superparticles as a result of fusing 238 and 170 segmented particles,
respectively. The two letters have both 24 binding sites which are
packed in four dense clusters of six docking sites that are 5 nm apart.
While the minimum site spacing (5 nm) for these two nanostructures
is the same as for the ‘TUD’ logo, the individual binding sites are not
resolvable in any of them.

4. Discussion

DNA-origami nanostructures have become a key tool for evaluating
resolution performance of new methods and imaging techniques in
SMLM. Example applications include drift correction [8], evaluating
the resolution enhancement of new SMLM techniques [9] and provid-
ing an assay of the performance of fluorescent dye molecules [10].
Therefore, it is necessary to identify and characterize the practical
limitations of these assemblies. In this study, we provided a workflow
for quantification of localization events per defined binding site when
imaging multiple instances of these nanostructures using DNA-PAINT.

Our analysis on several experimental DNA-origami structures with
different binding site layouts revealed that the site activation is not
always uniform and is highly dependent on the geometry of the struc-
ture. In particular, the sites on the edges of the structure had a lower
chance of activation (Fig. 2e—f). This could be due to the flexibility of
the origami which is maximum around its edges. This is in accordance
with the problem of strand incorporation efficiency in a DNA-origami
structure previously reported by Strauss et al. [2]. Additionally, the
results indicate that the difference in the binding site intensities is
physical due to the variable imager strand incorporation and not merely
or exclusively a registration artefact.

In contrast, the analysis of the 3 x 4 grid nanostructure demon-
strated a more uniform activation of the docking sites over the span of a
similar-size DNA-origami like ‘TUD’ (Fig. 20-s). In addition to the two-
fold rotation and the reflection symmetry of the lattice, this, however,
can be linked to the higher accessibility of the binding sites which
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Fig. 2. Analysis of binding site dependent labelling efficiency for several DNA-origami nanostructures imaged using DNA-PAINT. (a-d) Schematics of the DNA-origami design
patterns. Each cross represents a docking site in the design. (e—i) Superparticles as a result of fusing 549, 456, 1233, 238 and 170 ‘TUD’ particles with 30% (e) and 50% DOL
(f) and 3 x 4 grid structure, letter ‘O’ and letter ‘T’, respectively. (j-n) Cluster analysis and binding site activation maps. Each ellipse in these figures represents one standard
deviation of the fitted Gaussians for each binding site. The black crosses show the estimated centre of these clusters which are quite often away from the positions in the origami

design (centre of the red circles). Furthermore, the number of times each binding site is activated is colour-coded to show how often each site is activated. (o-s) The number
of localizations per binding sites normalized to sum to unity. The analysis shows non-uniform activation of the binding sites in addition to deviations of the cluster centres (red
circles) from the ground-truth binding sites (black crosses). Among others, the grid structure which has the largest binding site spacing, demonstrates the most uniform distribution

of localizations per binding site (n).

are very well separated (20 nm) in this case and also to an increased
robustness of the grid structure when compared to the ‘TUD’ logo.

Although the minimum binding site distances for the letter dataset
is 5 nm and equal to the ‘TUD’ logo, these sites were not visible in the
final reconstruction. The main difference of the ‘O’ and ‘T’ assemblies
in this dataset and the ‘TUD’ logo is the sparse occupation of the DNA-
origami area compared to the more continuous geometry of the ‘TUD’.
This sparsity has probably made the complex more flexible which
subsequently resulted in structural deformation. In [6], we observed
a similar behaviour when analysing structural heterogeneity of 3D
tetrahedron DNA-origami nanostructures, which are is also large and
sparse DNA-origami structures.

The impact of the quality of registration on the analysis could poten-
tially be investigated by computing the distribution of the Bhattacharya
metric over all particle pairs after the all to all registration. The average
or median value of this alignment metric, normalized by the numbers of
localization events in the particle pair, could serve as (relative) quality
measure for alignment success.

In conclusion, our computational approach demonstrates that DNA-
origami nanostructures undergo deformations which depend on the
arrangement of the designed docking sites on the scaffold. Furthermore,
our approach shows that even in DNA-PAINT, with high acquisition
time, the distribution of the imager strands over the docking strands is
not uniform and depends on the geometry, some docking sites have a
higher binding affinity than others. Our approach identifies a potential
source of uncertainty in DNA-origami test samples and indicates a
limitation of these structures for sub-nanometre studies.
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