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Abstract

DNA nanotechnology and, in particular, the introduction of DNA origami nanostructures (DONs), have
enabled the easy design and synthesis of a plethora of highly sophisticated, functional nanodevices with
applications in various fields such as biosensing, biocomputing, or nanorobotics. Simultaneously,
advancing single-molecule microscopy has become an essential tool to investigate and readout DNA
based nanodevices with high spatiotemporal resolution at a single-device level, breaking even the
diffraction limit of light. While an unprecedent level of functionality has been reached in the design of
DONs, their widescale applicability is still hampered by their intrinsic low structural and functional stability
in application specific conditions. Single-molecule microscopy, on the other hand, suffers from
photobleaching of fluorescent labels and photoinduced sample damage, limiting the observation time of
DONSs at the nanoscale. Multiple strategies have been developed to increase the stability of DONs and
their fluorescent labels, but most of these approaches only slow down the degradation under wear and
tear conditions and are incapable to reverse an occurring damage. This calls for novel stabilization
strategies, which either ensure an improved static stability or provide dynamic stability by the repair of
damaged building blocks within a functional DON, while preserving its functionality. In this thesis, | used
single-molecule microscopy, the super-resolution imaging technique DNA points accumulation for
imaging in nanoscale topography (DNA PAINT), and atomic force microscopy (AFM) to investigate the
stability of functional DONs and demonstrated novel strategies to slow down or reverse the degradation

under wear and tear conditions.

First, | applied protective coatings to DONs and investigated their improved stability, using either AFM,
DNA PAINT, or a single-molecule reporter sensitive to the coating process. Here, | showed that designed
DNA docking sites stay functional and addressable during the coating process with silica and that the
structural integrity of the coated DONs can be probed using DNA PAINT. Additionally, | employed a
molecular reporter for probing the coating process of DONs by reading out the fluorescence lifetime shift
of an environment-sensitive cyanine dye. | applied the sensor to track the coating of DONs with silica and
with commonly used poly-L-lysine polyethylene glycol (PLL-PEG) and studied the stability of the coated

nanostructures under degrading conditions.

Next, | implemented dynamic, self-repairing strategies into DONs by exploiting the self-assembling nature
of DNA. Using single-molecule microscopy and DNA PAINT, | showed, that the dynamic exchange of
damaged building blocks with intact analogues from an excessive pool helps overcoming the irreversible

bleaching of fluorescent labels, as well as structurally stabilizing DONs in blood serum.



Finally, | designed and implemented a novel strategy to improve the longevity of fluorescence labels in
single-molecule and super-resolution imaging. It relies on directing a photostabilizing agent to the location
of the fluorescent label via specific DNA interactions, thereby enabling long-term imaging without the
addition of high amounts of chemical agents. After | applied this approach to single-molecule and DNA
PAINT imaging on DONSs, it was subsequently employed for photostabilized super-resolution imaging in

cells even under aerobic conditions.

In summary, this thesis adds new approaches and characterization methods to the toolbox of stabilization
strategies of functional DONs and fluorescent labels used in single-molecule and super-resolution
microscopy. DNA PAINT and the molecular cyanine reporter help to understand the coating process of
DONs at a single-molecule level, providing new insights into its homogeneity and integrity. The ability of
DONs to repair damaged building blocks opens up new design possibilities, especially for future
applications such as artificial cells, in which a constant turnover of building blocks will be needed to mimic
the behavior and properties of natural cells. The modularity of the DNA mediated photostabilization
approach makes it an affordable and attractive tool for future single-molecule applications, such as

biosensing or minimally-invasive long-term super-resolution imaging of biological samples.
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1. Introduction

Crafting tools and constructing machines to facilitate work and life are one of the unique capabilities of
the Homo sapiens, which empowered us to evolve from hunters and collectors to a highly technologized
species. Over millennia, humankind has been inventing, refining, and optimizing tools at the macroscale
resulting in the creation of technical breakthroughs like the steam engine, the combustion motor or
electronics. But only in the last decades since Feynman’s famous speech “Plenty of Room at the Bottom”
in 1959, efforts have been made to design and create devices at the nanoscale, pushing the boundaries
of designed functions to smaller and smaller dimensions. Since then, applications of nanotechnology in
multiple fields like information storage, medicine, or materials sciences made a deep impact on our daily
lives. Top-down approaches like lithography combined with masked etching are fundamental for the
production of solid-state devices like computer chips or solar cells, while the complementary bottom-up
approach is extensively used in the growing field of biotechnology, especially in the design of artificial
DNA nanostructures or artificial proteins. By now, the global nanotechnology industry has reached a

market size of billions of dollars and is growing exponentially across various applications.!

Within the bottom-up approach, especially DNA based self-assemblies have gained the attention of many
research groups around the world due to their easy design and synthesis and the plethora of possible
chemical modifications that can be arranged on them with nanometer precision. Since its introduction by
Seeman in the early 1980s? and its progress via the DNA origami technique in 20063, DNA nanotechnology
has come a long way in the creation of DONs of arbitrary 2D and 3D shapes and chemical functions.*>
Simultaneous progress in the field of imaging techniques at the nanoscale, such as electron microscopy
(EM), atomic force microscopy (AFM), and super-resolution microscopy (SR microscopy), enabled us to
observe DNA origami nanostructures (DONs) at a single nanostructure level. Using DNA as building
material and the established imaging techniques, we can nowadays even create art like smileys or a copy
of the Mona Lisa and store information in the form of text at the nanoscale (Figure 1-1).> %7 Although we
reached an unprecedented level of complexity and functionality in the design of DONs, their low intrinsic
stability in application-specific conditions and under wear and tear remains a critical factor. In general,
nanoscale objects are prone to faster degradation than macro-objects due the high ratio of surface atoms
that can potentially react with the environment.® Additionally, DONs in their folded and functional state
are limited to quite mild chemical (mild pH value, high ionic strength) and physical conditions (room
temperature to 90°C, low irradiation exposure), limiting their application window immensely.>*2
Moreover, damage to their chemical modifications (e.g. photobleaching of fluorescent labels or DNA

docking sites in fluorescence microscopy), can destroy the designed function and structural integrity.?



Yet, a designed function that breaks down under its usage becomes worthless: Imagine analogously on
the macroscale, that you could look at the Mona Lisa only once, before the painting irreversibly
photobleached, or a hammer, that shattered during its first usage. In our urge to create art pieces, store
information or build machines at the nanoscale, we, therefore, need to find ways to preserve their
functionality over time, similar as we protect a master piece like the Mona Lisa in a museum or store

books in libraries for future generations.

200 nm

Figure 1-1: Art and information storage at the nanoscale using DNA Origami. A) DNA origami stars and smileys as reported
originally by Rothemund in 2006. Reproduced with permission from Ref. 3. B) Mona Lisa on a 2D DNA origami array. Reproduced
with permission from Ref. 6. C) DNA PAINT super-resolved letters representing “LMU” and “MPI” encoded on DNA origamis.
Reproduced with permission from Ref. 7.

1.1. Functional self-assembling nanodevices at the interface with single-molecule

microscopy

In 1981 Drexler introduced first concepts of a molecular nanotechnology inspired by the self-assembling,
bottom-up molecular machinery inside cells such as the ribosome which consists of more than 50
individual proteins.'* > Besides deducting analogies between molecular biomolecules and tools at the
macroscale, Drexler also foresaw the “feasibility of devices able to move molecular objects, position them
with atomic precision, apply forces to them to effect a change, and inspect them to verify that the change
has indeed been accomplished.”* Shortly after in 1983/4, Sauvage et al. succeeded in the synthesis of
catenanes and rotaxanes which led to the first artificial molecular machine in 1991 by Stoddart et al..158
This molecular shuttle consisted of a catenane which could move along a molecular axle, later on between
two binding sites controlled by oxidation or pH value.’® Simultaneously, Feringa et al. introduced a
molecular switch based on a chiral helical compound, that could be adapted in 1999 for the realization of
the first artificial monodirectional molecular rotor.2> 2! “For the design and synthesis of molecular
machines”, Sauvage, Stoddart, and Feringa were awarded the Nobel Prize in Chemistry in 2016.% In
accordance with the first designs using translation or rotation of a chemical entity, Stoddart defined a
molecular machine as “an assembly of a distinct number of molecular components that are designed to
”23

perform machine-like motion (output) as a result of an appropriate external stimulation (input).

Following this definition, a variety of molecular architectures acting as molecular motors, switches,



pumps, or ratchets has been established.?*>> Additionally, biological molecular motors such as kinesin or

myosin have been exploited to create synthetic hybrid systems.?®

While in the beginning, molecular machines were mainly based on the self-assembly of mechanically
interlocked catenanes and rotaxanes, the fast development of DNA nanotechnology since the
introduction of DNA tiles in 1982 by Seeman and the DNA origami technique in 2006 by Rothemund made
DONs attractive for the design of novel nanodevices (for a chronology of DNA nanotechnology, see section
2.1.1).% ¥ 27 The biggest strength of DONs in this context is its molecular breadboard character: by
modifying specific nucleotides within a DON, chemical modifications can be positioned and arranged with
nanometer precision. The rich DNA labeling chemistry enables to program various functionalities into
DONs (for more details, see section 2.1.2). Consequently, DONs have been applied in a variety of fields.
Especially the implementation of fluorescent labels opened up a series of applications exploiting the
specific emission of the fluorophore as the output signal for a designed input at a single nanodevice level.
Structural changes within a DON for example can be read-out by tracking the change of the distance-
dependent Forster resonance energy transfer (FRET) between a donor dye and an acceptor dye which are
arranged in closed proximity on a DON (typically 2 to 10 nm)?. In DNA points accumulation for imaging in
nanoscale topography (DNA PAINT)?, a super-resolution microscopy technique relying on the transient
hybridization of short, fluorescently labeled oligonucleotides to complementary DNA docking sites bound
to the object of interest, serves as the optimal tool to gain insights into the structural integrity of DONs
down to Angstrom resolution.3® On the other hand, placement of DNA PAINT docking sites on DONs makes
them the ideal reference structures, which led to the first commercial application of DONs as nanorulers
for single-molecule and super-resolution microscopy.3¥ 32 While nanorulers consist of simple, static DONs
modified with fluorophores or DNA PAINT docking sites of controlled number and positions, over the

years, far more complex and dynamic DONs have been designed for various single-molecule applications.

Combination of the high structural control in DONs with FRET assays enables the design of dynamic and
responsive DONs applicable for drug delivery. 3*3* Already in 2009, a dynamic DNA box was created with
a lid that is controlled via a toehold mediated displacement reaction (Figure 1-2A).28 Placing a donor dye
on the box and an acceptor dye on the lid, the efficient opening and closing of the lid was tracked via
FRET. Modifying dynamic DONs with biomolecules, that can interact specifically with a target, gives the
possibility to design biosensors with a single-device read-out. Implementation of a multi-chromophore
FRET assay into a dynamic hinge DON, that can be opened via toehold-mediated strand displacement
induced by a target DNA oligonucleotide, enabled detection at target concentrations down to 100 pM
(Figure 1-2B).3> Introduction of photo-responsive groups allows the control of DONs in single-molecule
microscopy for light-driven applications. Incorporation of the molecular photoswitch azobenzene, for

example, enables the creation of dynamic DONs that can be switched between different structural



conformations by UV and visible light (Figure 1-2C) paving the way for light-controlled motion at the

nanoscale.3®
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Figure 1-2. Functional DNA origami based nanodevices. A) A dynamic DNA box that can be closed or opened via DNA interactions
and investigated via single-molecule FRET. Reproduced with permission from Ref. 2. B) FRET-based hinge like biosensor that can
open in presence of a target oligonucleotide. Reproduced with permission from Ref. 3°. C) A dynamic, switchable cross-shaped
DNA origami with an azobenzene modified DNA lock. Reproduced with permission from Ref. 37. D) A nanorobotic arm that can
execute rotatory motion on a DNA Origami platform. Reproduced with permission from Ref. 3.
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Future applications of robotic DONs as parts of an assembly line just as in a factory will require the
execution of directed and controlled motion. While we are still far away from being able to arrange
complex arrays of individual robots at the nanoscale as at the macroscale, the foundation for it has already
been laid.® A controlled rotation at the nanoscale can be achieved by a dynamic robotic arm, consisting
of a DNA origami base, equipped with a rigid arm joint via single stranded DNA, that can be controlled by
an external electric field (Figure 1-2D).3 The rotatory motion was tracked via single-molecule microscopy
and exploited to transport cargo molecules such as fluorophores or nanoparticles. Translational and
angular movements in DONs can be achieved by imitating macroscopic mechanics designs, such as hinges
for angular motion, sliders for linear motion, or crank-sliders for a combined angular and linear motion.*°
In another design, the arrangement of reconfigurable junction units in a domino array could be exploited

for a directed, reversible, and long-range information relay process triggered by an input DNA strand.*!

Due to its versatility, DONs also play a crucial role in the emerging field of artificial cells, where the
functions and the structural compartments of biological cells are mimicked by artificial bottom-up
nanostructures and their arrangement (Figure 1-3).*? By now, first fundamental cellular functions have
been achieved by adopting DONs for the desired functionalities. To imitate the protein filaments of the
cytoskeleton, DNA tile based filaments could be designed that exhibit similar properties as their natural

counter parts, such as reversible filament growth, ATP triggered polymerization, and the potential to



guide vesicle transport inside a giant unilamellar vesicle (GUV).* First steps towards the transduction of
chemical or mechanical signals between artificial cells have been achieved by the creation of a membrane-
spanning, DON based signal unit that is designed to mechanically couple to the previously introduced DNA
filament based cytoskeleton encapsulated within a GUV.* Furthermore, to mimic the contractile rings,
that are formed from cytoskeletal filaments during cell division, a DON based approach has been
introduced that uses DNA nanotubes and peptide-functionalized starPEG constructs as synthetic
crosslinkers. The crosslinkers induce the self-assembling bundling of hundreds of DNA nanotubes into

closed micrometer scaled rings that could be used in future artificial cell division.*

Mitochondria

Transmembrane Membrane
protein channel
' DNA-based
Protein-based machinery

cytoskeleton

Endoplasmatic

: 1 Ligand
reticulum W targeting
Golgi apparatus DNA-based
cytoskeleton
Nucleus
Lysosome Vesicle
Plasma membrane Phospholipid membrane

Figure 1-3. Schematic comparison between fundamental features of biological and artificial cells. Adapted with permission from
Ref. %2,

Given that advances of DNA nanotechnology paved the introduction of a range of chemical modifications
and functionalities, the initial definition of a nanomachine by Stoddart based solely on mechanical
motions appears too narrow and should be widened to (supra-)molecular nanodevices with any kind of
measurable output induced by a designed input. This could be an optical signal, such as fluorescence in a

single-molecule assay, a conformational change, or directed motion.

1.2. Stabilizing nanoscale functionality in nature
In our efforts to replicate the complexity of biological nanomachinery, it is crucial to not only understand
how it functions but also how it is maintained under stress and wear and tear conditions. Generally,
biochemical materials like proteins or nucleic acids are prone to denaturation by heat or chemicals, and
are hence limited to rather mild temperatures and chemical conditions. Still, nature has found ways to
evolve various strategies to improve the stability of biological functions for more extreme conditions. One
approach consists of protecting the biomaterial from external stress factors. Biomineralization with
inorganic silica or calcite for example is a widely used tactic to increase the stiffness and mechanical
stability of organisms such as sponges®, diatoms*’, or echinoderms*®. A functional biomaterial can also

temporarily be protected in response to an external stimulus. Thermophilic archaea grow and sustain in



extreme conditions close to underwater volcanos. By expressing high amounts of extremophilic proteins
of the Sul7d family, that bind and closely pack DNA at high temperatures up to over 90°C and at extreme
pH-values, the genome of the archaea is protected over a wide range of conditions.*> *° Nevertheless,
protection of the biomaterial alone is not enough for compensating the constant damage at the nanoscale
inside an organism. In a multicellular organism, cells constantly die and are replaced by new copies over
time. On a molecular level, cells frequently have to deal with chemical stress and undesired side reactions

calling for repair mechanisms with a fast damage response.

The simplest form of self-repair in nature is the spontaneous reformation of defects or perturbations in
self-assembling biomaterial. Here, the autonomous restoration of the initial, intact state is
thermodynamically favored, due to enthalpic, e.g. unsaturated binding interactions, or entropic reasons,
e.g. hydrophobic effects. Microtubuli are protein filaments that self-assemble from protofilaments
consisting of polymerized tubulin heterodimers and form part of the cytoskeleton. While the dynamic
instability of microtubuli ends, i.e. the dynamic switching between polymerization and depolymerization,

has been investigated already decades ago®" >?

, only recently the autonomous repair of lattice defects
within the microtubule shaft by intact tubulin heterodimers in vitro and in vivo has been described (Figure
1-4A).°% 3% Defects in the filament lattice, such as vacancies or dislocations of protofilaments, appear
frequently during the polymerization process or under mechanic stress and exhibit unsaturated binding
sites. Intact heterodimers or protofilaments can hence incorporate into the damage sites from solution

and cure the defective microtubule shaft.> >®
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Figure 1-4. Examples for self-repair strategies at the nanoscale in nature. A) Autonomous self-repair of mechanically or chemically
induced damage sites in microtubuli via self-assembly of intact tubulin units into the damage site. Adapted with permission from
Ref. 5. B) Non-autonomous and autonomous self-repair of cell membranes. While small punctures can be resealed by
thermodynamically driven rearrangement of neighboring phospholipids, larger damage sites can be repaired via enzymatically
driven exocytosis. Adapted with permission from Ref. >’. C) Scheme of the non-autonomous self-repair cycle of PSIl in chloroplasts
as response to photoinduced oxidative damage to the D1 subunit. Conceptually important steps in the repair cycle are
highlighted. Adapted with permission from Ref. %8,
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Self-assembling biomaterial can also exhibit an adaptive repair depending on the damage. Phospholipids
consist of hydrophilic phosphate heads and hydrophobic lipid tails and self-assembly into lipid bilayers
due to their amphiphilic nature. Cell membranes consist of phospholipid bilayers and separate the cytosol
from the external environment while excluding cytotoxic agents like calcium ions and oxidants.
Consequently, a rupture in the cell membrane calls for a rapid repair to prevent the invasion of exogenous
factors into the cytosol and cell death. Small membrane punctures (up to several nm) can autonomously
self-repair by spontaneous reclosing driven by the disorder at the edge of the lipid bilayer, if tension by
the cytoskeleton on the membrane is not too strong (Figure 1-4B).>° Larger punctures, that cannot be
addressed by spontaneous resealing, result in the invasion of calcium ions into the cytosol of the wounded
cell, triggering active membrane repair. Here, protein-mediated endo- and exocytosis recruit intra- or
extracellular vesicles to decrease the membrane tension around the wound and eventually patch the
membrane.>” %0 While these repair pathways can repair punctures up to hundreds of nm in size, they rely
on a sophisticated nanomachinery employing a variety of motor and membrane-binding proteins and are

still poorly understood.>” %1

Generally, higher-ordered self-assemblies such as protein complexes require a non-autonomous, active
repair by specialized enzymatic repair routes, due to the highly complex environment and self-
organization inside the cell. Photosystem Il (PSll) is a protein complex in the thylakoid membrane of
chloroplasts and consists of up to ca. 20 subunits and approximately 100 cofactors.®?. In its center, a
heterodimer of the subunit proteins D1 and D2 is located, where the light-driven oxidation of water
molecules is catalyzed during photosynthesis. The constant generation of reactive oxygen species (ROS)
at the reaction center leads particularly to photodamage of the D1 core subunit, calling for a fast damage
response to prevent accumulation of damaged PSII entities (Figure 1-4C). A light-dependent turnover of
damaged D1 subunits in the so-called PSIlI repair cycle involves a series of highly specialized, enzymatically
mediated processes.’® % %4 |n application, the PSIl is arranged in super-complexes at the stromal gap
between stacked thylakoid membranes (0), inaccessible to the bulky repair machinery. Therefore, after
detection of a damaged D1 subunit in a PSII (1), super-complexes are first disassembled and the released
defective PSIl monomer is transported to the stroma lamellum, where it is accessible for enzymatic repair.
After disassembly of the damaged D1 subunit by proteases (2), a new copy of the D1 subunit is inserted
into the PSIl monomer by a ribosome from the stroma of the chloroplast (3). Finally, the repaired PSII
monomer migrates back to stacked thylakoid membrane regions and further assemblies into dimers and

higher-ordered super-complexes (4).%% &

The above-mentioned examples underline, that nature uses multiple strategies in parallel to stabilize
functional biomaterial at the nanoscale and it inspires us to apply similar concepts in the design of

functional DONs. In general, protective strategies can improve the intrinsic stability of a functional
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biomaterial, but are incapable to address the constant damage at the nanoscale. Spontaneous,
autonomous self-repair, mediated by the self-assembling property of the biomaterial, is able to repair
small damage sites. For larger damage sites or highly ordered supramolecular arrangements such as PSlI,
a complicated, enzyme-based repair machinery is employed and commonly involves multiple steps during
the recovery of the damaged structural unit. Additionally, functional redundancy, i.e. employing multiple
copies of a functional nanostructure, ensures an overall stable functionality despite partial loss of

functional nanostructures.

1.3. Stabilizing nanoscale functionality in nanotechnology
As in nature, molecular self-assemblies are the most promising route to highly functional and controllable
nanodevices. A molecular self-assembly is the autonomous arrangement of molecular building units into
a defined (supra-)molecular shape or structure due to attractive inter- and intramolecular interactions. In
the case of DNA origami, the building units consist of thousands of nucleotides long scaffold strand and a
set of tens of nucleotides long staple strands and exhibit designed, site-specific complementarity between
each other making the designed final structure the thermodynamically most favored state. The self-
assembly into DONs hence does not require any external guidance or organization, as long as enough
thermal energy is provided to escape kinetic traps during the folding process. One way to illustrate the
self-assembly of a functional nanodevice is the spontaneous self-arrangement of individual parts into a
gearwheel (Figure 1-5A). When the gearwheel is put into its application, i.e. into a gear system, it gives
the designed output following a specific input. If we constructed a gear system from DONs though, we
would soon run into the problem of functionality loss, i.e. losing the designed output due to the fast

damage rate at the nanoscale under wear and tear (Figure 1-5B).

A Self-assemblin B nanodevice Wear and tear Dysfunctiona
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Figure 1-5. Self-assembly of a functional nanodevice and its fast degradation under wear and tear at the nanoscale. A) Schematic
representation of a DNA based self-assembling functional nanostructure. B) A functional nanodevice will rapidly loose its function
over time under wear and tear due to the intrinsically low stability at the nanoscale.

Fundamentally, nanoscale objects show faster degradation than macroscale objects due to their high ratio
of surface atoms, making them susceptible for reactions with their surroundings.® Additionally, the
chemical nature of DNA as the building material has its intrinsic disadvantages. The nucleobases in the
DNA are prone to photoinduced reactions, such as photodimerization or oxidization by photogenerated

ROS, while the phosphate backbone is susceptible to photoinduced strand break.®® The self-assembly of



DONs into arbitrary 2D and 3D shapes is guided by nucleobase-specific hydrogen bonding, limiting the
condition window for DONs typically to under 70°C and mild pH values.® Since the negative charge of the
phosphate backbone in the DNA leads to electrostatic repulsion between DNA strands, they can only
successfully hybridize in buffers with high ionic strengths to shield the repulsive forces. The efficient
folding of DONs typically requires magnesium ion concentrations of 10 to 20 mM, which can be
incompatible with biomedical applications.?? Chaotropic agents such as urea or guanidinium ions, which
are used in protein folding studies, disturb the formation of hydrogen bonding in the DNA helix and can
denature DONs already at room temperature.®’” Generally, biological samples can contain nucleases, that
degrade DNA via single and double strand breaks, calling for the pretreatment of sample solutions (e.g.
heat deactivation), before applying them to DON based biosensors.?® % All these factors result in
functional DONs, that are rather unstable under most application specific conditions (for more details on

the stability of DONs under wear and tear, see section 2.1.3).% 68

Also, the observation of functional DONs at the single-molecule level still has its limitations. While modern
imaging techniques like AFM or transmission electron microscopy (TEM) provide insights into nanoscale
objects down to an atomic resolution, they remain rather invasive and usually require a special sample
preparation which can differ from the actual application conditions. Due to its non-invasive character,
high spatiotemporal resolution and the established, rich labeling chemistry for DNA, fluorescence based
single-molecule microscopy has become the most common read-out technique for the output of
functional DONs (for more details, see section 2.2.2). Forster energy transfer (FRET) based single-molecule
assays for example have been exploited to investigate structural dynamics in DONs, while super-
resolution microscopy broke the resolution limit of visible light and already provides insights into cells or
DONs down to a few Angstroms (for more details on super-resolution microscopy, see section 2.2.3).2% 3¢
70,71 Nevertheless, fluorophores are prone to fast degradation via irreversible photobleaching, leading to
loss of the designed output signal. The dominant photobleaching pathways generally involve populating
the long-lived and reactive triplet state of the fluorophore (for more details, see section 2.2.5). Quenching
by ambient oxygen results in the formation of singlet oxygen and downstream ROS, that can not only
harm the fluorescent label itself but also the investigated nanostructure, for example by
photodegradation of designed DNA docking sites.’® Even though enzymatic oxygen scavenging systems’%
3 can be employed, to deplete oxygen from the sample solution and by that slow down degradation by
ROS, still the occurring long-lived triplet states of the fluorophore are highly reactive and lower the overall
photon budget and thereby the spatiotemporal resolution drastically.”* Triplet state quenchers, either
based on a triplet energy acceptor or on a reducing and oxidizing system (ROXS), can help to slow down
triplet state mediated degradation and increase the photon count rate (for more details on

photostabilization strategies, see section 2.2.4). Nevertheless, these strategies generally require high



concentrations (up to mM range) of solution additives, which is often not compatible with biological
applications.”*”” Additionally, even if all photostabilization strategies are applied, commonly used
fluorophores are still limited to total photon budgets of typically 10°, limiting the observation time of

functional DONs via single-molecule microscopy to a few minutes.

The urge to improve the stability of functional DONs and their output signal has led to strategies similar
to those used in natural nanomachinery. Static stabilization or protection aims to improve the intrinsic
stability of the self-assembled nanostructure and its building blocks, slowing down the degradation at the
nanoscale (Figure 1-6A). DONs can for example be coated with inorganic material like silica’® 7°, or
modified with protective groups'?, improving the stability against enzymatic or chemical degradation (for
more details, see section 2.1.4). Fluorescent labels can be designed to be less prone to oxidative damage
by oxygen, for example by introducing electron withdrawing groups (for more details, see section 2.2.6).8°
As in nature, a static protection however can only slow down the degradation of the functional
nanomaterial, but cannot prevent it on the long term. Additionally, it remains unclear so far, to what
extent static approaches such as protective coatings interfere with functionalities on DONs such as

designed binding interactions or directed motion.
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Figure 1-6. Static vs. dynamic stabilization of a functional self-assembly. A) Schematic representation of static stabilization of a
self-assembling nanodevices, slowing down the fast degradation at the nanoscale. B) Schematic representation of a dynamic
stabilization approach, where individual building blocks of the self-assembly are repaired reversing an occurring damage.

A dynamic stabilization strategy by self-repair, however, can overcome the limited lifespan of a DON.
While enzymatic ligation of DNA nicks in folded DONs has been exploited to improve their intrinsic
stability®?, an active repair of functional DONs under wear and tear by an enzymatic nanomachinery has
not been realized so far and seems, at least at the moment, hard to achieve. Spontaneous self-repair by
the self-assembling properties of DONs, though, is a promising and just emerging route. In this context,
the spontaneous exchange of building blocks can either occur independently of a damage, which we term
self-regeneration, or only specifically after a damage occurred, which we define as self-healing (Figure
1-6B). DNA nanotubes, self-assembling from DNA origami based nanotiles, for example, can self-heal in
fetal bovine serum (FBS) by the dynamic self-repair of defective tiles by intact tiles from an excessive pool

in solution, similarly to the spontaneous self-healing of microtubuli in nature.® In another recent work,
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the self-healing of folding defects inside DONs, that were self-assembled poorly at low ion concentrations,
has been reported after the addition of divalent metal ions.® Furthermore, magnesium ions have been
shown to repair small ROS-induced damage sites in DONs used as photosensitizer carriers in
photodynamic therapy (PDT).2* In super-resolution microscopy, the self-regenerating labeling scheme in
DNA PAINT has overcome the photobleaching limit of single fluorescent labels and enabled the

investigation of samples up to tens of minutes.?*
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1.4. Aim

By now, the vast majority of the established stabilization strategies for functional DONs consists of static,
protective approaches, that are exploited to improve the intrinsic stability for application-specific
conditions. Still, the overall rapid degradation at the nanoscale limits the lifetime of functional DONs.
Dynamic self-repair approaches for structural or label damage are just emerging, breaking conventional
limits in functionality at the nanoscale and in the observation of functional DONs. Future applications like
artificial cells will require the interplay of protective and self-repair strategies, depending on the
functionality and the application conditions of the individual DONs. Thus, novel stabilization strategies for
functional DONs and their fluorescent labels are highly desirable to pave the way of DNA nanotechnology
and single-molecule imaging assays in a broad range of biomedical and diagnostic applications. In this
context, this thesis aims to add new insights into the protection and stabilization of functional DONs. For
this purpose, the damage and stabilization of the DONS, either protected by conventional coatings or
stabilized by spontaneous self-repairing strategies, are investigated using single-molecule microscopy,
DNA PAINT imaging, and AFM under application-relevant conditions. Additionally, a single-molecule
sensor design for the real-time observation of coatings on DONs and a minimally invasive

photostabilization approach for single-molecule imaging are introduced.

In the first part, the application of DONs for nanorulers and reference structures for different single-
molecule and super-resolution microscopy techniques are summarized, highlighting the synergy between
DNA nanotechnology and single-molecule microscopy. Additionally, an overview is given how DONs and
their properties can be controlled by light, making single-molecule microscopy not only a readout tool but

also a control unit for functional DONs.

In the second part, the static stabilization of DONs by protective coatings with inorganic silica or a cationic
polymer is investigated. While the improved stability of silicified DONs has been shown for various
degrading conditions, it remained unclear, whether designed functions such as DNA docking sites or other
binding interactions stay addressable and accessible for further functionalization. In the collaborative
work Associated Publication 3: Full Site-Specific Addressability in DNA Origami-Templated Silica
Nanostructures together with the Heuer-Jungemann group, | use AFM and DNA PAINT to show, that
designed DNA docking sites on a DON coated with a nanometer thick silica layer stay accessible and
addressable, enabling super-resolution imaging and DNA mediated binding assays on coated DONs. The
accessibility of DNA docking sites enables the synthesis of supramolecular 3D DNA nanocrystals, that are
stable even in air. While multiple protocols for the coating of DONs with inorganic material or polymers
have been established and optimized, the characterization and quality assessment of the coating process
still requires complex and invasive imaging techniques like TEM or AFM or rely on gel electrophoresis

which is blind to ensemble effects and aggregation. Therefore, in the Associated Publication 4: Monitoring
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the Coating of Single DNA Origami Nanostructures with a Molecular Fluorescence Lifetime Sensor, | further
introduce a molecular sensor, to probe the coating of DONs with either silica or the cationic block
copolymer PLL-PEG. More precisely, an environment-sensitive cyanine dye is employed as a single-
molecule sensor by using an increase in its fluorescence lifetime as a reliable and fast readout for the
successful coating of a DON. The molecular sensor enables the real-time observation of coated DONs in
degrading conditions and can be used for correlative fluorescence lifetime and DNA PAINT imaging on the
same sample, highlighting the potential to study of coating processes of DONs in combination with other

single-molecule techniques.

In the third section, the implementation of spontaneous self-repair strategies into DONs exploiting their
self-assembling character is explored. In the Associated Publication 5: Self-Regeneration and Self-Healing
in DNA Origami Nanostructures, | investigate potential self-repair of individual building blocks within a
DON by dynamic exchange with intact building blocks from an excessive pool. Based on this concept, a
self-regenerating labeling strategy is employed to overcome the irreversible photobleaching of
fluorescent labels on a brightness ruler. Furthermore, the reconfigurability of DNA strands in DONs via
AFM and DNA PAINT is probed. Finally, the ability of an excess of structural building blocks, i.e. staple

strands, to self-heal nanorulers in degrading serum conditions is tested.

In the fourth part, the sequence specificity of DNA is exploited to direct a photostabilizing agent to the
location of a fluorescent label on a DON for minimally invasive single-molecule imaging. In the Associated
Publication 6: Minimally Invasive DNA-Mediated Photostabilization for Extended Single-Molecule and
Superresolution Imaging, | introduce the concept of a DNA docking site to bind an imager strand and a
photostabilizer strand in closed proximity to ensure highly efficient triplet state quenching of the
fluorophore. In this context, | probe the applicability of this strategy for single-molecule labels and for
DNA PAINT on DONs, enabling long-term observation up to hours without the need of high concentrations
of photostabilizing additives in solution. Subsequently, this labeling strategy is applied to DNA PAINT
imaging in fixed cells enabling photostabilized super-resolution imaging in biological samples even in

aerobic conditions.

13



2. Theoretical background

2.1. DNA Nanotechnology

2.1.1. DNA as a building material
Deoxyribonucleic acid (DNA) is a biopolymer consisting in its single stranded form of a polymeric chain
built up from monomeric nucleotides. A nucleotide (nt) consists of a deoxyribose sugar ring, a phosphate
group, and one of the four nucleobases adenine (A), thymine (T), guanine (G), or cytosine (C). Monomeric
nucleotides can polymerize via phosphodiester bonds resulting in polymeric chain with a hydrophilic
sugar-phosphate backbone (Figure 2-1A). While DNA was isolated first already in 1869%, it took until 1943
when the Avery-MaclLeod-McCarty experiment could prove that DNA is the carrier of genetic information
within the cell.® Based on the ground-breaking crystallographic data by Franklin in 1953%’, Watson and
Crick identified the secondary structure of DNA as the double-stranded alpha helix with major and minor
groove.®® The helix formation is stabilized by hydrogen bonds between adjacent nucleobases , which
geometrically only can build up efficiently between the base pairs (bp) A-T and G-C. Hence, two DNA
strands can only efficiently hybridize if they exhibit complementary sequences, such that any A or G on
one strand faces a T or a C on the adjacent DNA strand, respectively. Almost one decade later, in 1961,
the Crick, Brenner et al. experiment could demonstrate, that individual amino acids in the primary

structure of a protein are encoded by triplets of base pairs, so-called codons, in the DNA sequence.?
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Figure 2-1. DNA as building material. A) Chemical structures of the four nucleobases A, T, G, and C and a scheme of the alpha
helix structure of B-DNA (crystallographic diagram taken from Ref. 7). B) Historic milestones of DNA nanotechnology: 1982
introduction of immobilized Holliday junctions enables design of DNA tiles to form higher order 2D and 3D lattices.? 1993
introduction of the double-crossover motif enables the arrangement of DNA helices in closed bundles.* 2006 introduction of the
DNA origami technique enables design of larger nanostructures by folding a long scaffold strand (1000s of nt) with a set of short
staple strands (10s of nt) into a desired 2D or 3D geometry.3
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In 1982, Seeman laid the foundation for the field of DNA nanotechnology by designing an immobile
Holliday junction consisting of four DNA strands with single-stranded overhangs for the assembly of 3D
DNA lattices, initially with the motivation to arrange proteins in a 3D lattice to improve crystallographic

structure analysis (Figure 2-1B, top).2 While in the following years simple 3D geometries like a cube or a
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truncated octahedron could be realized, it was the introduction of the rigid double crossover DNA motif
in 1993 that paved the way for larger DNA nanostructures.*>% 91 Soon, first dynamic DNA nanomachines,
that showed a structural response to a specific input, were designed, followed by the realization of a first
autonomous DNA walker which opened up possible applications in fields such as biocomputing or

biosensing.9%%*

A big breakthrough in the design of arbitrary 2D and 3D shaped DNA nanostructures was the introduction
of the DNA origami technique by Rothemund in 2006, which revolutionized the field by offering an easy,
elegant, and cheap strategy for the design and synthesis of highly functional nanostructures (Figure 2-1B,
down).® Here, a thousands of nucleotides long single-stranded plasmid DNA with known sequence, the
so-called scaffold strand, is mixed with a set of hundreds of short oligonucleotides (typically up to a few
10s of nucleotides), so-called staple strands, that are complementary to designed regions on the scaffold
strand. The sample mix is then heated up to an elevated temperature to prevent any undesired secondary
structures and subsequently slowly cooled down with a controlled temperature ramp. During the cooling
phase, the staple strands hybridize to the designed regions of the scaffold strand and thereby slowly fold
it into a desired shape. In a DNA origami nanostructure, neighboring DNA helices can either be packed in
a cubic or hexagonal packing, and various shapes have been realized, ranging from simple geometries
over curved surfaces to dynamic designs.®>®” Exploiting the known geometry of the DNA helix (0.35 nm/bp
along the axis, ca. 2 nm helix diameter) and rich labeling chemistry for DNA, a plethora of chemical
modifications can easily be introduced into a DON with nanometer precision by simply labeling it to a
staple strand nucleotide of choice. While the DNA origami technique initially was only used for proof-of-
principle studies and was criticized to be too far away from real life applications, progress in design

%,99 and an increasing interest in the scientific community triggered the

software like caDNAno® or CanDo
rapid growth of DNA origami based nanotechnology first in research labs, latter in a growing number of

commercial applications and companies specialized on DNA origami based nanotechnology.®
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2.1.2. Functional DNA nanostructures
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Figure 2-2. Examples for chemical modifications used in DNA nanotechnology for various functionalities. A) Anchor moieties like
biotin, cholesterol or pyrene labeled to a DON enable immobilization on functional substrates. B) Fluorescent labels such as
organic dyes or fluorescent proteins are requisite for the observation of DONs with single-molecule microscopy. GFP structure
reproduced with permission from RCSB PDB data bank.’°® C) Arrangement of metal nanoparticles enables design of
nanoplasmonic DONs, used for example for the creation of DNA nanoantennas. D) Various biointeractions can be programmed
into DONSs, so that they bind specifically to a target molecule like antibodies, antigens, or proteins. E) Photocontrol over
hybridization within a DON can be achieved by the implementation of photoswitchable azobenzene groups.

While DNA origami itself is an elegant way to design various geometries from DNA, its already achievable
high functionality stems from the rich labeling chemistry of DNA and implementation of chemical
modifications into DONs with nanoscale precision. For many applications, functional DONs are
immobilized on a substrate like glass slides, bound to biological samples or positioned on a functional 2D
material. To this end, various anchor moieties have been modified to staple strands within a DON (Figure
2-2A). Immobilization on biotin-avidin functionalized glass slides via biotin labels placed on a DON enables
the observation of fixed nanostructures and their function in single-molecule microscopy.?? Cholesterol
anchors are used to bind DONs to lipid bilayers, e.g. to cell membranes or lipid vesicles, which can be
exploited for DON based drug delivery or cancer therapy.1® Due to their distance dependent fluorescence
qguenching properties, 2D functional materials like gold surfaces or graphene have been exploited for 3D
super-resolution imaging. While thiolated DNA serves here as an anchor for the immobilization on gold'®,

pyrene labels can bind DONs to graphene glass slides'®® enabling single-molecule assays with an additional

height information.

Visibility or observability is another fundamental functionality that can be implemented into DONs and is

a requisite for the readout with single-molecule microscopy (Figure 2-2B). To this end, fluorescent labels
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are labeled to a selected nucleotide within the DON, either directly in a staple strand or on an external
DNA strand that can hybridize to a complementary DNA docking site on the DON. The established library
of organic dyes suitable for single-molecule microscopy provides labels in all colors of the visible spectrum
with high extinction coefficients, fluorescence quantum yields, and photostability enabling imaging with
a high spatiotemporal resolution even beyond the diffraction limit of light. Also, other fluorophores like
fluorescent proteins or quantum dots have been labeled to DONs enlarging the pool of suitable labels for

single-molecule microscopy assays on DONs.1% 107

Functionalities for nanophotonic applications can be implemented into DONs via the introduction of
plasmonic nanoparticles (Figure 2-2C). Metal nanoparticles (NPs) can be labeled with thiolated DNA
strands, enabling the coupling to DONSs via hybridization to complementary DNA protrusions. The precise
positioning of the NPs can be used to exploit distance dependent quenching effects and fluorescence
enhancement by plasmonic coupling between a fluorophore and a NP.1% 1% Fyrthermore, the
arrangement of a pair of NPs on a DON in close proximity creates a highly confined plasmonic hotspot in
which an external electromagnetic field is enhanced up to 100s of fold. Placing a fluorophore in the
plasmonic hotspot has enabled the creation of highly efficient DNA nanoantennas, enhancing the
emission of single fluorophores up to a several hundred-fold.'® Due to the confined and inaccessible
space in the early dimeric hotspot designs, small target molecules such as viral DNA or RNA could initially
only be detected in a hairpin assay on a monomeric DNA nanoantenna with a single plasmonic
nanoparticle.!® Later design optimizations led to novel DNA nanoantennas with cleared hotspots for the
detection of larger biomolecules such as antibodies with an enhanced signal output, enabling the

amplification-free detection of single-molecules even on a cheap smartphone camera.!'? 112

Especially for biochemical applications like diagnostics or therapeutics, the ability of DONs to capture and
recognize a target molecule is a fundamental prerequisite. While binding of a target DNA strand is simply
realized by incorporating its complementary sequence to a staple strand of the DON, the established
labeling chemistry for DNA allows the implementation of various other binding agents, enabling the
detection and arrangement of a multitude of biomolecules (Figure 2-2D). DONs modified with antibodies
or antigens can efficiently and specifically bind their counterparts, while aptamer DNA can directly be
linked to a staple strand of choice for interactions with a target protein.!’>!13 Binding of a target molecule
like antibodies or antigens can induce a designed structural change of a DON, that can be exploited for
molecular biosensoing’”? or for the logic-gated release of a cargo molecule.!** The arrangement of multiple
antibodies on a DON can enhance antibody response or the efficiency in targeting specific cell types in

cancer therapy.!*> 116
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Photo-controllable functionalities can be implemented into DONs by the incorporation of photo-
responsive groups. The photo-switchable azobenzene molecule undergoes a photoinduced cis-trans
isomerization, that can be shifted in one or the other direction using UV or visible light, and it can easily
be labeled into the sugar-phosphate backbone of DNA (Figure 2-2E). Photoisomerization of azobenzene
that is incorporated into the DNA chain, gives photo-control over the hybridization between two
complementary DNA strands. The planar trans state interacts constructively with neighboring
nucleobases via -1t stacking, stabilizing the formation of a double-stranded helix, while the non-planar
cis state interrupts the m-m stacking interactions preventing DNA hybridization.® DNA-azobenzene
switches have successfully been employed to control structural conformations of dynamic DONs and the
reversible assembly of DONs into higher-order structures.?” 17 Moreover, DNA can also be labeled with
photo-labile groups such as nitrobenzyl, which is cleaved under UV irradiation. Using nitrobenzyl modified
DNA for the coupling of a cargo molecule, DONs has been designed as carrier agents for the light-

controlled release of biomolecules like proteins.1® 119

Functionalization of DONs does not necessarily require chemical modifications of the DNA itself. DONs
can be applied in drug delivery strategies by simply loading the DONS with drug molecules via intercalation
into the DNA helices. By increasing the cellular internalization rate and inhibiting lysosomal acidification,
doxorubicin (Dox) labeled DONs did not only induce the cell death of human breast cancer cells (MCF7),
but even of Dox-resistant cancer cells, paving the way for novel drug carrier systems that can circumvent
drug resistance.'? In another example, the intercalating photosensitizer BMEPC was loaded onto DONSs,
slowing down photobleaching and improving singlet oxygen production required for PDT. The BMEPC
loaded DONs were exploited to stain MCF7 cells and subsequently induce cell death by photo-controlled

oxygen production.??

The diversity of chemical modifications and functionalities that can be implemented into DONs opens a
series of potential applications in various of fields. While binding to a substrate of choice is crucial in the
production of biochips, fluorescent labels enable observation of DONs at a single-molecule level. Hybrid
DNA nanophotonic devices help to enhance the fluorescence signal of single molecules pushing point-of-
care diagnostics towards higher sensitivity and lower costs. Designed biointeractions on DONs are
exploited for improved diagnostics and therapeutics, helping to develop novel cancer treatments.

Photocontrol of DONs will be an essential tool in improving DON based drug delivery and nanorobotics.
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2.1.3. Stability of DNA nanostructures
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Figure 2-3. Most common DNA lesions in nature and DNA damage response via enzymatic repair mechanisms. Adapted with
permission from 122,

Looking at the intrinsic stability of DNA based nanostructures, one should first consider naturally occurring
DNA and strategies that nature uses to address damage induced by external factors. Since DNA is the
information carrier with the building plan for all proteins, it is one of the highest priorities of a cell to
protect and eventually repair its genetic code. Therefore, damage sites induced by exogenous factors such
as chemicals or irradiation and unwanted side reactions need to be contained. In every single cell, a
sophisticated DNA damage response (DRR) system is constantly dealing with thousands of DNA lesions at
a time, and every type of damage triggers a specific enzymatic repair mechanism (Figure 2-3).5% 122 Most
common DNA lesions consist of abnormal sites, where one of the canonical four nucleobases is chemically
modified, abasic sites, where a nucleobase is missing, oxidation products like 8-oxoguanine or single-
strand breaks, which all are repaired by base excision repair (BER) or single-strand break repair (SSBR).
Here, a damaged nucleobase is first recognized and removed by a DNA glycosylase, resulting in an abasic
site, which is subsequently cleaved by an endonuclease. After a DNA lyase cuts out the strand break and
several neighboring nucleotides, the gap in the DNA sequence is filled up by a polymerase followed by
closing of the strand break by a ligase.®® Photoinduced intra-strand dimerization, e.g. via the formation of
a cyclobutane thymine dimer, is detected and eliminated by nucleotide excision repair (NER), where the
single stranded region around the photodamage site is cut out and replaced by a polymerase and ligase.®®
Double-strand breaks and inter-strand crosslinking induced by enzymes or ionizing irradiation are repaired
via homologous recombination (HR) or non-homologous end-joining. While in HR, the damaged double-
stranded DNA region is repaired based on an intact template DNA with the identical sequence, in NHEJ
damage sites are repaired by a polymerase and ligase regardless of the initial DNA sequence.'? 124
Nucleobase mismatches that occur during replication and recombination are recovered by mismatch
repair (MMR), which is strand-specific and is based on the comparison of a newly synthesized DNA strand

to its parental template during DNA replication.'?® Unwanted alkylation products are repaired by
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alkylation damage repair (ADR), where alkyl adducts in the DNA are repaired either by a methylated DNA

protein cysteine methyltransferase (MGMT), a demethylase, or base excision repair (BER).1%®

While every DNA damage triggers off active repair by a highly sophisticated cascade of enzymatic
reactions, all DDR pathways consist of an initial step, where an individual damage site is first detected,
followed by excision of the damaged part with an intact one or direct restoration of the damaged part by
one or multiple highly specialized enzymes. As long as all DDR pathways are responding fast enough to
keep the turnover of damaged units in the DNA low enough, the DNA can fulfil its biological function as
genetic information carrier. If the constant damage rates become faster than the rates of damage repair,
the cell will start to age and eventually die, once a critical number of damage sites preventing correct

translation of the DNA sequence into functional proteins is reached.
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Figure 2-4. Stability of DONs under various external stressors. A) Photoinduced damage in DONs probed by AFM. Reproduced
with permission from Ref. 1?7, B) Chemical damage to DONs induced by different salt conditions in aqueous solution probed via
AFM. Reproduced with permission from Ref. 2. C) Enzymatic damage of DONs over time induced by DNAse, probed via AFM.
Reproduced with permission from Ref. 128, D) Thermally induced damage of a DON at increasing temperatures probed via TEM.
Reproduced with permission from Ref. 12°,

Even though not all naturally occurring DNA damage types occur in artificial DNA nanostructures
(especially not endogenous damage during replication), DONs and their building blocks are prone to
similar types of exogenous damage. Additionally, DNA as the building material of artificial DONs requires
rather mild ambient conditions, since high irradiation, low salt conditions, extreme pH values, degrading
enzymes, and thermal stress destroy the DNA backbone and impede the DNA hybridization. DONs,

therefore, exhibit rather low stability under application specific conditions.> 8 Analogously to natural
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DNA, DONs are prone to photodamage, especially by high energetic UV-C light. High doses of irradiation
can therefore induce bond cleavages and photocyclization products such as cyclobutane thymine dimers,
leading to fast structural degradation (Figure 2-4A).13° DONs could even be used as nanoscale dosimeters
to measure UV light exposure at the nanoscale by quantifying the photoinduced damage via AFM.%
During the observation of functional DONs via single-molecule microscopy under aerobic conditions, the
photoinduced formation of singlet oxygen and other ROS can lead to further damage to the DONs, even
with lower energetic light irradiation. Due to the negative charge of the sugar-phosphate backbone in
DNA, correct folding and structural integrity of a DON generally requires buffers with high ionic strengths,
since cations are required to counterbalance electrostatic repulsion between the DNA strands. Therefore,
DONSs are typically folded and stored in buffer solutions with either relatively high magnesium ion (10 to
20 mM) or sodium ion (100s of mM) concentrations. Depletion of the stabilizing cations, for example, in
the presence of chelating agents such as EDTA, leads to a rapid collapse of the designed DON (Figure
2-4B), making the application of DONs at physiological conditions (buffers with only 137 mM NaCl and no
magnesium ions) still challenging.'? Chaotropic agents disturb the hydration cage of DNA and by that favor
the denaturation of DONs. Decreased melting temperatures have been observed for DON in chaotropic
solutions containing urea or guanidinium chloride, leading to faster degradation.®” Since DNA in the cell is
constantly resynthesized and digested, DNA degrading proteins such as DNAses are a challenge for the
application of DONs in biomedical fields like drug delivery or cancer therapy. While the digestion of DONs
by DNAse could be observed over time (Figure 2-4C), a higher stability against enzymatic degradation was
found in multilayer DONs than in single helix structures.®® 7> 128 Since the self-assembly of DONs is
governed by the rather weak hydrogen bridges and m-it stacking interactions between the nucleobases
with low free energies, applications of DONs are typically limited to low temperatures, depending on
staple strand lengths and sequences (Figure 2-4D). In a free solution, DONs typically start to melt at
temperatures around 60°C, which can be used for the reversible diss- and reassembly of a DON around
the melting temperature when an excess of staple strands is present. > 3! |f immobilized on a substrate
and transferred to a dry atmosphere, the stability of DONs is limited by the chemical stability of the DNA

polymer chain itself and can withstand temperatures up to over 200°C.% 132

Comparing the different kinds of damages of DONs under application like conditions (Figure 2-4), it stands
out that most of the degradation processes do not occur randomly on a DON but rather at preferred
locations on the nanostructure, indicating that specific local designs such as DNA sequence, stapling,
crossover density, and overall position play a role in directing the damage to a point of weakness.
Therefore, deeper understanding of the degradation process of DONs is necessary to improve the design

of future DONs.
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2.1.4. Strategies to improve stability of DNA nanostructures
Since the introduction of DONs by Rothemund in 2006, their intrinsic low stability has been gaining the
increasing focus of research groups and various protective strategies have been established, either by a
pre-processing step in the design of a functional DON or by a post-processing step after folding and

purification.> 6% 133

In pre-processing strategies, the intrinsic stability of DONs against external factors is increased by design
optimization or modifications of the building blocks before the self-assembly takes place. Generally,
closely packed multilayer DNA nanostructures exhibit a higher stability against enzymatic degradation
than linear duplex or plasmid DNA and the stability can be influenced by the topology of the
nanostructure.” % 134 While designing the staple strand sequences for a DON, a higher crossover density
(every 21 nt instead of every 42 nt) between neighboring DNA helices on one hand increases stability
against nucleases but on the other side decreases the stability against low salt conditions due to lower
flexibility against repulsive electrostatic interactions (Figure 2-5A).13 Additionally, individual DNA building
blocks can be modified before self-assembling into a designed DON. The insertion of unnatural
nucleobases like 5-methyl-isocytidine (5-Me-isoC) and isoguanine (isoG) into DNA building blocks has
been shown to increase thermal and enzymatic stability (Figure 2-5B).13® Introduction of click chemistry
at designed positions in a DON enabled the chemical crosslinking of neighboring staple strands,
eliminating internal nicks in the nanostructure and increasing its chemical and thermal stability
significantly (Figure 2-5C).23” Furthermore, individual DNA building blocks can be modified with terminal

protective groups like hexanediol or hexaethylene glycol, slowing down digestion by exonucleases (Figure

2-5D).1°
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Figure 2-5. Examples of stabilization of DONs by a pre-processing step. A) Optimized design, e.g. a higher crossover density, can
increase structural stability.!>> B) Insertion of unnatural nucleobases into the DNA building blocks increases stability against
enzymatic degradation.'*® C) Modifying selected staple strands with click chemistry enables chemical crosslinking increasing
overall stability.’*” D) Terminal protective groups stabilize individual DNA building blocks against enzymatic degradation.'°

The stability of DONs can also be improved by post-processing after self-assembly into the desired shape.
Similar to chemical crosslinking, internal nicks within a DON can be sealed by photoinduced dimerization
of neighboring T bases (Figure 2-6A).138 Scaffold sequence design allows optimizing the positions of the

nucleobase T in the DON to increase the density of neighboring T-T pairs, leading to an improved thermal
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and chemical stability.’3° Internal nicks between neighboring staple strand termini can also be closed
either via enzymatic ligation or enzyme-free, chemical ligation mediated by cyanogen bromide improving
thermal and chemical stability (Figure 2-6B).8% 10 Especially for 3D structures though, only the chemical
ligation led to an almost quantitative nick closing with a highly faster reaction time (5 min) than enzymatic
ligation (typically up to an hour). UV crosslinking and ligation as postprocessing steps tackle the intrinsic
instability of DONs by strengthening the inside of the DNA self-assembly. Another simple, yet highly
efficient stabilization strategy protects the DON from the outside: different encapsulation strategies have
been established exploiting electrostatic interactions between the negatively charged DNA backbone in a
DON and a cationic coating agent, which can be either an inorganic material like silica or an organic
polymer (Figure 2-6C). A Stober process using a mixture of the cationic silica precursor N-[3-
(trimethoxysilyl)propyl]-N, N, N-trimethylammonium chloride (TMAPS) with the conventional precursor
tetraethyl orthosilicate (TEOS) enables the growth of a nanometers thick silica layer on DONs either in
solution or immobilized on various substrate surfaces, improving their mechanical, chemical, and thermal

78, 79, 141

stability immensely. Protective coating with the cationic block copolymer poly-L-lysine

polyethylene glycol (PLL-PEG) on the other hand leads to a sub-nanometer thick coating, that stabilizes

the DON in low salt conditions and against enzymatic degradation.4? 143
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Figure 2-6. Examples of stabilization of DONs by a post-processing step. A) Photoinduced dimerization of neighboring T bases can
be exploited for crosslinking between neighboring strands.*3® B) Enzymatic or chemical ligation of neighboring strands eliminates
nicks within the DON.8% 1% C) Encapsulation of DONs with inorganic or organic material protects the nanostructure from external
factors. 78,79, 141-143

While the protective strategies mentioned above all contribute to improved stability of functional DONs
under application specific conditions, they all consist of a static approach, where the degradation under
wear and tear is only slowed down, but once occurring, not reversed. Additionally, it remains open, if
some of the strategies interfere with designed functionalities on the DONs, such as binding interactions
with a target molecule or a dynamic response to a given input. Until now, individual stabilization strategies

have not been combined for a single DON, trying to bring together advantages from different approaches.
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In future DNA nanodevice designs, specific subregions could be stabilized by a suitable stabilization
strategy. To this end, addressability of the used stabilization method will be the key for the realization of

highly stable and functional DONs for different application conditions.

2.2.Single Molecule Microscopy
The detection of single molecules provides insights into subpopulations, heterogeneities, or dynamic
changes of a sample with molecular resolution. Especially in a biological context, where biomolecules such
as proteins, enzymes, and DNA interact or act in parallel, avoiding ensemble averaging is essential to
investigate inter- and intramolecular processes accurately. While the observation of single particles and
atoms in ion traps already became possible in the 1970s, the detection of individual molecular entities in
the condensed phase, especially in an aqueous environment required for biological applications,
remained a technical challenge until the 1980s and early 1990s.24* 14> The introduction of the scanning
tunnel electron microscope (STM) in 1985 and AFM in the following year enabled the first imaging of
conductive and insulating material with atomic resolution.*¢1% While both STM and AFM provided
imaging of condensed matter with unprecedent high resolution, the urge for less invasive single-molecule
detection techniques triggered the development of novel optical microscopy methods in the following
years. The first optical single-molecule detection in the condensed phase was achieved by Moerner et al.
in 1989 by measuring the absorption spectrum of single dopant pentacene in a host crystal at cryogenic
conditions (T = 4.2 K) via frequency modulation spectroscopy (FMS) and already one year later, first single-

molecule emission spectra of the same dopant-crystal system could be measured directly.4% 10
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Figure 2-7. Principles of single-molecule fluorescence microscopy. A) Labeling a molecular species with a fluorophore gives it an
identity that can be used to track a selected molecule over time or investigate the interaction between two selected molecules.
B) A low concentration of fluorescently labeled molecules, typically in the range of pM — nM, provides a low background signal.
C) A spatially confined observation volume lowers the background signal further and provides single-molecule statistics.
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The specificity of fluorescence, i.e. the spontaneous emission of photons by a fluorophore after excitation
with a photon of a specific wavelength, and the Stokes shift make it the ideal tool for the optical or
spectroscopic investigation of single molecules. Background molecules, e.g. solvent molecules, are in an
optimal case not excited by the excitation light, leading to a highly decreased background signal in
comparison to scattering based imaging methods. By labeling a molecular object of interest with a
fluorophore, it becomes distinguishable from background molecules, enabling the investigation of its
position over time (e.g. single-particle tracking) as well as its interactions with other biomolecules (Figure
2-7A). By simply separating the red-shifted emission light from the excitation light, the background of the
output signal is further decreased to a point, that the detection of the emission of a single fluorophore
becomes possible. Still, due to autofluorescence in the sample and Raman scattering by the solvent, in
practice, two additional conditions are to be met in order to realize a sufficiently low signal background:
typically, a very low fluorophore concentration is required (range of pico- to nanomolar) to ensure
sufficient spatiotemporal separation of individual fluorescent molecules (Figure 2-7B). Additionally, a
spatially confined observation volume (typically down to a few femtoliters) is needed to avoid too high
background signal from intrinsic Raman scattering in the sample solution and to prevent information

averaging over multiple molecules (Figure 2-7C).

The first indirect detection of single molecules using fluorescence microscopy was accomplished already
in 1961, when Rotman labeled the product of an enzyme-catalyzed reaction with a fluorescent dye.'*!
Here, the presence of single enzymes in aqueous droplets could be detected due to the high turnover of
the fluorescent reaction product leading to a detectable signal stemming from individual enzyme
molecules. First direct observation of single molecules in aqueous solution using fluorescence microscopy
was reported in 1976 by labeling single globulin molecules with up to 100 fluorescent tags and flowing
them past a photodetector.?? Still, it took more than another decade and the development of time-
correlated single photon counting (TCSPC) to enable the detection of individual fluorophore molecules in
aqueous solution in 1990. By combining a pulsed laser with time-gated single photon detection,
background from instantaneous Raman scattering could be filtered out from the nanoseconds delayed
fluorescence signal.>> 1>* Following this, total internal reflection fluorescence (TIRF) microscopy enabled
the first direct single-molecule imaging of ATP turnover by individual myosin proteins, near-field scanning
optical microscopy (NSOM) could be used for the first single-molecule two-color FRET experiment.>> 156
Further advances in fluorophore chemistry and in single-molecule optics culminated in the introduction
of super-resolution (SR) microscopy, circumventing even the diffraction limit of light, also known as Abbe’s
limit. In 2014, Betzig, Hell, and Moerner were awarded the Nobel Prize in chemistry “for the development

of super-resolved fluorescence microscopy”.*’
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2.2.1. Fluorescence
In 1917, Einstein described the interaction of light and matter using quantum mechanics and a simple,
molecular two state system (Figure 2-8).1°8 Here, a hypothetical gas molecule populates either the ground
state |1) of energy E; or the excited state |2) of higher energy E,. Furthermore, transitions between the
two states are possible, either by absorption or by emission of light with a frequency corresponding to

the energy gap between the two energy states as in equation (1).

E=hV=E2_E1 (1)

Where his Planck’s constant and v is the frequency of the photon. Einstein postulated, that three different
processes can occur during the interaction of light with matter. Excitation of the system from E; to E, by
a photon of suitable energy is described by stimulated absorption. N;, the number of molecules in the

ground state |1), then decreases over time by:

d
L= —N; p(v) By (2)

Where p(v) denotes the spectral density at the frequency v and B, is the Einstein coefficient for

stimulated absorption.
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Figure 2-8. Idealized molecular two state system with a ground state |1) and an excited state |2) that can interact with light via
stimulated absorption, stimulated emission or spontaneous emission, i.e. fluorescence.

The second possible process is stimulated emission, which can be seen as a negative absorption. Here, a
photon of fitting energy induces the decay of an excited molecule from E, to E; under the emission of a
second photon of identical energy, i.e. frequency v. N,, the number of systems in the excited state |2}, in

this case decreases over time by:

dN.

d—tz = —N; p(v) By (3)
Where B,, is the Einstein coefficient for stimulated emission. For two not degenerate states E; and E,
the Einstein coefficients B;, and B,; are equal, which means that the equilibrium between the two

stimulated processes only depends on the initial population numbers N; and N,. A molecule in the excited
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state E, can also de-excite to the ground state E; by a third process, the spontaneous emission, or also-
called fluorescence. In this case, the excited system decays to E; spontaneously under the emission of a

photon with frequency v. N,, the number of molecules in the excited state |2), then decreases over time

by:

dN
d—tz = —N; Ay (4)

Where A, is the Einstein coefficient for spontaneous emission. A,; can be connected to the Einstein

coefficients B;, and B4 by:

3 3
A21 — 8mhv 812 — 8mhv 821 (5)

c3 c3

Following Equation (5), the coefficient of the spontaneous emission increases with the third power of the
frequency in relation to the coefficient for stimulated emission and the process of spontaneous emission
is thus rather dominant for higher frequencies, i.e. in the blue spectrum of light. Transitions over a small
energy gap in the red spectrum of light on the other side favor more stimulated emission. The tendency
that fluorescence becomes the dominant decay process for blue-shifted transitions explains the historical
challenge to construct lasers, which exploit stimulated emission as the key process to amplify a

monochromatic irradiation, in the blue range.

In reality, the interaction of light with molecules involves a far more complex energetic landscape than a
simple two state system as described by Einstein in 1917 and is often represented in a Jablonski diagram

(Figure 2-9A).
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Figure 2-9. Principles of fluorescence. A) Jablonski diagram exhibiting stimulated absorption of an incident photon (blue and
green) and relaxation from the electronic excited S; to the electronic ground state S, via fluorescence (red). Competing decay
processes such as internal conversion (IC) or intersystem crossing (ISC) to the excited triplet state T; and subsequent
phosphorescence (P) are marked in black. B) Franck-Condon principle illustrated by transitions between different vibrational
states v;of different electronic states Sy and S;. C) Molecular structure, absorption, and emission spectra of the commercially
available organic dye Cy3, highlighting the Stokes shift between red-shifted emission and excitation spectrum.

Stimulated absorption and fluorescence generally involve transitions between electronic states S; and

vibrational state v;. The electronic singlet ground state and the first and second excited electronic states
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are denoted by Sy, S1, and S,, respectively. Each electronic state consists of multiple vibrational states v;.
Stimulated absorption excites an electron in the fluorescent molecule from its electronic ground state S,
which can be interpreted as the highest occupied molecule orbital (HOMO), to the first excited electronic
state S;, which can be seen as the lowest unoccupied molecular orbital (LUMO), or to an even higher
excited state like S, depending on the wavelength of the incident photon. How efficient the incident light
is absorbed by a fluorescent species at a concentration ¢ in a cuvette of the length d is described by the

absorbance or extinction E, which can be calculated by the Beer-Lambert law:'*% 160

E :logloj—‘1’=ecd (6)

Where I, is the intensity of incident light, I; is the intensity of the transmitted light and ¢ is the molar
extinction coefficient of the fluorophore. Following the Franck-Condon principle (Figure 2-9B), the
displacement of the nuclei is much slower than motion of the electrons and is, thus, negligible on the time
scale of electronic transitions, which are illustrated as vertical lines to underline the instantaneous
absorption of light and fast transitions in about 10> 5.26! The probability of a transition depends on the
overlap of the wave functions of the initial and final state and for transitions between S, and S;, which
exhibits a displaced nuclear configuration in comparison to S, the overlap of wave functions is generally
higher between different vibrational states v;.1%% %3 Hence, absorption of a photon is most probably for a
transition of an electron from S, to an excited vibrational state v; . in S;. Vibrational relaxation from v; .
in S; to the vibrational ground state v, of S; under the release of heat to the environment typically takes
places in picoseconds and is orders of magnitude faster than electronic relaxation from §; to S,, which
typically happens on the timescale of nanoseconds. A decay via fluorescence thus generally occurs from
the vibrational ground state v, of the electronic exited state S; independently of the wavelength of the
absorbed photon, which is also known as Kasha’s rule.’® The Franck-Condon principle together with
Kasha’s rule explain the red shift of the emission spectrum of a fluorophore in respect to its absorption
spectrum (Figure 2-9C).*% 1% Besides spontaneous emission, the system can also decay from S; to S, via
competing pathways. The excited molecule can relax non-radiatively via internal conversion (IC), where
the excited energy is dissipating as heat to the environment, or it can populate a triplet excited state T;
via intersystem crossing (ISC). Analogously to S;, Ty can decay to Sy non-radiatively or via emission of a
photon (so-called phosphorescence P). The probability for a spontaneous emission as the decay process
from S; to S is also-called the fluorescence quantum yield and depends on the rate of fluorescence ks
and all competing reaction rates.

_ ky

kp + ke + kise

br (7)

Where k,,,- denotes the rate of all non-radiative decay processes and k;s- denotes the rate of intersystem

crossing. The average time a molecule remains in the excited state before relaxing to the ground state via
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fluorescence emission, also-called the fluorescence lifetime 7, is typically in the range of nanoseconds

and is the reciprocal of the sum of all decay rates:

1
‘[ =
P ke + keny + Ky

(8)

Single-molecule microscopy requires an efficient excitation of the used fluorophore, i.e. an efficient
absorption of the excitation light, and efficient relaxation via fluorescence without losing too much
excitation cycles to non-radiative processes. Commonly used single-molecule fluorophores therefore
exhibit high extinction factors and fluorescence quantum vyields. While statistically, the spin-forbidden
intersystem crossing is a rather improbable process (k;sc small), triplet state population can become
relevant when the fluorophore is excited with a high excitation laser repetition rate (in time-correlated
confocal microscopy up to tens of MHz). Since the decay process from the triplet state T; back to S is
also spin-forbidden, triplet states tend to be rather long-lived (up to ms), which can lower the achievable

photon count rate in a single-molecule experiment substantially.

2.2.2. Single molecule microscopy using fluorescence
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Figure 2-10. Single-molecule fluorescence microscopes. A) Scheme of an objective based TIRF microscope. An excitation laser
beam (green) is focused on the back focal plane of a high N.A. oil objective and under an incident angle larger 6, resulting in an
evanescent excitation field at the glass-sample interface with an effective penetration depth of ca. 100 nm. The fluorescence
(red) from the whole field of view is detected by a camera frame by frame over time. B) Scheme of a confocal microscope. An
excitation laser beam (green) is focused into the focal plane of a high N.A. oil objective with a pinhole in the focal plane of the
detection beam path, filtering out out-of-focus signal and resulting in an effective confocal volume of only ca. 0.2 femtoliters.
The fluorescence from the confocal volume is detected by an APD with TCSPC enabling FLIM. To scan a large field-of-view, the
sample of interest is raster scanned with the confocal volume.

Commonly, there are two conventional types of single-molecule fluorescence microscopes. While in a
widefield based total internal reflection fluorescence (TIRF) microscope, a large field of view is illuminated
and recorded by a camera over time, a laser scanning confocal microscope moves a highly focused beam
along a grid to raster scan over the sample (Figure 2-10). In a TIRF microscope, spatial confinement of the

excitation light is achieved by an evanescent field at the substrate-sample interface (usually glass -
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aqueous solution).t®® An incident collimated laser beam is totally reflected, if the incident angle is larger

than the critical angle @,:

ny
6. =sin"1—
c nz (9)

Where n; is the lower refractive index, i.e. of the sample solution, and n, is the larger refractive index,
i.e. of the glass slide. Even though no incident light is transmitted into the sample solution at the critical
angle, it can still interact with the sample via its evanescent near-field at the glass surface. The exponential
decay of the evanescent field over the penetration depth into the sample solution limits effective

excitation to usually under 100 nm and is given by:

z

1(2) = I () (10)

Where [ is the intensity at the interface (i.e. z=0) and the decay constant d is given by:

d= j—; (nf sin? 6, — n%)_% (11)
Where A, denotes the wavelength of the incident light in vacuum. In TIRFM, only fluorophores within the
first 100 nm of the evanescent field are excited and impurities and scattering particles in the excitation
volume are reduced immensely. The high detection rate of a large field of view of many single-molecules
at once made TIRFM a fundamental tool for cell imaging and super-resolution microscopy. However, the
effective volume of TIRFM still lies in the range of tens of femtoliters and the temporal resolution is limited
to several milliseconds by the typically used electron multiplying charge-coupled device (EMCCD)
detectors. An even smaller spatial confinement of the observation volume down to 0.1 femtoliter is
achieved in confocal microscope, which was patented already in 1957 and applied in 1967 for the
investigation of unstained nerve cells. 1*7-1%8 By placing pinholes in focal points of the excitation beam path
and the detection beam path, the excitation is focused on a single spot in the focal plane of the objective
and only the fluorescence from the focal plane of the objective is detected. Autofluorescence and
scattering signals from above or below the focal plane is eliminated, resulting in an effective confocal
volume ellipsoid of ca. 500 x 1000 nm or ca. 0.2 femtoliter. Combination of confocal fluorescence
microscopy with highly sensitive single-molecule detectors such as avalanche photodiodes (APD) and time
correlated single photon counting (TCSPC) enables single-molecule imaging with a temporal resolution
down to picoseconds, paving the way for lifetime imaging microscopy (FLIM) and fluorescence correlation
spectroscopy (FCS). Implementation of a piezo stage to move the sample or a mirror system to deflect the

excitation laser enables the slow raster scanning of fixed samples. 16!

2.2.3. Super-resolution microscopy
Already in 1873, Abbe described the diffraction limit of light, defining the achievable spatial resolution in

an optical microscope.®® Following to Abbe, two light diffracting objects can only be distinguished if their

30



distance is at least the microscope’s diffraction limit d, which is defined by the wavelength of the
diffracted light A and the numerical aperture NA of the objective:
A A
d = - =
2n sina 2NA

Where n is the refractive index of the optical medium and «a is the aperture angle of the objective. For

(12)

luminescent probes, the ultimate resolution limit is better described by the Rayleigh criterion.'®* The
diffraction limited image of a point emitter in the detection plane of an optical microscope is the so-called
point spread function (PSF) and in the case of a circular aperture, the PSF is given as a two dimensional

Airy disc, with a first intensity maximum in the center and radial side maxima (Figure 2-11A).

The Rayleigh criterion states, that two point-like emitters are just distinguishable, when the first maximum
of one PSF overlaps with the first minimum of the second PSF (Figure 2-11B). The minimum resolvable
distance d is hereby given by:

0,614
N NAopje tive (13)
If the two point-like emitters are in closer vicinity, an unresolved superimposed image of both emitters is
detected and the individual spatial and chemical information is lost. Even with modern, high NA
objectives, Abbe’s limit and the Rayleigh criterion limit the spatial resolution of optical microscopy to
around 200 nm. Since the discovery by Abbe, this remained the dogmatic limit of optical microscopy for

over a century, limiting optical investigation of small structures to the length scale of cell organelles, while

molecular processes in the cell such as protein interactions remained unresolvable.
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Figure 2-11. Principle of the Rayleigh criterion defining the resolution limit of a fluorescence microscope. A) Scheme of a simplified
fluorescence microscope detecting the fluorescence signal of a point emitter in the detection plane. The PSF of the microscope
results in a radial intensity distribution in the detection plane, the so-called Airy disc. B) The Rayleigh criterion defines the optical
resolution of a fluorescence microscope: two point-like emitters are distinguishable, if the first maximum of one PSF falls into the
first minimum of the second PSF. If the two emitters are closer, only an unresolved superimposed image is detected.

Even though first theoretical concepts to circumvent the diffraction limit were already introduced in the
late 1980s to mid 1990s, it took further advances in laser and computer technology and the development

of more sensitive photodetectors to enable the experimental realization of a series of super-resolution
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microscopy techniques in the 2000s.17%173 |n general, two fluorophores closer than the Rayleigh criterion
can be distinguished if their emission is controlled over time and space, either by targeted switching or by
stochastic switching of the fluorophores between the non-emissive ground and the emissive excited state
(Figure 2-12A).17# Stimulated emission depletion microscopy (STED) for example, which was patented
already in 1986 and first scientifically described in the 1990ies, exploits the spatially controlled off-
switching of fluorophores by depleting the excited state via stimulated emission. 1% 171175 Tg this end, the
fluorophores are excited with a conventional confocal volume, but simultaneously depleted from the
excited state via stimulated emission by a vortex shaped illumination volume superimposed on the
confocal volume, resulting in an effectively smaller excitation volume. Even though, the achievable
resolution is theoretically only limited by the intensity of the depletion laser, photoinduced damage limits

the STED laser intensity and thereby the achievable resolution to typically ca. 20 nm.*”®
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Figure 2-12. Principle of SMLM. A) Scheme of a photoswitchable fluorophore with a non-emissive dark state and an emissive
bright state. B) Resolving the exact positions of two point-like emitters closer than the Rayleigh criterion by separating the
emission over time and fitting the individual blink events by a Gaussian distribution. C) Schematic representation of the workflow
in SMLM. Acquiring multiple frames (up to thousands) and fitting of emitter positions per frame enables the reconstruction of a
super-resolved image.

Besides switching emissive fluorophores off in a spatially controlled manner, also a stochastic switching
of fluorophores can be exploited to circumvent the diffraction limit. The positions of two individual
emitters, that are spatially too close to be resolved by TIRFM, can be distinguished, when their
fluorescence signals are separated over time via chemically or physically induced blinking. When only a
single emitter is emissive at a time within a diffraction-limited volume, the exact positions of multiple
emitters can be estimated over time. Single molecule localization microscopy (SMLM) determines the
precise position of the single emitters over time by fitting the first intensity maximum of the PSFs of

individual blink events with a gaussian distribution (Figure 2-12B):
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I=4y+A e< = (yz_gg)z) (14)

Where 4, is the background intensity, A4 is the intensity amplitude, x, or y, the x- or y-coordinate of the
mean value, and o, or g, the standard deviation in x- or y-direction. Acquisition of a TIRF movie over
multiple frames, typically 100s to 1000s, and subsequent fitting of individual blinking events per frame

provides the reconstruction of a super-resolved image (Figure 2-12C). The achievable resolution is given

by the localization precision o, described by the Cramér-Rao bound:*"’

5 s? 1/12 a? 8ms*b?
Oxy = ﬁ + N +( a2N2 ) (15)

Where N is the number of photons of a fitted blink event. Here, the first term represents the shot noise,

where s is the standard deviation of a single PSF. The second term denotes the pixelation noise or
localization error due to the finite size of the camera pixel a. The last term corrects for the localization
error induced by optical noise (readout errors, dark currents, and auto fluorescence in the sample), where
b is the background noise per pixel.}’® Under ideal conditions, i.e. the PSF is recorded with sufficient pixels

(s > a)and a camera with low noise (b small) is used, equation (13) can be simplified to:*”’

S
Oxy = \/_N (16)

Since the achievable resolution in a reconstructed SMLM image following equation (16) is primarily
dependent on the number of detect photons per blink event, a high photon count rate and photostability
of the fluorophore is a prerequisite for a high resolution. Another necessity is the stochastic switching of
the employed fluorophores, ensuring that the majority of the fluorophores are non-emissive at a time

and eventually switched on, optimally with controlled kinetics.

While conceptually described already in 1995, first realization of the SMLM approach was achieved by
introduction of stochastic optical reconstruction microscopy (STORM) and photoactivated localization
microscopy (PALM) in 2006, followed by the two very popular imaging techniques direct stochastic optical
reconstruction microscopy (dASTORM) and DNA PAINT, 25 179-181

In STORM, commonly a cyanine dye such as Cy5 or Alexa647 is photochemically switched between its
emissive state and a long-lived dark state. While illuminated by an excitation laser, the cyanine dye emits
a photon budget before entering a long-lived dark state, which can be controlled by the excitation laser
intensity. The fluorophores can be switched back from the dark state to the emissive state by FRET from
a green dye in close proximity (STORM) or by direct excitation with a green shifted laser (dASTORM). Even
though the reversible photoswitching of cyanine dyes was already described in 2005, the mechanism of
the photocontrolled blinking was resolved only in 2009.182 18 Addition of a primary thiol such as B-

mercaptoethanol to the imaging solution enables the photoinduced reduction of the polymethine chain
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of the cyanine dye by the nucleophilic primary thiol group resulting in a reversible cyanine-thiol adduct
that can be switched back by either thermal or photoinduced elimination (Figure 2-13A).23* While the fast
switching kinetics and high achievable resolution made dSTORM a valuable tool for super-resolution
imaging in fixed biological samples, the addition of the cytotoxic photoswitching buffer consisting of thiols

prevents its application in living cells.

In PALM, a photoactivatable fluorescent protein is stochastically switched to its emissive state by a
photoinduced isomerization of the chromophore center form the dark cis to the emissive trans state
(Figure 2-13B).1”° Since the photoactivatable protein can be exogenously expressed with a protein of
interest and no addition of a specific photoswitching buffer as in the case of dSTORM is needed, PALM
became an attractive tool for single-particle tracking and super-resolution imaging in living cells. Even
though providing spatial resolutions down to ca. 20 nm, both STORM and PALM are ultimately limited by
the irreversible photobleaching of the employed fluorophores, preventing long term investigations and

limiting the typical observation durations to seconds to a few minutes.
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Figure 2-13: Overview of the most common SMLM techniques STORM, PALM, and DNA PAINT. A) In (d)STORM, a cyanine dye is
switched between a dark state and bright state by the photoinduced reversible reduction of the polymethine chain by a
nucleophilic thiol group. B) In PALM, an initially dark fluorescent protein (cis isomer) is photoisomerized to its bright state (trans
isomer). C) In DNA PAINT, short fluorescently labeled oligonucleotides transiently bind to DNA docking sites on an object of
interest resulting in a pseudo-blinking behavior, since only bound imager strands are effectively excited by the evanescent
excitation field and detected by the camera.

DNA PAINT circumvents the limited photon budget of a single fluorophore by exchanging it over time with
an intact analogue from an excess in solution (Figure 2-13C).% For this purpose, fluorescently labeled,
short DNA oligonucleotides (typically 6 to 8 nt), so-called imager strands, hybridize transiently to
complementary DNA docking sites on an object of interest. While only bound imager strands are
effectively excited at a time by the evanescent field of a TIRF microscope, unbound diffusing imager
strands are either not excited or are diffusing too fast through the excitation volume to be detected
efficiently. On an individual DNA docking site, a pseudo-blinking signal stemming from the reversible
hybridization of multiple imager strands can be detected over time, whose blinking kinetics are easily

controlled by the length, sequence, and concentration of the imager strand. The on-time t,,, i.e. the
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duration an imager strand is bound to the docking site, depends on the free energy of the hybridization

reaction, and is given by the inverse dissociation rate k,:

ton = ! 17
on — koff ( )

The on-time can be tuned by the imager strand sequence and length (longer for high GC content and more

nucleotides) and typically lies for commonly used imager strands of 6 to 8 nucleotides in the range of 100s
of ms. The off-time t,ry, i.e. the duration a DNA docking site is not occupied by an imager strand, is
controlled by the concentration of the imager strand in solution ¢ and the association rate k,,:

1
ckyn

tofr = (18)

While the off-time can be decreased by higher imager strand concentrations, the increasing background
by addition of more imager strands to the imaging solution typically limits its concentration to under 10
nM. Therefore, faster binding kinetics were initially inaccessible in DNA PAINT, making it significantly
slower than dSTORM or PALM imaging. Recent advances though, particularly by sequence and buffer
optimization and the introduction of concatenated, periodic sequence motifs on a single docking site,
accelerated conventional DNA PAINT blinking kinetics and data acquisition by two orders of magnitude,
enabling multiplexed super-resolution imaging within minutes.'® 18 Further design optimizations of the
DNA PAINT technique involved fluorogenic labels, chemical additives such as ethylene carbonate (EC) to
increase the dissociation rate or protein assisted DNA hybridization (Ago-PAINT) to increase the
association rate.’®’18 While conventional DNA PAINT imaging on DON nanorulers or in cells already
reaches a better spatial resolution (< 10 nm)*® 1% than dSTORM or PALM (ca. 10 to 20 nm), the novel
concept of enhancement by sequential imaging (RESI) can push the achievable resolution in DNA PAINT
down to only a few Angstroms.>® By applying the localization approach of SMLM additionally on the spatial
distribution of fitted, super-resolved localization positions, the final localization precision in RESI scales
with the number of fitted localizations enabling sub-nanometer imaging even in cells. Even though DNA
PAINT overcame the irreversible photobleaching of a single fluorescent label, the photoinduced
degradation of the DNA docking sites over time still limits longer observation times of the same object
and makes the usage of photostabilizing buffers necessary.'* Consequently, the development of more
stable fluorophores and novel stabilization strategies is a necessity to enable long-term DNA PAINT

imaging with a high spatiotemporal resolution.

2.2.4. Photostabilization of fluorescent labels
In single-molecule microscopy and especially in SMLM, a high photon count rate and photostability is
desired to obtain high quality signals with a high spatiotemporal resolution, signal-to-noise ratio (SNR),

and signal-to-background ratio (SBR). In an ideal case, a fluorophore cycles repeatedly between its ground
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state Sy and its excited state S; via stimulated absorption and fluorescence resulting in a theoretical
photon count rate of up to 10° photons per second, if a continuous excitation and a fluorescence lifetime
of around 1 ns are assumed. Pulsed laser excitation with a repetition rate in the range of MHz and an
imperfect photon detection (dye emits photons in 360°, which are collected by the objective in a spatial

angle of <180°) will already lower the effective measured photon count rate to ca. 10° photons per second.
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Figure 2-14: Photobleaching and photostabilization of organic fluorophores used in single-molecule microscopy. A) Simplified
Jablonski diagram showing the desired absorption-emission duty cycle of the fluorophore between the ground state S, and the
first excited state S; (red box) and undesired ISC populating the triplet state T;. The triplet state can be quenched either
photophysically via triplet energy transfer (TET) with an acceptor molecule or photochemically via a two-step redox ping pong
reaction. Photobleaching of the fluorophore mainly occurs directly from the triplet state or long-lived radical states. B) Overview
of physical TSQs and ROXS commonly used in single-molecule microscopy.

In reality, the achievable photon count rate of a fluorophore will be further decreased by undesired
deexcitation pathways and side reactions that can depopulate the S; state without the emission of a
fluorescence photon (Figure 2-14A). Even though ISC from S, to the triplet state T; consists of a forbidden
spin transition and therefore is a quite improbable and slow process (¢;sc < 0.01), it will eventually
occur, especially considering the high frequency with which the fluorophore is excited over time (MHz).
Formation of the triplet state on one hand lowers the achievable photon count rate due to its long
lifetimes up to milliseconds during which the fluorophore is dismissed from its absorption-emission duty
cycle. On the other hand, a dye can undergo undesired side reactions from its triplet state: the ground
state of molecular oxygen is a triplet state (30,) and at ambient solution concentrations of ca. 300 uM**,
oxygen can thus quench the triplet state of a fluorophore quite efficiently with quenching rates of ca. 10°
s’1. Hereby, highly reactive singlet oxygen (10,) is generated and other reactive oxygen species (ROS) in
downstream reactions.'®? ROS subsequently can irreversibly degrade the fluorophore (photobleaching),
and harm the sample of interest via photo-oxidative damage. Additionally, a dye in its triplet state can
react with molecular oxygen via photoinduced electron transfer (PET) leading to the formation of a long-
lived cationic radical and the highly reactive superoxide radical O,. Moreover, other redox active

components in the imaging solution can oxidize or reduce the triplet state leading to the formation of
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long-lived cationic and anionic radical states, which additionally lower the achievable photon count rate.””

193

To slow down the irreversible photobleaching of the fluorophore and to prevent oxidative damage to the
sample, depletion of oxygen from the imaging solution by enzymatic scavenging systems is an established
strategy. The most commonly used enzymatic system for the removal of oxygen consists of a mix of
glucose oxidase and catalase (GOD/CAT), which catalyze the reaction of glucose and oxygen to gluconic

acid and water (Figure 2-15A).7> 1%
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Figure 2-15. Reaction schemes for commonly used oxygen scavenging systems. A) GOD/CAT system: in a first reaction, glucose
oxidase catalyzes the conversion of glucose with oxygen to gluconic acid under release of hydrogen peroxide. In a second reaction,
the originating hydrogen peroxide is scavenged by catalase.’> % B) PCA/PCD system: protocatechuate-3,4-dioxygenase catalyzes
the conversion of PCA and oxygen into muconic acid.***

Despite effectively lowering the concentration of oxygen from ambient saturation concentrations of
around 300 uM to around 14 pM, acidification of the sample solution by the formation of gluconic acid
and potential oxidative damage by accumulating hydrogen peroxide, if the catalase activity is not
sufficient enough, limit the application of the GOD/CAT system to generally short observation times. An
alternative enzymatic system (PCA/PCD), consisting of protocatechuate-3,4-dioxygenase (PCD) that
converts molecular oxygen and protocatechuic acid (PCA) to B-carboxy-cis, cis-muconic acid, circumvents
the problem of accumulating reactive intermediates and achieves even lower oxygen concentrations
down to around 3 uM (Figure 2-15B).%° For oxygen removal without acidification, an enzymatic system
based on pyranose oxidase/ catalase (POC) can be employed, transforming glucose into a ketone (2-

deydroglucose) which does not affect the pH value of the sample solution.®®

Removal of the TSQ oxygen from the imaging solution slows down photobleaching and the formation of
ROS but also results in the formation of unquenched, long-lived triplet states or even longer-lived radical

states formed via PET from the triplet state to its surrounding. This slow switching of the dye between its
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absorption-emission duty cycle and long-lived dark states leads to severe blinking in single-molecule
trajectories, decreasing the photon count rate and the spatiotemporal resolution of the measurement.
Therefore, the addition of TSQs to the deoxygenated imaging solution is a necessity (Figure 2-14B).
Photophysical TSQs, such as COT or Ni?* ions, quench the triplet state of the dye in a one-step reaction via
a collision-based triplet energy transfer (TET).”> 76 1% For an efficient quenching, the TSQ needs to have a
triplet energy slightly smaller than the dye to ensure an efficient energy transfer. Hence, not every TSQ
can stabilize any fluorophore effectively. COT for example has a rather low triplet energy of ca. 0.8 eV and
is thus reported to efficiently stabilize only red-emitting dyes such as Cy5 or Atto647N with rather low
excited state energies.’®” Addition of reducing and oxidizing species (ROXS), such as trolox/trolox-quinone
(Tx/Tq), B-mercaptoethanol (BME), ascorbic acid (AA) or methylviologen (MV) enables triplet state
quenching via a two-step redox ping pong reaction. ’# 198292 After formation of a radical anion/cation by
reduction/oxidation by a reductant/oxidant, subsequent opposite reaction by oxidation/reduction by

another oxidant/reductant brings the dye back to its ground state S,,.

Even though the combination of an oxygen scavenging system and the addition of TSQs in solution-based
photostabilization ensures a high photon count rate and spatiotemporal resolution, their applicability is
limited to samples that are compatible with the addition of millimolar quantities of additives to the
imaging solution. Especially in a biological context, efficient oxygen removal can be difficult and, the added
TSQs such as COT can furthermore influence the biological sample or even lead to toxicity.2> Additionally,
simultaneous multi-color imaging can be impeded since a TSQ can stabilize one fluorophore but
potentially quench the fluorescence of the other. A more recent photostabilization strategy, so-called self-
healing dyes, tackles these limitations by conjugation of the TSQ entity to the fluorophore molecule
enabling an intramolecular triplet state quenching.?*2%” The highly increased local concentration of the
TSQ in the vicinity of the dye guarantees a high collision rate without the need of adding highly
concentrated TSQs to the imaging solution. Nevertheless, a broad-scale application of self-healing dyes is
hampered by the labor intense and expensive multi-step synthesis, the generally lower stability than
solution-based photostabilization, and limited understanding of the influence of the biochemical
environment and of molecular oxygen onto the self-healing constructs.?%® Particularly, the photostability
of the TSQ itself can become the bottle-neck for the overall performance of the self-healing dye, making
further studies on the degradation of the TSQ necessary. For COT in self-healing dye constructs for
example, photodegradation of the TSQ has been observed, probably stemming from photoinduced
oxidation of the COT molecule by singlet oxygen. 2% 20 Optimally, future photostabilization strategies are
more cost-efficient, more modular enabling the easy combination of a TSQ with any desired fluorophore
and will provide an improved stability of the fluorophore even in aerobic conditions. Furthermore, novel

TSQs are desirable, which are less or not cytotoxic, soluble in water and easy to couple to a fluorophore.
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2.2.5. Photobleaching pathways of organic fluorophores
Although for most fluorophores the exact photobleaching pathways are still unexplored, the key role of
the dye’s triplet state, molecular oxygen and the formation of ROS is undisputable.”” 211 At least for most
common classes of organic dyes historically used in dye lasers, such as coumarins, fluoresceins,
rhodamines, and cyanines, the main photobleaching pathways have been investigated revealing the
dominant role of ROS in the process.?!! For rhodamines for example, an oxygen mediated N-dealkylation
of one of the dialkylamino groups has been observed upon irradiation as well as substitution of one of the
dialkylamino groups by oxygen leading to the irreversible loss of fluorescence (Figure 2-16A).211213 For the
class of cyanine dyes, reaction of the polymethine chain with photosensitized singlet oxygen has been

identified as the main photobleaching pathway (ca. 70% in aerated solution) (Figure 2-16B).21% 215
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Figure 2-16. Main photobleaching pathways for rhodamine and cyanine dyes. A) Rhodamines are mainly photodegraded via
dealkylation or substitution of the dialkylamino groups by oxygen. B) Cyanine dyes mainly photobleach via the formation of a
dioxetane adduct and subsequent cleavage of the polymethine chain. Subsequent recombination of cleavage products can lead
to a green shifted cyanine fluorophore (i.e. photoconversion/phototruncation).

In this context, the formation of a dioxetane adduct and subsequent cleavage results in non-fluorescent
carbonyl products.?!® After elimination of a carbonyl group, cleaved fragments can additionally recombine
to form a polymethine chain shortened by two carbon atoms resulting in a cyanine dye with green-shifted
emission that can be misinterpreted in multi-color experiments.?’® On the other hand, the reported
phototruncation of cyanine dyes can also be exploited for accelerated SMLM, where a highly concentrated
reservoir of red emitting cyanine dyes is eventually photoconverted into green emitting, truncated
cyanine dyes, whose positions are then fitted by a Gaussian distribution.?’” Other photobleaching side
pathways of cyanine dyes may also involve radical states and ROS generated from electron or proton
transfer reactions.'®* 218 |n general, it can be stated that the susceptibility of the fluorophore to oxidation
reactions with ROS will dictate its overall photostability. Since depletion of oxygen from the imaging
solution is not feasible for every sample, other strategies need to be implemented to increase the intrinsic

stability of the fluorophore to enable high-quality single-molecule signals also in aerobic conditions.
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2.2.6. Strategies to enhance photostability of organic fluorophores
Over time, multiple strategies have been established to improve the intrinsic stability of fluorophores in
order to enable single-molecule imaging also in aerobic conditions, either by encapsulation, optimized
design, or chemical modifications.?!¥ 229 Encapsulation of cyanine dyes for example with rotaxanes (e.g.
cyclodextrin) results in a significantly improved photostability, presumably due to steric shielding of the
dye from reactive surroundings decreasing the reaction rate with molecular oxygen in solution (Figure
2-17A).%22% 221 The reactivity of the fluorophore towards oxidants such as ROS can also be decreased by the
introduction of electron-withdrawing groups, which in turn increase the redox potential of the
fluorophore. Modifying the aryl groups in cyanine dyes with fluorine for example leads to an increased
photostability in comparison to the parent cyanine dye (Figure 2-17B).8° Another strategy consists of
sterically blocking the dominant photobleaching pathways of the fluorophore. As rhodamines are mainly
photobleached via N-dealkylation of one of the amino groups, substitution of the same by bridged
azetidine groups lowers the propensity of the fluorophore to undergo oxidative radical formation and
subsequent dealkylation, resulting in an increased photostability (Figure 2-17C).2%? Last, but not least,
introduction of TSQ entities into the fluorophore molecule (so-called self-healing dyes) ensures a highly
efficient intramolecular triplet state quenching, slowing down downstream reactions with oxygen and
other ROS (Figure 2-17D).%%° In this context, it is noteworthy, that introduction of additional electron
withdrawing groups on the TSQ itself increases its intrinsic stability towards oxidation by ROS and by that

the overall photostability of the self-healing dye construct.
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Figure 2-17. Strategies to increase the intrinsic stability of organic dyes against photobleaching. A) Encapsulation of cyanine dyes
with rotaxanes such as cyclodextrin sterically shields the fluorophore from its surrounding. B) Electron withdrawing groups
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increase the redox potential of the fluorophore and decrease the reactivity towards oxidants such as ROS. C) Sterically blocking
the photobleaching pathway of rhodamines by the introduction of bridged azetidine groups prevents degradation via dealkylation
or substitution of the amino groups. D) Modification of the fluorophore with a TSQ such as COT as in self-healing dyes enables
highly efficient intramolecular triplet state quenching. Introduction of electron withdrawing groups on the TSQs can additionally
stabilize against photodegradation of the TSQ itself.

While all these stabilization strategies improve the overall performance of fluorophores in single-molecule
imaging even in aerobic conditions, they all rely on the approach to stabilize or protect the fluorophore
statically. Especially for long-term measurements and SMLM assays, where a high excitation power
density is required to achieve a high spatiotemporal resolution, the limited photostability of a single
fluorophore remains critical. Dynamic exchange of individual fluorophores over time like e.g. in DNA
PAINT can help to overcome the limited lifespan and photon budget of a single emitter.?’ Inspired by the
dynamic exchange of imager strands in DNA PAINT, a transient labeling strategy can also be employed for

long-term single-particle tracking and FRET studies up to hours.?232%
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3. Materials and Methods

3.1. Design and synthesis of DNA origami nanostructures

3.1.1. Design and synthesis
6HB origami 12HB origami NRO origami TLO origami
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Figure 3-1. Schemes of DNA origami nanostructures used within this thesis. The 6HB and 12HB structures are based on a
hexagonal helix arrangement and serve as 1D molecular breadboard substrates. The flat NRO and TLO nanostructures are based
on a square lattice and serve as 2D molecular breadboard substrates.

All DNA origami nanostructures investigated within this thesis are depicted in Figure 3-1. While the six
helix bundle DNA origami (6HB)??® and the twelve helix bundle DNA origami (12HB)?*?” are used as one
dimensional nanorulers, the new rectangular DNA origami (NRO)?% and the two layer DNA origami (TLO)
serve as breadboards for the arrangement of chemical modifications in two dimensions. Modifications of
the DNA origami were realized with caDNAno (version 2.2.0).>> All DNA origami were equipped with
multiple biotin groups to enable immobilization on avidin functionalized microscope glass slides.
Fluorophores have been either modified directly to a staple strand or labeled externally via hybridization
of a fluorescently labeled imager strand to a DNA docking side modified to a staple strand. Short DNA
PAINT docking sites have been placed in designed distances and patterns to enable DNA PAINT imaging

of immobilized DNA origami nanorulers.

All DNA origami were folded in a reaction volume of 100 pL with a scaffold concentration of 13 to 20 nM
and 10x excess of unmodified staple strands and 30x excess of modified staple strands. The 6HB origami
was folded in a 1x TE buffer with 14 mM MgCl; and the p7560 plasmid DNA as scaffold strand. The 12HB
origami was folded in a 1x TAE buffer with 16 mM MgCl, and the p8064 plasmid DNA as scaffold strand.
The NRO origami was folded in a 1x TE buffer with 12.5 mM MgCl, and the p7249 plasmid DNA as scaffold
strand. The TLO origami was folded in a 1x TE buffer with 12 mM MgCl, and the p8064 plasmid DNA as
scaffold strand. Folding mixes were heated to elevated temperatures (70 to 95°C) and subsequently slowly

cooled down with a designed temperature ramp in a PCR thermocycler.

3.1.2. Purification and characterization
Purification of folded DNA origami nanostructures was realized either by gel electrophoresis or by filter
purification. For gel electrophoresis, a 1 w% aqueous solution of agarose in a 1x TAE buffer with 12 mM
MgCl, was homogenized in a microwave, cooled down to ca. 50°C and stained with peqGreen (VWR

International GmbH, Germany). The solidified gel was placed within a gel electrophoresis chamber filled
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with 1x TAE buffer containing 12 mM MgCl,. The whole chamber was placed in an ice bed to prevent
melting of the gel. Five parts of sample solution were mixed with one part of 6x Blueluice loading dye
(Thermo Fisher Scientific, USA) and loaded in the wells. The gel was run at 60 V for ca. 2 h. Bands of
interest were identified using UV light and cut out with a scalpel. Purified DNA solution was extracted by
squeezing the cut gel bands. Alternatively, sample purification was realized by filtration using Amicon
Ultra filters (100 K, Merck, Germany). The filter was first centrifuged with folding buffer for 7 minutes at
6000 g. The sample solution was then loaded into the filter and centrifuged for 15 minutes at 6000 g. 500
pL of folding buffer was loaded into the filter and centrifuged for 15 minutes at 6000 g, which was
repeated. After three washing steps, the filter was inverted and placed into a new collection tube. The

purified sample could then be collected by centrifugation for 2 minutes at 1000 g.

Concentrations of purified sample solution were measured via UV/vis spectroscopy (NanoDrop, Fischer

Scientific, USA).
3.2. Fluorescence Microscopy

3.2.1. Sample preparation
For optical microscopy, the DNA origamis were immobilized on commercial Nunc™ LabTek™ Il chambers

(Thermo Fisher, USA) or self-built flow chambers.

Commercial LabTek™ Il chambers were first cleaned with 400 pL of 1 M KOH solution for 1h and washed
three times with 1x PBS buffer. In a second cleaning step, the chambers were incubated with 1%
Hellmanex solution for 1h and cleaned three times with 1x PBS. Cleaned surfaces were passivated with
100 pL BSA-biotin (0.5 mg/mL in PBS, Sigma Aldrich, USA) for 30 minutes and washed three times with 1x
PBS buffer. The passivated surfaces were incubated with 100 pL neutravidin (0.25 mg mL-1 in PBS, Sigma
Aldrich, USA) or 100 pL streptavidin (0.5 mg/mL in 1x PBS, Sigma Aldrich, USA) for 15 minutes and washed

three times with 1x PBS buffer.

Custom-built inverted flow chambers were constructed as described previously.” High precision pm
microscope cover glass (170 pm, 22x22 mm glass slides, Carl Roth GmbH, Germany) were initially
ultrasonicated in a 1% Hellmanex solution. After thoroughly washing with ultra-pure water, the glass
slides were irradiated for 30 min in a UV ozone cleaner (PSD-UV4, Novascan Technologies, USA) and the
clean glass slides were glued onto microscope slides with a double-sided scotch tape. Assembled
chambers were rinsed with 1x PBS, passivated with 50 uL BSA-biotin (0.5 mg/mL in PBS, Sigma Aldrich,
USA) for 15 minutes, and washed with 50 pL 1x PBS. The passivated surfaces were incubated with 50 pL
Neutravidin (0.25 mg/mL-in 1x PBS, Sigma Aldrich, USA) or 50 pL Streptavidin (0.5 mg/mLin 1x PBS, Sigma
Aldrich, USA) for 15 minutes and washed with 50 pL 1x PBS.

43



DNA origami featuring several staple strands with biotin modifications on the base were diluted to
approximately 50 pM in 1x PBS buffer containing 500 mM NacCl, incubated in the functionalized chambers

for ca. 5 minutes, and washed away. Sufficient surface density was probed with a TIRF microscope.

3.2.2. TIRF microscopy
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Figure 3-2: Scheme of custom-built widefield TIRF setup with two excitation laser sources (560 and 640 nm) and with a beam
shaper for a homogenous illumination.

DNA PAINT images for the Associated Publication 5 were carried out on a custom-built total internal
reflection fluorescence (TIRF) microscope, based on an inverted microscope (IX71, Olympus). Red
excitation at 644 nm was realized with a 150 mW laser (iBeam smart, Toptica Photonics) spectrally filtered
with a clean-up filter (Brightline HC 650/13, Semrock). For yellow excitation, an additional 560 nm/1 W
fiber laser (MPB Communications) also filtered with a clean-up filter (Brightline HC 561/4, Semrock) was
used. The red and the yellow beams are combined with a dichroic mirror (T612lpxr, Chroma). To expand
the beam profile, the laser passed through lenses (Bi-convex f50, Thorlabs; ACf120, Linos). The laser beam
was coupled into the microscope with a triple-color beam splitter (Chroma z476-488/568/647, AHF
Analysentechnik) and focused on the back focal plane of an oil-immersion objective (100 x, NA =1.45,
UPlanXApo, Olympus) aligned for TIRF illumination. To avoid drift the objective was mounted on a
nosepiece (IX-2NPS, Olympus). The fluorescence light is guided through an additional 1.6x optical
maghnification lens, an emission filter (ET 700/75, Chroma for red excitation or ET 605/70m, Chroma for
yellow excitation), and finally focused on an scientific complementary metal-oxide-semiconductor
(sCMOS) camera (pco.panda 4.2, 2048x2048 px, PCO AG) for detection. The calibrated pixel size was
42 nm/pixel. For data acquisition, a pixel binning of 2 was used resulting in an acquisition pixel size of 84

nm. Data acquisition was controlled with the software Micro-Manager 1.4.22% 230

DNA PAINT imaging for the Associated Publication 3 and cell imaging for the Associated Publication 4 was
realized on the same, but adapted custom built TIRF microscope (scheme in Figure 3-2). After the clean-
up filters, the red and yellow excitation beams were coupled into polarization maintaining single mode

fibers (P3-488PM-FC-2 for 560 nm, P3-630PM-FC-2 for 644 nm) to obtain Gaussian beam profiles. To
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obtain a homogenous excitation profile across the whole detection plane, the laser light was guided
through a diffractive beam shaper (piShaper 6_6_VIS, AdlOptica). The laser beam was coupled into the
microscope with a triple-color beam splitter (Chroma z476-488/568/647, AHF Analysentechnik) and
focused on the back focal plane of an oil-immersion objective (100x, NA = 1.45, UPlanXApo, Olympus)
aligned for TIRF illumination. An additional x1.6 optical magnification lens was applied to the detection
path resulting in an effective pixel size of 92.6 nm. The fluorescence light was spectrally cleaned up (ET
700/75, Chroma for red excitation or ET 605/70m, Chroma for yellow excitation) and recorded by an
electron multiplying charge-coupled device camera (Ixon X3 DU-897, Andor), which was controlled with

the software Micro-Manager 1.4.22% 2%

Automated long-term bleaching recovery experiments for Associated Publication 5 and DNA PAINT
imaging for Associated Publication 6 were carried out on a commercial Nanoimager S (ONI Ltd., UK). Red
excitation at 640 nm was realized with a 1100 mW laser, green excitation at 532 nm with a 1000 mW
laser, respectively. The microscope was set to TIRF illumination and a pixel size of 117 nm. To not corrupt
the first acquired frames by photobleaching, the objective was first focused into the sample plane on a
random section of the glass surface and the auto focus was activated. Subsequently the imaging lasers
were shut off. Before starting measurements, the sample slide was moved to a new region of interest
while still being kept in focus by the auto focus. The data acquisition was initialized by activating the lasers

and taking frames of 100 ms over a user defined acquisition protocol.

3.2.3. Confocal microscopy
Single-molecule lifetime measurements and correlation studies were performed on a custom-built
confocal microscope based on an Olympus IX-71 inverted microscope as described previously (scheme in
Figure 3-3).23! For excitation, a pulsed laser at 532 nm (LDH-P-FA-530B; PicoQuant GmbH) or at 637 nm
(LDH-D-C-640; PicoQuant GmbH) was used. The laser lines were combined by a dichroic mirror (640 LPXR,
Chroma) and coupled into a polarization maintaining single mode fiber (P3-488PM-FC, Thorlabs GmbH)
to achieve perfect overlay and a Gaussian beam profile. The laser light was circularly polarized by a linear
polarizer (LPVISE100-A, Thorlabs GmbH) and a quarter-wave plate (AQWP05M-600, Thorlabs GmbH). The
excitation light was guided into the microscope body and focused into a diffraction limited spot by an oil-
immersion objective (UPLSAPO100XO, NA 1.40, Olympus Deutschland GmbH). Emission was collected
through the same objective, separated from the excitation light by a dichroic beam splitter (zt532/640rpc,
Chroma), and focused onto a 50 um diameter pinhole (Thorlabs GmbH). The emission light was then
spectrally separated by a dichroic beam splitter (640DCXR, Chroma), the separated green (Brightline
HC582/75, Semrock AG; RazorkEdge LP 532, Semrock) and red emission (Shortpass 750 (FES0750), Thorlabs
GmbH; RazorEdge LP 647, Semrock) were cleaned up and each emission beam focused onto an avalanche

photodiode (SPCM-AQRH-14-TR, Excelitas Technologies GmbH & Co. KG). Detection signals were
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registered by a multichannel picosecond event timer (HydraHarp 400, PicoQuant GmbH). The setup was
controlled by a commercial software package (SymPhoTime64, PicoQuant GmbH). Sample movement was
realized by a piezo stage (P-517.3CD, Physik Instrumente (Pl) GmbH & Co. KG) and controlled by a piezo
controller (E-727.3CDA, Physik Instrumente (Pl) GmbH & Co. KG).
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Figure 3-3: Scheme of custom-built confocal microscope with two excitation laser sources (532 and 640 nm) and two detection
pathways. TCSPC units connected with the avalanche photodiodes enables single-molecule fluorescence lifetime imaging (FLIM).

3.2.4. Photostabilization
Optical measurements were carried out under photostabilizing conditions using either the oxygen

scavenging system GOD/CAT or PCA/PCD, respectively.

For GOD/CAT, the imaging buffer consisted of 1 % (wt/v) D-(+)-glucose (Sigma Aldrich, USA), 165 units/mL
glucose oxidase (G2133, Sigma Aldrich, USA), 2170 units/mL catalase (C3155, Sigma Aldrich, USA), and 1

to 2 mM oxidized Trolox/Trolox-quinone mixture .19 232

For PCA/PCD, the imaging buffer consisted of 12 mM 3,4-dihydroxybenzoic acid (PCA, Sigma Aldrich), 2
mM oxidized Trolox/Trolox-quinone mixture, and 56 uM protocatechuate 3,4-dioxygenase (PCD, from

pseudomonas sp., Sigma Aldrich) as described elsewhere 9 233

The sample chamber with surface immobilized origami sample was completely filled with imaging buffer
and sealed to prevent oxygen solvation. The first measurements were carried out at least 15 minutes after
introducing the oxygen removal system to allow the equilibration of the oxygen concentration in the

sample solution.

3.2.5. Super-resolution imaging with DNA PAINT

Acquired DNA PAINT raw data were analyzed using the Picasso software package.”
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The obtained tiff-movies were first analyzed with the “localize” software from Picasso. Centroid position
information of single imager strand binding events was localized with a minimal net gradient of 10000
and a box size of 9 for data acquired with the custom-built TIRF setup and with a minimal net gradient of
2500 and a box size of 5 for data obtained on the Nanoimager S, respectively. The fitted localizations were
further analyzed with the “render” software from Picasso. X-y-drift correction of the localizations was
corrected with the RCC drift correction. DNA origami nanorulers were picked with the Render software
and corresponding mean off-times and number of localizations per picked nanorulers were extracted for

further analysis.

For quantitative distance analysis, the localization events of the picked nanorulers were exported from
Render as csv. files for further examination with the software GATTAnalysis from GATTAquant GmbH,

Germany.

3.2.6. Fluorescence lifetime imaging
FLIM scans (.ptu files) obtained on the custom-built confocal microscope were exported from the
acquisition software (SymPhoTime64, PicoQuant GmbH) and further analysed with a custom-written

Python software.

Individual spots representing single DNA origami nanostructures were picked by an intensity threshold.
For each picked pixel, the TCPSC decay was re-centered to 0 ns to subtract offset from varying excitation
pulse positions in the TCPSC histograms. The average photon arrival time of each pixel was estimated by
the median photon arrival time divided by In2. To obtain spot-integrated fluorescence lifetimes for each
pick area, the average photon arrival times of each pixel were weighted by their photon counts and
averaged. In order to obtain absolute fluorescence lifetime values, the fluorescence lifetime decay of all
photons from an individual pick were re-convoluted with an IRF decay curve, measured on the same day

as the investigated sample.

3.3. Atomic Force Microscopy

A Scanning B Tapping mode C Image reconstruction
fast scan axis fast scan axis

| Detector I
(h— — If_Cantllever

Figure 3-4 Principle of AFM imaging of surface-immobilized DNA origami nanostructures. A) Schematic ground truth of an AFM
experiment on immobilized DONs, showing the fast and slow scan axis of the cantilever. B) Schematic sketch of the applied
tapping mode for a gentle AFM imaging of biomaterials such as DNA. C) Topographic image reconstruction of ground truth in A)
revealing the designed DON geometries.

slow scan axis
slow scan axis

DNA origami on mica surface
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For probing correct folding of the origami structures and observing structural properties, AFM images
were acquired on a NanoWizard® 3 ultra AFM (JPK Instruments AG). AFM scans in aqueous solution (AFM
buffer = 40 mM Tris, 2 mM EDTA, 12.5 mM Mg(OAc),-4 H,0) were performed in tapping mode (or AC
mode, scheme in Figure 3-4) on a scan area of 3 x 3 um with a micro cantilever (Vres = 110 kKHZ, Kspring = 9

N/m, Olympus Corp.).

For sample immobilization, a freshly cleaved mica surface (Quality V1, Plano GmbH) was incubated with
10 mM solution of NiCl, for 3 minutes or alternatively with 0.01 % (wt/v) Poly-L-ornithine solution. The
mica was washed three times with ultra-pure water to get rid of unbound Ni?* ions or Poly-L-ornithine and
blow-dried with air. The dried mica surface was incubated with 1 nM sample solution for 3 minutes and

washed with AFM buffer three times.

For further analysis, leveling, background correction, and extraction of height histograms or height

profiles of obtained AFM images were realized with the software Gwyddion (version 2.60).23*
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4. Functional DNA origami nanostructures for optical microscopy

4.1. Associated Publication 1: DNA origami nanorulers and emerging reference

structures

Michael Scheckenbach*, Julian Bauer*, Jonas Zahringer*, Florian Selbach, and Philip Tinnefeld

(* equal contribution)
APL Materials 8, 110902 (2020); DOI: 10.1063/5.0022885
Reproduced with the permission of AIP Publishing.

Modern imaging techniques like super-resolution microscopy, atomic force microscopy, and electron
microscopy reach down to atomic resolution, calling for reliable calibration standards at the nanoscale. In
the beginning of super-resolution microscopy, filamentous biomolecules, such as, microtubules and actin
filaments served as test samples of known geometries, variations in the biological samples and in the
labeling efficiency, though, prevented a reliable comparison between claimed resolution measurements.
In this context, the high spatial control over structural features and chemical modifications made DONs

the ideal reference structures for the calibration of nanoscale microscopy techniques.

In the Associated Publication 1 an overview of recent applications of DONs in a plethora of cutting-edge
microscopy techniques is given. By positioning fluorescent labels on DONs in a designed nanoscale
distance, so-called nanorulers can be applied as 2D or 3D reference structures for stochastic switching
based super-resolution microscopy like DNA PAINT or targeted-switching super-resolution microscopy
like STED microscopy. They can also act as 3D calibration standards for distance-dependent energy
transfer assays on gold metal surfaces or graphene (metal induced energy transfer or graphene induced
energy transfer). Additionally, nanorulers have been employed to probe the homogeneity of gel swelling
in expansion microscopy (ExM). Brightness rulers, on the other hand, consist of DONs with a controlled
number of fluorescent labels and have been exploited to probe the sensitivity of novel single-molecule
microscopes like a smartphone-based microscope. Furthermore, controlled positioning of plasmonic
particles allows the design of DON based reference structures for circular dichroism (CD) assays. Finally,

the potential of unlabeled DONs as structural reference structures for AFM is elucidated.

The review article highlights, that not only DNA nanotechnology is profiting from advancing single-
molecule microscopy as a read-out tool, but that also cutting-edge imaging techniques are benefiting from
the variety of modern DNA nanotechnology. Exploiting this ideal combination of two fields resulted in the

first commercial application of the DNA origami technique as brightness rulers and nanorulers.

Author contributions:
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M. Scheckenbach wrote the section on DON nanorulers applied in expansion microscopy, on brightness
rulers used to in single-molecule microscopy ,and further applications of DONs as reference structures in

circular dichroism studies and atomic force microscopy.

J. Bauer wrote the section on DON nanorulers used in stochastic switching based super-resolution

microscopy.

J. Zahringer wrote the section on DON nanorulers used in targeted-switching super-resolution and energy

transfer techniques.
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4.2. Associated Publication 2: The Art of Molecular Programming — Optical Control

Jonas Zahringer*, Michael Scheckenbach* and Philip Tinnefeld

(* equal contribution)
Accepted book chapter.

Light can not only be used to readout a fluorescence signal stemming from a dye-labeled DON, but also
to control features or properties of the nanostructure itself. Introduction of light-interacting entities
beyond fluorescent labels such as photosensitizers or photocleavable and photoswitchable groups opens

the possibility to design various photo-responsive DNA self-assemblies.

In the Associated Publication 2, an overview of state-of-the-art strategies on how to control a functional
DON by light and of potential applications is given. The spatially controlled arrangement of plasmonic
nanoparticles on DNA origami enables the creation of plasmonic hotspots enhancing the signal of
fluorescent labels, and of optical active nanoplasmonic nanostructures. Photoswitchable azobenzene
modifications can be exploited for a photocontrolled, reversible DNA hybridization allowing the design of
dynamic DONs and higher-order DON assemblies, whose conformation can be controlled by the
wavelength of the incident light. Photocleavable groups on the other hand, such as o-nitrobenzyl can be
implemented into DONs for a photocontrolled cargo release, making DONS an attractive tool for the field
of photoinduced drug delivery. Furthermore, modifying DONs with photosensitizers enables

photocontrolled ROS production and polymerization of ROS sensitive monomers positioned on a DON.

The book chapter summarizes the potential of light-driven and controlled DONs for various applications,
such as drug delivery, nanorobotics or nanoplasmonics, highlighting that light microscopy is not only a

tool to investigate DONSs but also to control them non-invasively.

Author contributions:

J. Zahringer wrote parts of the section on primers on optical materials and the section on DNA plasmonic

and photonic circuits.

M. Scheckenbach wrote parts of the section on primers on optical materials and the section on dynamic

control of optical DNA devices.
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5. Protective coating of DNA origami nanostructures

5.1.Associated Publication 3: Full Site-Specific Addressability in DNA Origami-

Templated Silica Nanostructures

Lea M. Wassermann®*, Michael Scheckenbach*, Anna V. Baptist, Viktorija Glembockyte, Amelie Heuer-

Jungemann

(* equal contribution)
Adv. Mater. 35, 2212024 (2023); DOI: 10.1002/adma.202212024
Reproduced with the permission of John Wiley and Sons.

DONSs can be used as template structures for other material, such as silica, opening the possibility to create
highly controlled nanoscale geometries with inorganic material that are otherwise hard to achieve. The
coating material on the other side improves the structural and thermal stability of the DON templates and
prevents harmful interactions with the surrounding, e.g. with DNAses. While the improved stability of
silica coated DONs makes them attractive for biomedical applications, so far it remained unclear if silica
coated DONs remain functional and addressable, e.g. for designed interactions with particles from the

surrounding.

In the Associated Publication 3, in collaboration with the Heuer-Jungemann group, we investigated the
addressability of silica coated DONs for post silicification modifications with guest molecules. In a first
step, the addressability of multiple single-stranded DNA docking sites on silicified DONS has been shown
by successfully labeling with fluorescently modified DNA strands from solution, indicating a remained
accessibility. In a next step, we characterized the silica coating on surface-immobilized DONs via AFM,
revealing a several nanometer thick silica layer. Nevertheless, DNA PAINT experiments on surface-
immobilized and silicified DONs revealed a comparable addressability and accessibility of individual DNA
docking sites, indicating that single-stranded DNA indeed is not affected by the silica coating on a DON.
Additionally, we could show that also single-stranded regions on the scaffold strand remain flexible and
addressable after coating, paving the way for coated DONs with a preserved dynamic nature. Finally, the
gained insights have been exploited for the creation of 3D DNA crystals from silicified monomer DONs via

sticky end hybridization, that were stable even in air.
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Our work paves the way for coated but functionally intact DONs for biomedical applications and highlight,
that DNA-PAINT super-resolution imaging can be used as a non-invasive imaging method to probe the

structural integrity of coated DONs.

Author contributions:

L. M. Wassermann performed silicification of DONs and addressability experiments on DONSs silicified in

solution.

M. Scheckenbach performed AFM and DNA PAINT experiments on DONSs silicified on a surface.
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5.2.Associated Publication 4: Monitoring the Coating of Single DNA Origami

Nanostructures with a Molecular Fluorescence Lifetime Sensor

——
1.0 15 20
Fluorescence lifetime (ns)

Michael Scheckenbach*, Gereon Andreas Briiggenthies*, Tim Schroder, Karina Betuker, Lea Wassermann,

Philip Tinnefeld, Amelie Heuer-Jungemann, Viktorija Glembockyte
(* equal contribution)
bioRxiv 2024.10.28.620667; DOI: 10.1101/2024.10.28.620667

Protective coating of DONs with material such as silica or cationic polymers offers a simple strategy to
improve the stability of the DNA based self-assemblies against various degrading factors, such as high
temperatures, low-salt conditions or enzymes. Even though various coating materials and protocols have
been established, the toolbox of characterization methods for coated DONs remains rather limited.
Atomic force microscopy and electron microscopy are routinely used to characterize the homogeneity
and thickness of the coating on individual DONs, but their highly invasive and time-consuming nature
prevents a real-time investigation. Other commonly used characterization methods rely on the reduced
electrophoretic mobility of coated DONs by cationic coating agents but remain blind for aggregation and
heterogeneity of the coating layers between individual DONs. Novel imaging techniques are thus highly

desired to gain real-time insights into the coating process of DONs.

In the Associated Publication 4, we introduce a cyanine dye based molecular sensor for probing the
coating of DONs non-invasively, in real-time, and on a single structure level. By employing the
environment-sensitive cyanine dye AlexaFluor647 as a molecular sensor on a DON, the coating of the DON
can be investigated via fluorescence lifetime imaging microscopy (FLIM): water repulsion in the coating
layer leading to reduced fluorescence quenching and an increased local viscosity/steric restriction
resulting in a slowed down photoisomerization of the cyanine dye both cause a measurable increase of
the fluorescence lifetime of the AlexaFluor647 label on a DON upon coating. Our design enabled us to
screen the successful coating of DONs with silica or the block copolymer PLL-PEG at different positions
inside and outside the DON independently on the coating material, highlighting the general efficacy of

our approach. The reversibility of the fluorescence lifetime sensor allowed us to investigate the de-coating
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of the PLL-PEG coating and the stability and integrity of both coating materials in degrading conditions
(DNAse and low-salt buffer). Lastly, we combined the molecular sensor design with DNA PAINT imaging,
in order to simultaneously probe the successful coating, preserved structural integrity, and DNA docking

site addressability of the coated DONs.

The reported molecular FLIM sensor approach showcases the power of correlative single-molecule
imaging for the characterization of nanoscale properties of functional DNA nanotechnology. The simple
and fast real-time readout on a single structure level independently on the coating material makes our
design a valuable tool for the development of novel coating agents and for the application of coated DONs

in biomedical applications such as drug delivery.

Author contributions:

M. Scheckenbach designed the molecular FLIM sensor, performed AFM characterization, FLIM imaging of

uncoated and coated DONs and correlative FLIM/ DNA PAINT imaging.

G. A. Briggenthies designed the two-layer origami (TLO) as rigid test structure and performed FLIM

imaging of uncoated and coated DONs.
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6. Self-repair in DNA origami nanostructures

6.1. Associated Publication 5: Self-Regeneration and Self-Healing in DNA Origami

Nanostructures
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Angew. Chem. Int. Ed. 60, 4931 (2021), DOI: 10.1002/anie.202012986
Reproduced with the permission of John Wiley and Sons.
Highlighted in Notizen Nachrichten aus der Chemie.*®

Rapid advances of DNA nanotechnology and the introduction of DNA origami paved the way for highly
functional DONSs, that are easy to design and synthesize. Their intrinsic instability in application-specific
conditions though, has limited a broad-scale application of DONs in various fields such as biosensing or
drug delivery. While over time, multiple strategies for the protection of DONs have been established, they
all are of static nature and only slow down the rapidly occurring device degradation at the nanoscale.
Furthermore, it remains unclear if static stabilization approaches such as protective coatings interfere
with a designed function, for example with the capture of a bulky target protein. Inspired by nature, where
the highly functional nanoscale machinery in cells is stabilized by a constant turnover of individual entities
and by self-repair strategies, we should therefore think of novel, dynamic stabilization approaches in
order to not only slow down an occurring damage but also reverse it while preserving the designed

functionality.

In the Associated Publication 5, we introduce spontaneous self-repairing concepts to functional DONs
used in single-molecule and super-resolution microscopy. In this context, we exploited the self-assembling
and reconfigurable nature of DON based brightness and nanorulers to induce the dynamic exchange of
defective or intact building blocks over time, overcoming photoinduced and enzymatic damage. First, we
applied the concept of dynamic self-repair by designing a slow and damage independent self-regenerating

labeling scheme on a DON brightness ruler. By that, we could reverse complete photobleaching over time,
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enabling reuse of the employed brightness rulers. Next, we used AFM and DNA PAINT imaging to proof
the reconfigurability of DONs by exchanging individual, partially damaged staple strands with intact
analogues from solution, resulting in a structural reconfiguration of the designed shape. Finally, we
probed potential self-repair of DNA-PAINT nanorulers in degrading fetal bovine serum (FBS) by an
excessive pool of intact staple strands and found a significant stabilization over days, indicating the

successful self-healing of enzymatically damaged staple strands inside the DONSs.

Dynamic self-repair of functionalities in single-molecule microscopy and DNA nanotechnology is just
emerging. While a transient labeling scheme has already been reported in the form of DNA PAINT, our
approach together with other recent advances in the field enable the design of long-lasting, pseudo-
continuous single molecule experiments, breaking the photobleaching limit of conventional single-
molecule imaging assays. While before, structural self-repair has only been shown for higher-order DNA
nanotubes, where individual DNA tiles serve as building blocks that can be exchanged over time, our work
proofs for the first time the successful stabilization of DONs by dynamic exchange of individual staple
strands. These findings open the possibility for functional DON designs, that are otherwise hard to achieve
with classic protection approaches. Especially for the design of artificial cell compartments and organelles,

dynamic self-repair will become an essential property of DON-based assemblies.
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7. DNA mediated photostabilization

7.1. Associated Publication 6: Minimally Invasive DNA-Mediated Photostabilization for

Extended Single-Molecule and Superresolution Imaging

Michael Scheckenbach*, Cindy Close*, Julian Bauer, Lennart Grabenhorst, Fiona Cole, Jens Kohler,

Siddarth S. Matikonda, Lei Zhang, Thorben Cordes, Martin J. Schnermann, Andreas Herrmann, Philip
Tinnefeld, Alan M. Szalai, V. Glembockyte

(* equal contribution)
bioRxiv 2025.01.08.631860; DOI: 10.1101/2025.01.08.631860

Single-molecule microscopy has evolved into a powerful tool to investigate molecular processes and
nanoscale features with a high spatiotemporal resolution, even breaking the diffraction limit of light. The
signal quality and achievable resolution is hereby dependent on the fluorophore’s photon count rate and
photostability. Undesired side reactions, mainly from the triplet state, though result in reactive and long-
lasting dark states and the formation of ROS, potentially harming the sample of interest. Therefore,
photostabilization via oxygen removal and the addition of triplet state quenchers is a common
prerequisite for high-quality single-molecule and super-resolution imaging. However, not all biomolecular
systems are compatible with solution-based photostabilization: highly concentrated TSQ additives can
influence the sample, while efficient oxygen removal and TSQ diffusion is not always possible in a crowded
cellular environment. One strategy to circumvent these limitations is coupling the TSQ covalently to the
fluorophore of interest in so-called self-healing dyes, enabling an intramolecular triplet state quenching.
Even though achieving quenching rates comparable to the diffusion rate of oxygen, the labor and cost-
intensive synthesis of self-healing dyes so far limited a broad applicability. Hence, alternative
photostabilization strategies are desired, that are optimally non-invasive but provide an efficient triplet

state quenching of the fluorophore even under high illumination power densities, typically used in SMLM.

In the Associated Publication 6, we report a minimally-invasive labeling strategy by labeling a TSQ to an
oligonucleotide and directing it to the imaging site of a fluorophore via DNA interactions. To this end, we
used a previously reported linker molecule to label the TSQ entity COT to a DNA oligonucleotide and
designed a DNA docking site with neighboring binding regimes for the COT strand and a fluorescently
labeled imager strand. By positioning the COT molecule and the fluorophore Cy5 on neighboring base
pairs, the highly increased local concentration resulted in an efficient intermolecular triplet state
guenching. We applied our DNA-mediated design to permanent and recovering imager strands and found,

for low imaging intensities typically used in FRET or tracking experiments, a ca. two-fold improved
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photostability, i.e. photon budget, in comparison to a solution-based photostabilization with 2 mM COT
in 1% DMSO. For high illumination intensities, typically applied in SMLM, and for a turnover of fluorophore
molecules like in recovering label schemes or DNA PAINT, though, we found a lower photostability for the
DNA-mediated approach. These findings indicate, that the oxygen mediated photodegradation of the TSQ
itself, as it has been reported for self-healing dyes, can become the limiting factor in a labeling scheme
where a fluorophore is stabilized by a single TSQ entity. This effect could partially be addressed by adding
low amounts of a shorter, recovering COT strand to the imaging solution (nM) and thereby recovering the
COT label over time analogously to an imager strand in DNA PAINT. Finally, our photostabilization
approach has been applied to 2D and 3D DNA PAINT imaging in fixed cells, revealing a high spatiotemporal

resolution and data acquisition speed even in a complex biological sample under aerobic conditions.

The introduced DNA-mediated photostabilization approach offers a modular, cost-efficient and easy-to-
implement alternative to self-healing dyes, while circumventing limitations of conventional solution-
based photostabilization strategies. The high specificity and addressability combined with the non- to
minimally invasive character makes our labeling scheme a powerful tool for long-term single-molecule

and super-resolution microscopy with a high spatiotemporal resolution.

Author contributions:

M. Scheckenbach designed and performed single-molecule and DNA PAINT experiments on DONs, and

designed DNA PAINT experiments in fixed COS-7 cells.

C. Close designed and performed DNA PAINT experiments in fixed COS-7 cells.
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8. Conclusion and Outlook
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Figure 8-1. Overview of contributions of this work to the fields of DNA nanotechnology and single-molecule microscopy. A) DONs
are efficiently protected by coating with silica or PLL-PEG. Single-molecule and DNA-PAINT imaging reveal preserved
functionalities on coated DONs, such as addressability and dynamic nature of single-stranded DNA regions. The introduced
molecular FLIM sensor allows probing the coating process of DONs non-invasively and in real-time. B) Emerging dynamic self-
repair strategies for stabilized DONs under wear and tear. A transient, self-regenerating labeling scheme overcomes the limited
photon budget of a single fluorophore and enables signal recovery even after complete signal loss of a brightness ruler. Excess of
intact staple strands enables self-healing of DON nanorulers even in harsh serum conditions, offering an alternative route to static
protection approaches. C) DNA mediated photostabilization provides a minimally invasive and modular imaging strategy, that
enables long-lasting single-molecule signals up to hours and super-resolution imaging with a high spatiotemporal resolution, even
in cells. While a fluorescent label is efficiently protected from photobleaching by the photostabilizer, both imager and
photostabilizer strand can be repaired by dynamic exchange.

In this work, | investigated different approaches to stabilize, i.e. protect or repair, DONs while preserving
their functionalities, particularly in the context of single-molecule microscopy. To this end, | used cutting-
edge imaging techniques such as AFM and DNA PAINT to resolve and characterize the functional DONs

under conditions relevant for biomedical applications.
8.1. Protective coating of functional DNA nanostructures

Even though protective coatings with inorganic material like silica improve the chemical and thermal
stability of DONs significantly, their applications were so far limited, mainly because it had been
hypothesized that a several nanometers thick coating layer interfere with the functionalities of the DONSs.
Our findings, however, clearly showed, that DONs can preserve their function upon coating with a
protective silica layer (Figure 8-1A). Here, we did not only find a comparable addressability and
accessibility of DNA docking sites for external DNA strands, but also demonstrated that single stranded
DNA in general remains uncoated. Preferential silicification of double-stranded DNA over closely packed
DNA helices in a DON has been reported and exploited for the site-specific silicification of DNA on
DONs.2%% 27 Qur findings suggest, that further site-specificity in the silicification of DONs can be

implemented by designing single-stranded DNA regions, that remain accessible and dynamic upon
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coating, paving the way for coated DONSs, that preserve their dynamic nature for applications like
biosensing.”! For a better understanding, why and how single stranded DNA remains addressable despite
a nm thick coating layer on the DON, further mechanistic and theoretical studies need to be conducted.
Additionally, the preservation of other functionalities upon coating, such as photoswitches and
photocleavable groups, or the capture and release of bulky target molecules, need to be evaluated, in

order to pave the way for potential applications of coated DONs in e.g. drug delivery.

Furthermore, the introduction of an environment-sensitive, molecular sensor dye into coated DONs
enabled the non-invasive and real-time probing of the coating with silica or the cationic polymer PLL-PEG
on a single structure level. As a significant increase in the fluorescence lifetime of the sensor dye acts as
a reliable read-out of the coating process, we acquired FLIM scans to rapidly assess the successful coating
of immobilized DONs. The reversibility and efficacy of our sensor, independently of the coating material,
allowed us to investigate the de-coating of the polymer coating and to probe the integrity of the coating
layers in degrading conditions. Additionally, we showcased the compatibility of the molecular sensor with
DNA-PAINT super resolution imaging, revealing a successful coating and structural integrity of the coated
DONSs. These findings make the molecular sensor design a valuable tool in the optimization of existing
coating protocols, in the investigation of alternative substrate materials like lipid nanoparticles or metal-
organic frameworks, and in the development of new coating material. Proteins are emerging as novel,
biocompatible encapsulation agents, that on one side stabilize the DON against enzymatic degradation,
and on the other side can implement targeting of antigens into the coated DON.%2 239 |n this context,
coupling of a protein coating to a DON via photocleavable groups allows the photocontrolled de-coating
of the DON, paving the way for novel drug delivery assays.?*° Implementation of our reversible molecular
FLIM sensor will help, to characterize the controlled coating and de-coating process on a single structure
level and in real-time, crucial for the characterization of e.g. the pharmacokinetics of a drug delivered by
DONs. For future molecular sensor designs, other environment-sensitive fluorophores such as self-
blinking silica rhodamines could be evaluated in order to gain an even higher signal contrast between the
uncoated and the coated state or to potentially allow an intensity-based readout of the coating status.?*!
Furthermore, correlative FLIM and DNA PANT imaging on coated DONs will help to investigate, if single-
stranded DNA regions, that stay unaffected and addressable upon coating, are protected from biological
or chemical degradation as coated parts of the DONs. Additionally, other single-molecule imaging
techniques like FRET can be combined with the molecular FLIM sensor in correlative studies to probe the

coating status of a DON and its designed functionalities in real-time.

8.2. Self-repair in functional DNA nanostructures
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Despite improving the stability of DONs for various applications-specific conditions, protective coatings
and other established stabilization strategies such as UV-crosslinking only slow down the degradation of
the nanodevice under wear and tear. This thesis, on the other hand, also explored the potential of
autonomous self-repair strategies to stabilize functional DONs under wear and tear and reverse an
occurring device degradation, simply by exchanging damaged building blocks over time (Figure 8-1B).
Inspired by DNA PAINT, we introduced a transient, pseudo-continuous labeling scheme into DON
brightness rulers, overcoming the limited photon budget of single fluorophores and thereby reversing
even a complete photobleaching of the multi-labeled DON. Additionally, we successfully exploited the
self-assembling and reconfigurable character of DONs to induce structural self-healing of DON nanorulers

in FBS conditions, by applying an excess of intact structural building blocks, i.e. staple strands.

While our transient, pseudo-continuous labeling scheme already has been developed further and applied
e.g. to recovering long-term FRET assays??* 22°, the potential of structural self-repair of enzymatic damage
within a DON will be a crucial property in the creation of long-lasting, but highly functional nanomachinery
in the emerging field of artificial cells*?. Together with the shown site-specificity of protective coatings
(ssDNA remains uncoated and addressable while dsDNA is preferentially silicified), we envision a smart
combination of static protection and dynamic self-repair approaches within a single DON design, where
e.g. one part of the nanostructure is stabilized by a protective coating and another part is maintained via
self-repair. As an example, artificial DNA nanotubes, that self-assemble from DNA tiles via single stranded
DNA overhangs, are a promising design for an artificial cytoskeleton and have been shown to self-heal in
FBS.82 With our findings on the preserved addressability of single stranded DNA upon coating with silica
or PLL-PEG in mind, the design of a self-healing DNA nanotube from coated DNA tiles now becomes
feasible (Figure 8-2). The protective coating will slow down the degradation of incorporated DNA tiles and
of the excessive pool of intact tiles in solution, enabling a prolonged self-healing while the structural
damage is slowed down. Furthermore, introduction of a DNA docking site on the coated tiles for a
transient labeling allows a long-term observation of the DNA nanotubes by overcoming the limited photon

budget of permanent fluorescent labels.
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Figure 8-2. Proposal for a combined protection and self-repair strategy in an artificial DNA nanotube. A) A DNA nanotube self-
assembling from bare DNA origami tiles modified with permanent fluorescent labels will rapidly photobleach under irradiation
and degrade under serum conditions. B) A DNA nanotube can self-assemble from coated DNA origami tiles modified with DNA
docking sites for a dynamic labeling. An excess of coated DNA origami tiles and fluorescently labeled imager strands induces self-
healing of defective tiles and self-regeneration of bleached fluorescent labels, enabling a long-term stability and investigation of
the artificial DNA nanotube.

8.3. DNA mediated photostabilization

Lastly, this work introduced DNA mediated photostabilization as an alternative, minimally invasive
labeling strategy to enable long lasting single-molecule and super-resolution imaging without the addition
of high concentrations of photostabilizers (i.e. TSQs, ROXS) pre-dissolved in an organic co-solvent (Figure
8-1C). By directing the TSQ molecule COT to the imaging site of a single-molecule label via DNA
interactions, we achieved an even higher photon budget than conventional solution-based
photostabilization which uses mM concentrations of the photostabilizer. For high laser powers, as applied
in SMLM techniques like DNA PAINT, or for a high turnover of fluorophores as in recovering labeling
schemes, though, we found a decreased photon budget in comparison to the solution-based approach,
indicating the photoinduced damage of the single COT photostabilizer entity under high power or long-
term irradiation. When applying the DNA mediated photostabilization to DNA PAINT imaging, the
photodegradation of the TSQ became also visible in the depletion of the DNA docking sites over time,
which could partially be addressed by dynamically recovering the COT entity on the docking site, similar
to the imager label. Finally, we showed the applicability of our approach for complex biological samples

by performing 2D and 3D DNA PAINT imaging in fixed cells, even in aerobic conditions.

The modularity and minimally invasive character of our DNA mediated approach adds a complementary
element to the toolbox of photostabilization of single molecules, consisting so far of solution-based
stabilization and self-healing dyes. Due to its minimally invasive character, it will allow super-resolution
and single-molecule imaging of complex and sensitive biological samples, which are incompatible with a

conventional solution-based photostabilization. The specificity and modularity make it an attractive
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stabilization approach especially for multi-color imaging, where every fluorophore requires its own
specific triplet state quenching strategy. For further improvements, we envision the screening of
alternative TSQ classes with superior photophysical properties than COT: a shorter triplet state lifetime
to prevent relevant dead-times in triplet state quenching, a tunable triplet state energy to also efficiently
stabilize blue- and green-emitting dyes, and, last but not least, a higher stability against oxidation by ROS.
Especially for emerging ultra-fast SMLM, where recently introduced ultrafast cameras allow frame times
town to several ps, a highly efficient triplet state quenching of the employed fluorophores without any
dead-time will be essential to provide sufficiently high photon count rates.?*> 2*3 In this context,
azobenzene is a promising candidate for a novel TSQ, exhibiting a short-lived triplet state of only ca. 10
ps and a rather large triplet energy of ca. 2 eV, that can be tuned by substituents on the aryl rings to fit
individual fluorophores even in the blue to green spectrum.?* 2% |n a follow-up collaborative work
together with the Thorn-Seshold group, we are already exploiting the modularity of our DNA-mediated
photostabilization approach to screen a variety of azobenzene-fluorophore combinations on a DNA
docking site and quantify the improvement of the photon budget (preliminary data for four different
azobenzene moieties and three fluorophores in Figure 8-3). Identification of promising combinations with
highly improved photostability will enable their application in multi-color imaging assays and the synthesis

of novel self-healing dyes across the visible spectrum.
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Figure 8-3. Preliminary data from an ongoing work on DNA-mediated photostabilization for the screening of suitable fluorophore-
photostabilizer pairs. A) Four different azobenzene-based TSQs were coupled to an oligonucleotide for directing it to the DNA
docking site of a fluorescently labeled imager strand. B) Relative increase of total photon count for three fluorophores
(AlexaFluor647, Atto542, and Cy3B) and the four different azobenzenes TSQs directed to the same DNA docking site, measured
under deoxygenated conditions. C) Exemplary TIRF images, single-molecule trajectories and total photon count histograms for
Cy3B with (blue) and without (grey) DK azobenzene on the DNA docking site revealing an improvement of the total photon count
by over 26-fold. Data acquired by Niklas Kolbl.

In conclusion, this thesis has made substantial contributions to the future design of highly stabilized and
self-repairing DONs with preserved functionalities, especially in the context of single-molecule

microscopy. The potential to simultaneously slow down and even reverse an occurring device damage will
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enable the creation of long-lasting DONs especially for applications in complex and demanding
environments, such as drug delivery, biosensing, or artificial cells. Applying protection and self-repair to
fluorescent labels via our non-invasive DNA-mediated photostabilization approach, will allow us to
investigate and read-out functional DONs over unprecedently long observation periods up to hours while
providing a sufficient photon count rate for super-resolution imaging with a temporal resolution down to
ps. All of these findings will help to break the limited applicability of functional DONs and will empower
us to create tools, machinery, and art at the nanoscale with lifetimes approaching those of their

macroscopic counterparts
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10. List of Abbrevations

ADR Alkylation damage repair
AFM Atomic force microscopy
APD Avalanche photodiode
BER Base excision repair

BMEPC Bis(3-methyl-4-ethoxyacetylphenoxy)cyclohexane

bp Base pair

BSA Bovine serum albumin

DDR DNA damage response
DNA Deoxyribonucleic acid

DON DNA origami nanostructure
Dox Doxorubicin

dsDNA Double-stranded DNA

FBS Fetal bovine serum

FCS Fluorescence correlation spectroscopy
FLIM Fluorescence lifetime imaging microscopy
FRET Forster resonance energy transfer

GOD/CAT Glucose oxidase / catalase
GUV Giant unilamellar vesicle

HOMO Highest occupied molecular orbital

HR Homologous recombination

IC Internal conversion

ISC Intersystem crossing

LUMO Lowest unoccupied molecular orbital

MMR Mismatch repair

NER Nucleotide excision repair

NSOM Near-field scanning optical microscopy

nt Nucleotide

PAINT Point accumulation for imaging in nanoscale topography
PALM Photoactivated localization microscopy

PCA/PCD Protocatechuic acid / protocatechuate-3,4-dioxygenase
PDT Photodynamic therapy

PET Photoinduced electron transfer



PLL-PEG
PSF

PSII
RNA
ROS
ROXS
SBR
SMLM
SNR

SR
ssDNA
STED
STM
STORM
TCSPC
TEM
TIRF
TSQ
Tx/Tq
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Poly-L-lysine polyethylene glycol
Point spread function
Photosystem Il

Ribonucleic acid

Reactive oxygen species
Reducing and oxidizing species
Signal-to-background ratio
Single-molecule localization microscopy
Signal-to-noise ratio
Super-resolution
Single-stranded DNA
Stimulated emission depletion

Scanning tunneling microscope

Stochastic optical reconstruction microscopy

Time-correlated single photon counting
Transmission electron microscopy
Total internal reflection fluorescence
Triplet state quencher

Trolox/ trolox-quinone
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ABSTRACT

The DNA origami technique itself is considered a milestone of DNA nanotechnology and DNA origami nanorulers represent the first
widespread application of this technique. DNA origami nanorulers are used to demonstrate the capabilities of techniques and are valuable
training samples. They have meanwhile been developed for a multitude of microscopy methods including optical microscopy, atomic force
microscopy, and electron microscopy, and their unique properties are further exploited to develop point-light sources, brightness references,
nanophotonic test structures, and alignment tools for correlative microscopy. In this perspective, we provide an overview of the basics of DNA
origami nanorulers and their increasing applications in fields of optical and especially super-resolution fluorescence microscopy. In addition,
emerging applications of reference structures based on DNA origami are discussed together with recent developments.

© 2020 Author(s). All article content, except where otherwise noted, is licensed under a Creative Commons Attribution (CC BY) license
(http://creativecommons.org/licenses/by/4.0/). https://doi.org/10.1063/5.0022885

. INTRODUCTION

Light microscopy techniques are major nondestructive imaging
tools in biology, biomedicine, and related life sciences. The diffrac-
tion limit, the ultimate resolution limitation in optical microscopy,
has been overcome with super-resolution (SR) microscopy.
Even distances below the diffraction limit of light can now be
resolved with a non-invasive optical microscope yielding crisp
images. The most prominent super-resolution techniques are stimu-
lated emission depletion® (STED) and single-molecule localization-
based microscopy (STORM,” dSTORM,” PALM,” PAINT,” DNA-
PAINT,” MINFLUX'"'") and derivates thereof. Similarly, struc-
tured illumination microscopy'”"” (SIM) techniques are pushing
the limits of resolution. The resolution problem boils down to
the ability of distinguishing two point-like objects. Two fluores-
cent spots in close proximity, for example, could not be differ-
entiated in a wide-field microscope [Fig. 1(a)] as quantitatively
described by the Rayleigh criterion. The information of the local-
ization of each spot can, however, be reconstructed when just one
fluorophore is visible at a time. In single-molecule localization

approaches, the point spread function (PSF) of each emitting spot
is fitted by a Gaussian function and the exact position is deter-
mined with a precision substantially better than the detector pixel
size.

In the early years of super-resolution microscopy, filamentous
structures such as microtubules and actin filaments were imaged to
demonstrate the new techniques and their variants [Fig. 1(b)]."" The
images were then examined to find the smallest features that could
be distinguished. This could, e.g., be two filaments oriented parallel
over some distance. Presenting cross sections of these parts of the
image demonstrated the achievable resolution. The disadvantages
of this approach are obvious. First, the true underlying structure is
unknown. The measurements are not reproducible as every location
in a cell is different and statistically underpinned resolution mea-
sures cannot be deduced. Critically, claimed resolution measures
cannot directly be reproduced in another laboratory. The impor-
tant property of a standard, i.e., providing comparability between
labs and instruments was not provided. Furthermore, the molecular
environment of the labels is not defined and the number of labels
contributing to the signal is not known.
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FIG. 1. (a) Sketch explaining super-resolution microscopy by successive single-molecule localizations. Positions of individual, independently switching molecules are deter-
mined and the super-resolution image is reconstructed from the density of localizations. (b) Comparison of actin filaments (top row) and DNA origamis (bottom row) as test
structures. Right panels show representative super-resolution images and left panels show the corresponding total internal reflection fluorescence (TIRF) images (adapted
from Ref. 14). (c) Scheme of folding a dye labeled DNA origami nanoruler. (d) Scheme of addressability of modifications (e.g., fluorophores) on DNA origami nanorulers
by DNA hybridization. (€) Scheme of underlying structures successfully used as DNA origami nanoruler breadboards [six helix bundle (400 nm), 12 helix-bundle (200 nm),

rectangular structure (100 nm), and pillar (200 nm)).

Nowadays, three approaches have evolved for objective char-
acterization of fluorescence imaging techniques including algorith-

mic resolution calculation'” [e.g., Fourier ring correlation (FRC)'],
defined natural protein structures such as nuclear pores'”'® or the
diameter of microtubules,”® and artificial structures such as DNA
origami nanorulers."”* Among the different approaches which all
have their pros and cons, DNA origami nanorulers are the best-
defined and most versatile and realistically allow emulating diverse
microscopy experiments. As is shown in Fig. 1(b) (bottom panel),
the ability to distinguish two point-light sources as required by
established resolution criteria is directly visualized for the imag-
ing technique in the bottom right panel compared to the imaging
method used for the image in the bottom left panel. Beyond the pos-
sibility to quantitatively characterize microscopy techniques, DNA
origami nanorulers have become a positive control, calibration tool,
and training sample in fluorescence microscopy and beyond.

In this perspective, we outline the development of DNA
origami nanorulers, explain the principles of their design and func-
tioning, and provide numerous examples of their application. These
applications meanwhile diverge into different fields and an outlook
on new directions is given. Emerging applications include fiducial
markers (FM), brightness referencing and applications in atomic
force microscopy, electron microscopy and their combinations.

A. DNA origami nanorulers - basics

DNA origami nanorulers'’ are building on the DNA origami
technique. DNA origami was introduced in 2006 by Rothemund
and is seen as a milestone in DNA nanotechnology.”* With DNA

origami, a single person can easily create impressively big DNA
nanostructures with programmed geometry and almost atomistic
structural control.”*”” The resulting nanostructures are obtained in
high yields and, after folding, they are robust and stable in a vari-
ety of conditions and over long timescales. DNA origami nanorulers
made early use of DNA origami and led to the first commercial appli-
cation based on DNA origami technology by the spin-off company
GATTAquant.

DNA origami are built from one long single-stranded DNA of
~7300 nucleotides with known sequence, which is called the scaffold
strand. The single-stranded, circular scaffold strand was obtained
from a bacteriophage (typically M13mp18) and can be folded with
~200 shorter oligonucleotides, so called staple strands into a defined
2D- or 3D-structure [Fig. 1(c)].”> Scaffold and staple strands are
mixed together, heated, and cooled down slowly to room temper-
ature to ensure correct DNA hybridization of the individual parts.
DNA origami structures can be designed with open-sourced soft-
ware like caDNAno”” or canDo.”® First, with the aid of caDNAno,
the user decides on the geometry of the structure and the scaf-
fold is routed through this geometry to obtain the desired shape.
Subsequently, the staple strands are planned so that parallel DNA
helices are connected by crossovers and the final structure is sta-
bilized. The conformational flexibility of the planned structure is
estimated with the software canDo. At the end of the design pro-
cess, a list of staple strands to be purchased for synthesis is obtained.
To get from DNA origamis to DNA origami nanorulers, certain sta-
ples strands are modified, e.g., with fluorescent dyes. As each staple
position in the DNA origami is precisely known, the exact posi-

tion of the fluorescent dyes in the DNA origami is well-defined.”
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Alternative to fluorescent dyes, a multitude of chemical functional-
ities including amino- or thiol groups, biotin, cholesterol, pyrene,
and click chemistry groups can thus be introduced in pre-defined
patterns at well-controlled stoichiometry providing the chemical
handles for placing proteins, nanoparticles, and essentially every-
thing that is compatible with the water chemistry of DNA. Another
simple and versatile attachment chemistry can be offered by extend-
ing the staple strands so that single-stranded DNA oligonucleotides
protrude from the DNA origami to which other DNA functional-
ized moieties can bind.”® Protruding single-stranded DNA is also
used for the super-resolution technique DNA-PAINT that is the
basis of one of the most important realizations of DNA origami
nanorulers.”””’

For designing a DNA origami nanoruler, simple geometric con-
siderations are made. Along the direction of the DNA helix, the
distance between two adjacent bases is 0.34 nm and the distance
between the centers of two neighboring DNA helices is between
2.5 nm and 2.8 nm depending on the exact origami design (e.g.,
honeycomb or square lattice) and the buffer conditions.”””" Still,
the finally measured distance in a DNA origami nanoruler rarely
exactly meets the designed distance as over larger distances further
aspects such as strain, torsion, and bending come into play.1 £19,32
Additional distance inaccuracy comes from incorporation efficiency
of modified staple strands, docking site accessibility of external mod-
ifications, and length and flexibility of used dye linkers to the DNA.™
Hence, accurate distances have to be determined by microscopes
that are able to resolve the structure and are calibrated to determine
the distances.'””* With this procedure, accurate placement (<1 nm)
can be achieved.”’*"*

Fundamentally, fluorescent dyes can be incorporated at every
base position of the DNA origami. At very small distance (<5 base
pair distance), however, quenching occurs as soon as the dyes phys-
ically touch.” For larger distances, fluorescence scales perfectly lin-
ear with the number of dyes."””’ In practice, fluorescent dyes are
commonly incorporated by labeling staple strands at the 3'- or 5'-
end, which is also more economical. To this end, the number of
fluorescent dyes per DNA origami is limited to roughly 1000 for
a maximally labeled DNA origami still avoiding quenching and to
about 200 dyes for singly labeled staple strands. For a 12 helix-bundle
(12 HB), i.e., a typical DNA origami nanoruler structure that has
a length of roughly 200 nm and a diameter of ~13 nm, this means
that we find one potential dye position every nanometer along its
1D projection [see Fig. 1(d)]. In simple terms, the 12 HB is a DNA
origami nanoruler that can be seen as a molecular breadboard with
one plug-in position every nanometer.

Besides the 12 HB, typical DNA origami structures used for
DNA origami nanorulers are rectangles and rod-like structures such
as DNA bundles (e.g., 6 HB) [see Figs. 1(d) and 1(e)]. The rectan-
gular structure enables modifications over the whole 2D breadboard
structure and the 6 HB is so long that a nanoruler with marks at its
ends can be resolved with conventional fluorescence microscopy.”’
For 3D applications, a pillar-like structure was designed that can
specifically be immobilized via its small base using biotin modifi-
cations on streptavidin surfaces and stands roughly 200 nm high
despite its enormous aspect ratio.”*

In the following, we describe more specific applications of DNA
origami nanorulers. We chapter the methods into the more general
stochastic switching (also referred to as single-molecule localization

PERSPECTIVE scitation.org/journal/apm

methods) and targeted switching super-resolution approaches’” and
report on the strength of these tools in atomic-force microscopy
(AFM) and transmission electron microscopy (TEM). Finally, we
outline emerging DNA origami applications in which they are used
as reference structures.

Il. STOCHASTIC SWITCHING BASED
SUPER-RESOLUTION MICROSCOPY NANORULERS

The principle of the reconstruction of stochastic single
molecule localizations shown in Fig. 1(a) can be accomplished
by different approaches as, for example, covered in the following
reviews."”**’ Most common single-molecule localization techniques
use either the stochastic activation of photoswitchable fluorescent
molecules such as fluorescent proteins and certain organic dyes
(STORM,” PALM,” GSDIM,"”’ SOFI""), or the stochastic binding
of fluorescently labeled molecules to a target (PAINT,” uPAINT,"
DNA-PAINT’).

All of these SR methods work with image reconstruction,
implying that the true image cannot be immediately deduced from
the acquired data, but lies beneath layers of data processing, like
localizing, un-drifting, and other corrections. Single-molecule local-
ization super-resolution methods especially require optimization of
the measurement parameters and the sample preparation. For sam-
ple preparation, dense enough labeling and a high enough number
of localizations have to fulfill resolution requirements of the Nyquist
criterion.”” Due to the number of factors and the indirect and algo-
rithmic procedure to obtain the final image, resolution is not solely
defined by localization precision. It is therefore vital to verify the per-
formance of the setup and to test whether a claimed resolution can
indeed be achieved. Further, to ensure only one emitting molecule
at a time within a diffraction limited region, the blinking kinetics
have to be adapted accordingly. Here, a positive control is helpful
for adjusting the photoswitching, blinking or dye binding kinetics
to the measurement method that depends amongst others on buffer
compositions and laser excitation conditions. The latter requires
that the positive control uses the same fluorescent dyes in a similar
environment. All these arguments call for reliable and well-defined
structures in the nanometer regime that can be adapted to the needs
of the specific method and even for the fluorescent dye used. Here,
the introduced DNA origami nanorulers serve as an established ref-
erence tool, offering a quantitative analysis of the resolution, e.g., a
multi-Gaussian fit to the line profile along a 12-helix bundle DNA
origami with three equidistant spots is a measure of the optical
resolution [Fig. 2(a)].”” To answer the question of the accuracy of
nanorulers, a strategy was developed to quantify the traceability of
DNA origami nanorulers in SI units, establishing them as true stan-
dards. Accordingly, the accuracy, and not only the precision of the
nanorulers, was characterized and found that the accuracy of marks
(labeling spots) on DNA origami was commonly better than 2 nm.”
Many labs meanwhile use DNA origami nanorulers to first check
and demonstrate their SR abilities and then present their biological
results obtained by SR microscopy.”* *’

Besides, for the investigation of a new method for the spec-
tral filtering of fluorescent impurities,”” DNA origami nanorulers
are often used to demonstrate the ability of new software and hard-
ware tools. Parameter free resolution estimation in single images' ™"’
and data processing methods for cluster analysis’” " utilize DNA
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FIG. 2. Super-resolution microscopy with DNA-PAINT. (a) Nanorulers with 20 nm spacing between marks. The histogram shows the accumulated profile of a representative
nanoruler (white frame) and is fitted with a triple gaussian.”® (b) Fiducial marker (FM) and nanorulers with 80 nm spacing imaged simultaneously (upper image). Below, the
same image, drift corrected using the positions of the FM.? (c) Two-color overlaid super-resolution images of nanorulers with 80 nm spacing between dual-color labeled
marks before and after correction of the chromatic shift. The chromatic correction was calculated in a separate measurement of dual-color labeled DNA origami FMs.”® (d)
Single DNA origami structures with docking sites at a designed distance of ~6 nm. The upper histogram shows the accumulated profile of one representative DNA origami
(white frame), fitted with a double Gaussian. The bottom histogram shows the distribution of many measured distances fitted with a Gaussian.’' (e) Average image of 215
DNA origami structures with the letters “LMU.” The distance between adjacent spots are ~5 nm."

origami nanorulers as verification tool for their performance. Hard-
ware improvements of microscopy setup components are also
demonstrated with nanorulers as reference tool. This includes the
introduction of a chip-based waveguide, which decouples the total
internal reflection fluorescence (TIRF) illumination from the detec-
tion path,” the development of SPAD arrays for widefield appli-
cations,” " and active stabilization of the sample throughout the
measurement to reduce its drift.”’

Sample drift is a crucial problem in SR microscopy. Whereas
focus drift in the axial direction leads to an irretrievable loss in
localization precision, a sample drift in the x-y-plane can be cor-
rected for. Freely available and widely used localization software like
Picasso”’ or ThunderSTORM"' can use cross-correlation or fiducial-
based alignment algorithms to back-calculate the x-y drift. For suf-
ficient numbers of localizations, the cross-correlation can undrift
the sample structures to a certain extent. A more precise and sta-
ble approach tracks the continuous signal from additional fiducial
markers (FM) in the sample“l [Fig. 2(b)]. However, the use of FM
implies a reduced sample density to guarantee the diffraction limited
separation of the continuous signals.

Besides the sample movement induced shifts, experimenters
can also be confronted with steady shifts, e.g., chromatic aberra-
tions induced by the optical elements in the detection path. For these
shifts, a correction vector map can be generated by measuring dual
color FM, or other structures, where fluorophores of both colors
can be localized at the same position. This map can be evaluated in

calibration measurements for linear shifts”’ [Fig. 2(c)], or, analo-
gously, for radial and combined shifts."’

DNA origami FM used for the corrections above can be realized
with fluorophores incorporated in a DNA origami structure making
them also subject to photobleaching. More elegantly, DNA origami
FM can be incorporated with many identical binding strands for
DNA-PAINT. Renewal of labeled strands makes them free of pho-
tobleaching, maintaining a steady intensity trace, even throughout
long measurements.”’ To reduce the background, one can use the
same labeled imaging strands as for the structure under investiga-
tion.

In general, DNA-PAINT has recently attracted attention as the
required dye blinking is separated from the photo-physics of the
dyes so that the full photon budget of the brightest dyes can be used
and multiplexing is facilitated using orthogonal binding sequences.
Moreover, DNA-PAINT provides an additional information chan-
nel from examining the binding kinetics.”"** In recent publications,
optimization of the binding kinetics was used to decrease the SR
imaging time to the order of a minute.””®” Historically interesting,
DNA-PAINT was first developed on DNA origamis and in con-
junction with DNA origami rulers.”'* With DNA-PAINT labeled
DNA origami structures with a spot distance of 6 nm could be
resolved already in 2014 [Fig. 2(d)],*" which was excelled in 2017
with 5 nm distances resolved in grid arrangements of dyes with
~1 nm precision, representing the letters “LMU” [Fig. 2(e)].”” The
latter study showed that the labeled DNA origami structures can
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also be used as FM to undrift the sample. Other commonly used
FM are gold nanoparticles (AuNPs), quantum dots, and fluorescent
microspheres.

Over the last decade, SMLM advanced into the third dimen-
sion. Common methods use either the biplane approach® or astig-
matism®’ to image in an axial range of several hundred nanometers.
The ability of resolving several tenth of nanometers adds additional
value to well-defined 3D DNA origami structures. The so-called
nanopillars with 80 nm spot distance and arbitrary spatial orienta-
tion in the sample were first resolved under the use of astigmatism”’
and served as reference tool for a quantitative analysis on the per-
formance of a 3D SR microscopy setup with the biplane approach®
[Fig. 3(a)]. The option of attaching nanoparticles to DNA origami
structures was used for a study of the shift of fluorescent signals
induced by plasmonic nanoparticles placed in proximity of a fluo-
rescent dye [Fig. 3(b)].”” This can be visualized in 2D [red-yellow
color code in left panels of Fig. 3(b), gray overlay indicates scatter-
ing of the nanoparticle] and 3D [blue-red color code in right panels
of Fig. 3(b)], whereas the 3D imaging is essential for the quanti-
tative estimation of the shift. In addition, flow cytometry recently
advanced toward 3D imaging [Fig. 3(c)].”! The SR of the two spots,
labeled with different colors with 180 nm distance, was achieved
by dual channel acquisition. A reference measurement with beads
mapped the astigmatic change of the PSF to an axial position in
the flow chamber (indicated with 1, 2, 3). The designed distance
could then be recuperated from the distribution of several hundred
nanorulers passing the field of view (FOV) one by one.”’

Expected signal

: 160 N
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Standard and customized DNA origami nanorulers are com-
monly available for all stochastic SMLM techniques mentioned in
this paragraph. For TIRF microscopes, independent of the imaging
technique of choice, sealed and “ready to image” DNA-PAINT sam-
ples can be purchased. A recent publication might even establish
DNA-PAINT for HILO or EPI illumination.””

Ill. TARGETED SWITCHING SUPER-RESOLUTION
NANORULERS

The second approach of super-resolution microscopy uses tar-
geted switching of fluorescent molecules by using patterns in the
excitation pathway and exploiting saturable transitions.”” Stimu-
lated emission depletion (STED) nanoscopy is a prominent exam-
ple for these coordinate targeted techniques and overlays a donut-
shaped depletion beam on a Gaussian excitation, hence reducing
the effective detection volume."”” The requirements for microscopy
with targeted readout are different and therefore also need differ-
ent DNA origami nanorulers. One major difference is that sev-
eral dyes are allowed to fluoresce at the same time. Here, the
versatility of DNA origami nanorulers can be seen in a wide
range from diffraction limited to nanometer precise placements of
dyes.

The most broadly used microscopy technique with structured
illumination is confocal microscopy. Not being a SR technique, it
requires diffraction limited samples, hence dyes separated by 386 nm
on a six helix-bundle can be resolved [Fig. 4(a)]. For confocal
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FIG. 3. (a) 3D DNA-PAINT image of 3D nanopillars with 80 nm spacing using the biplane method. The upper sketch shows nanopillars indicating a broad distribution of
orientation. On the left is a 2D view of localization clouds in the x—y plane with color encoded z-position. An exemplary nanopillar (yellow frame) is depicted before (left)
and after (right) drift correction and analyzed for the spatial separation and the angular orientation of the two spots (bottom).5 (b) Molecular localization shift by plasmonic
coupling. A sketch depicting the expected emission spots with and without the presence of a gold nanoparticle next to the respective 2D DNA-PAINT images (scale bars,
200 nm) and 3D DNA-PAINT images (scale bars, 100 nm).”® (c) Multicolor 3D localization flow cytometry. A cylindrical lense in the detection pathway resolves the z positions
(1, 2, 3) in the flow cell with astigmatism. Nanorulers, labeled with red and green dyes (180 nm distance between marks), are simultaneously detected in two color channels.
From the respective x-y position (pinpointed by a gaussian) and the z position (estimated by the ellipticity of the PSF), distances between marks can be calculated in 3D.

The histogram shows the measured distances of numerous nanorulers.”’
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FIG. 4. DNA origami nanorulers across length scales for SR based on targeted
switching. (a) Nanoruler for diffraction limited microscopy. On the left, a six helix-
bundle labeled with two fluorophores in 386 nm distance is shown. Thus, the DNA
origami is resolvable with standard confocal microscopy, which is shown on the
right.”” (b) Nanoruler for 2D STED microscopy: The sketch on the left shows a rect-
angular DNA origami labeled with two parallel lines of fluorophores at a distance
of 71 nm. The panel on the right shows that these lines are resolved with STED
microscopy.”” (c) Nanoruler for 3D MINFIELD-STED microscopy. On the left, an
upright 12 helix-bundle is shown and is labeled with single fluorophores at a dis-
tance of 91 nm. This 3D structure is resolved using MINFIELD-STED microscopy
on the right.? (d) Nanoruler for MINFLUX nanoscopy. On the left, the labels on a
rectangular DNA origami are indicated. On the right, using MINFLUX nanoscopy,
the blinking fluorophores are resolved with 1 nm precision. "’

microscopy, the applications range from calibration of the setup to
training of experimenters.”’

While the performance of a confocal setup can be calculated
via Abbes formulas, this is not as straight-forward for SR setups,
like STED microscopes. Here, the resolution is mainly dependent on
the power of the depletion beam, however, also sample properties,
e.g., the dyes themselves as well as photobleaching have an influ-
ence on the resolution.”” Hence, the effective resolution needs to
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be accessed experimentally.”* Thanks to the robustness and homo-
geneity of DNA origami nanorulers in signal and size, they are
routinely used to resolve inter-mark distances down to few tens of
nanometers, demonstrating that the SR setup can resolve the struc-
tures of interest [Fig. 4(b)]. These samples are mostly of biological
nature and gave insights, e.g., in the actin/spectrin organization at
synapses using 3-colors multilevel STED,”” the y-secretase in neural
synapses’* or topoisomerase in mitochondria.”’

With increasing STED laser powers and improved resolution,
the volume from which fluorescence is still allowed is decreas-
ing so that fewer and fewer molecules are contributing to the sig-
nal and the background increases due to the high overall laser
power. Resolution can then be limited by the signal-to-noise ratio
and common fluorescent beads are either too big or not bright
enough for optimal quantification of the STED abilities. To this
end, DNA origamis can offer point-light sources with maximized
brightness density. A typical DNA origami structure with 23 nm
diameter could, e.g., be labeled with ~80 dyes and immobilized
for STED imaging. With these DNA origami nanobeads, optimized
point-spread-functions for STED deconvolution imaging were
obtained that could not be matched with conventional fluorescent
beads.”

The choice of dyes is another important aspect for optimizing
STED microscopy. Using DNA origami nanorulers, different dyes
were tested under different conditions.”” In addition, the multiplex-
ing possibility of DNA-PAINT was exploited in combination with
STED by alternating washing and labeling steps of DNA origami
structures.”””' Importantly, multiplexing was achieved with a single
color system by encoding the different labels in the DNA sequences
used for labeling.”’

As DNA origami nanorulers are established, not only resolu-
tions on existing methods are checked but also proof-of-principle
measurements of new more powerful techniques are demonstrated
with DNA origami nanorulers as the reference structure. One
example is the introduction of the STED modality MINFIELD-
STED. MINFIELD is an imaging strategy that increases resolution
by reducing the exposure and hence the photobleaching.”” With
MINFIELD-STED, 2D objects smaller than 25 nm were resolved,
as well as 3D DNA origami nanorulers with an axial precision of
60 nm [Fig. 4(c)]. Furthermore, other advances of STED nanoscopy,
e.g., faster STED by parallel sub-second electro-optical-STED,” or

in extended sample regions”** were first demonstrated with DNA

origami structures.”

The latest step in resolution of optical nanoscopy was the com-
bination of advantages of single-molecule localization microscopy
and excitation patterning shown in the so-called minimal photon
flux nanoscopy (MINFLUX).'”"" MINFLUX nanoscopy localizes
the dye in the minimum of four donut-shaped beams, reaching
localization precision in the single digit nanometer regime with less
than 100 photons per localization, as well as enabling the tracking
of quickly diffusing molecules. To be precise, MINFLUX requires
stochastic switching for superresolution but was classified in this
section due to the similarity of laser profiles. Proof-of-principle
measurements were performed on DNA origami nanorulers, which
resolved several dyes in less than 6 nm distances with a precision
of less than 1 nm in 2D as well as 3D.”’ Here, several dyes were
placed on a DNA origami nanoruler and activated stochastically
and it was demonstrated that better localization precision could be
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achieved with fewer detected photons. Similarly, other techniques
called SIMFLUX®” or Rose™ use the idea to combine a structured
illumination and its emission information to enhance the resolution
twofold. Again, proof-of-principle measurements were shown with
DNA origami nanorulers.

IV. ENERGY TRANSFER NANORULERS

The breadboard character of DNA origami nanorulers makes
them an ideal tool to investigate distance dependent energy transfer
mechanisms at the single-molecule level. Forster resonance energy
transfer (FRET) ensemble studies using donor-acceptor labeled
poly-proline were first conducted in 1967, showing higher FRET effi-
ciencies than expected.”’ To investigate this discrepancy, rigid DNA
origami blocks have been used as reference structures for quanti-
tative single-molecule FRET studies. Placing donor and acceptor
dyes on the surface of a DNA origami block with known distances
reduces the influence of the dye linkers and circumvents the need for
a multiparametric fit in comparison to commonly used dsDNA con-
structs.”” Furthermore, FRET was used in combination with DNA
origami nanostructures in 2009 to probe the controlled opening
and closing of the dynamic lid of a DNA origami box designed
for applications such as drug delivery [Fig. 5(a)].”" Besides energy
transfer between organic dyes, interactions of dyes with different
materials ranging from nanoparticles to metallic surfaces are pos-
sible to be investigated in a highly controlled manner using DNA
origami nanostructures. Analogously to FRET studies, nanoparticle
or metallic surface induced quenching effects were examined with
respect to fluorescence intensity, as well as fluorescence lifetime.””
DNA origamis were used to position AuNPs at varying distance to
a dye, and the quenching effect and its distance dependence were
elucidated. Additionally, the precise positioning of AuNPs in close
vicinity to a fluorophore can be used as a plasmonic nanoantenna.
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Placing a single fluorophore in the plasmonic hotspot induced by a
single or multiple AuNPs, the fluorescence brightness is enhanced
up to more than 400 fold.”*”* Even further, a combination of AuNPs
and FRET was already investigated and depending on the condi-
tions, an enhancement of FRET rates could be found [Fig. 5(b)].”>"
In addition, the coupling of plasmons on the DNA origamis itself as
nanowires was demonstrated.”’

A dye in an excited state can transfer its energy not only to
metallic nanoparticles, but also to a metallic surface. The immobi-
lization of 3D DNA origami structures with labeled fluorophores
on such metallic surfaces enables the investigation of the z dimen-
sion due to the height dependent energy transfer [Fig. 5(c)]. This
approach was used to study quenching effects of fluorophore labeled
nanorulers to a gold surface, which later could be used as a calibra-
tion structure to deduce the height information of the labeled fluo-
rophores.” Recent advances with the combination of semi-metallic
graphene were made to increase the z-resolution to nanometer pre-
cision [Fig. 5(d)], which can be combined with SR microscopy
techniques like, e.g., DNA-PAINT or MINFLUX to realize highly
sensitive 3D SR microscopy.””'"”

V. BRIGHTNESS REFERENCING AND EMERGING
APPLICATIONS

A. Expansion Microscopy

Another approach to SR is physical expansion of the sample
so that initially unresolvable distances are increased to values larger
than the diffraction limit to achieve SR information. One advantage
is that SR is achieved with common diffraction limited microscopy
techniques. In expansion microscopy (ExM), the sample is embed-
ded in an electrolytic polymer [Fig. 6(a)] to which the fluorescent
labels are crosslinked."”" After degradation of the sample, the poly-
mer gel is expanded by dialysis with water. With conventional ExM,

zZ
X
B Lifetime Height 5
[ns] Free [nm] 841
ko Space 100
b 4 Lifetime

# of occurences

Metal Induced
Energy Transfer ¢,

80

)
Ayisuayul sAnejey

Theory
40

20

n.(fluorescence lifetime) [%]

005 10 15 20 25 30 35 40 45 50 550"

# of occurences Distance [nm]

FIG. 5. (a) A box shaped DNA origami with a green and a red dye as a FRET pair, which acts as an opening sensor.”’ (b) Positioning of a donor dye, an acceptor
dye, and a gold nanoparticle for the investigation of energy transfer rates. It was shown that an AuNP can enhance the FRET rate.” (c) Gold surfaces or semi-metallic
surfaces like graphene act as powerful quenchers, which can enable nanometer resolution along the optical axis.”*'?” (d) Positioning of dyes on graphene with DNA origami
nanopositioner yields quenching of intensity and fluorescence lifetime of a dye depending on its height with a d=* distance dependence.*’
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Top insets, fluorescence images of 12, 24x, or 36x ATTO647N dyes on the DNA origami. Bottom inset is the sketch of nanoruler with 36x dyes. Scale bars, 2 um; color
scale from 15 to 100 counts.”” (c) Counting dyes by means of photon statistics. Probability density of estimated emitter numbers from rectangular DNA origami with 12x and
36x ATTO 647N dyes. A log-normal fit to the probability density is depicted as a solid line. Box plot indicates the central 68% quantile about the median of the probability
density. The dashed line represents the expected emitter number.”® (d) Brightness distributions of DNA origami nanobeads (GATTA-Beads, 23 nm) and conventional
polystyrene beads (FluoSpheres, 40 nm) reveal the superior homogeneity of DNA origami based nanobeads.”” (e) Images of highly labeled DNA origami nanobeads
(10x, 34x, and 74x dyes) taken with a commercial super-resolution microscope and a monochrome smartphone camera-based fluorescence microscope. The scale bar is

applicable to all images.'"’

macroscopic expansion factors of 3-5x are usually achieved, while
further increased resolution factors are realized with more sophis-
ticated techniques like iterative ExM (up to 20fold) or by a combi-
nation of ExM with SIM.'""'"* Generally, the expansion factor is
determined at the macroscopic scale, i.e., by examining the macro-
scopic swelling of the gel. However, several parameters are critical
for characterizing ExM including the expansion factor, cross-linking
efficiency, the fraction of active dyes after expansion, and so on.
Using nanorulers with inter-mark distances of 160 nm, it could
be shown that nanorulers could efficiently be expanded yielding
bright marks that could be resolved with conventional microscopy
[Fig. 6(a)]."”” Interestingly, the microscopic expansion factor yielded
smaller microscopic expansion factors of 3.0 compared to a macro-
scopic expansion factor of 3.6, which could be explained by the sur-
face immobilization of the DNA origami nanorulers. For a quanti-
tative interpretation of biological expansion microscopy, nanorulers

as in situ references could also be helpful to reveal anisotropy in the
expansion process.

As SR techniques, especially MINFLUX, probe the single
nanometer regime, a particular interest of DNA origami nanoruler
is how close two dyes can be placed. On one hand, the placement
of dyes is DNA-base pair specific, and on the other hand, dye-dye
interactions may occur. Hence, DNA origami nanorulers were used
as a breadboard to investigate the intensity and lifetime of two dyes
in a single base pair precise distance.”” It was found that, in the
case of ATTO 647N at small distances, the lifetimes and intensi-
ties of the dyes decrease, which is due to the static quenching of
H-type dimer formation. Hence, two independent dyes on a DNA
origami nanoruler are limited to a minimal distance of seven base
pairs, which equals ~2.3 nm. This leads to the conclusion that in total
more than 1000 dyes can be placed on a single DNA origami struc-
ture without losing the intensity signal. Together with the highly
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controllable breadboard character of DNA origami nanorulers, this
naturally leads to DNA origami structures as brightness standards.
This is especially interesting for the characterization of the PSF for
donut-shaped beams, commonly used in STED and MINFLUX."'

B. Brightness referencing

The quantification of labeled dye numbers, i.e., counting the
individual fluorophoric labels, plays a key role in the investigation
of biological processes as, e.g., in the determination of protein rates
and protein complex stoichiometries or the deduction of mathe-
matical models.”® As discussed in the introduction, appropriately
labeled DNA origami structures show a linear dependence of sig-
nal intensity on the number of incorporated dyes [Fig. 6(b)]."”**""”
Together with the stoichiometric control of incorporation, DNA
origami nanostructures can thus be used as quantitative signal refer-
ences. Using DNA origami brightness references, a sensitivity scale
of units of fluorescent molecules could be introduced similar to the
MESF (molecules of equivalent soluble fluorochrome) that is used in
cytometry. In this context, the advantage of DNA origami reference
samples (also called DNA origami beads) is that the same dyes as for
the sample of interest can be used and the dyes are in a similar chem-
ical buffer environment to the sample in contrast to plastic beads
commonly used in flow cytometry.'”” Additionally, recent applica-
tions of spectroscopic barcoding in cytometry, i.e., the multicolor
and multi-stoichiometric labeling of molecules of interest, require
the exact determination of the number of labeled dye molecules with
single fluorophore sensitivity.'”’

Counting molecules is also important in microscopy to deter-
mine how many labeled molecules contribute to a signal. Count-
ing molecules by intensities has the disadvantage that intensity
is an extensive variable. For developing alternative techniques,
the photon statistics has for example been used also using DNA
origami nanorulers. Techniques like “counting by photon statis-
tics” (CoPS)"''’ use the idea of photon antibunching to deduce the
number of independent emitters and their molecular brightness
[Fig. 6(c)].” Here, DNA origami nanorulers with their controllable
number of dyes were used as proof-of-principle samples, resolving
the number of physical emitters.

The potentially large labeling density of DNA origami
nanorulers and the high control over the labeling stoichiometry
enable the design of compact and very bright fluorescent beads.
Commercially available DNA origami based fluorescent beads show
an improved homogeneity and flexibility compared to other con-
ventional beads [Fig. 6(d)]. Such DNA origami nanobeads could be
used, e.g., in the determination of PSF in 3D STED microscopy.”’
Highly labeled DNA origami brightness references have also been
applied for probing the sensitivity of other types of microscopes.
In the recent past, smartphone-based fluorescence microscopy
(SBFM) has, for example, evolved as a promising approach to var-
ious applications in point-of-care (POC) diagnostics like quantifi-
cation of immunoassays, detection of microorganisms, or sens-
ing of viruses.””'"" Although SBFM creates a promising low-cost
and field-portable solution, high detection sensitivity comparable
to laboratory-based fluorescence microscopes is necessary for the
detection of target substances at the single-molecule level. DNA
origami nanobeads with up to 74 labeled fluorophores were used to
quantify the detection sensitivity of a SBEM [Fig. 6(¢)]."”” For the
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monochrome smartphone camera used in the study, a sensitivity
down to 10 fluorophores could be determined. Recently, detection
of single emitters on a SBEM could even be achieved by placing sin-
gle fluorophores in the plasmonic hotspot of a DNA origami based
nanoantenna.”*

The high control over designed geometries and the breadboard
character of DNA origami structures enables the creation of ref-
erence structures also for other imaging methods besides optical
fluorescence microscopy. For example, placing plasmonic nanopar-
ticles on a 24 helix-bundle DNA origami as shown in Fig. 7(a)
forms chiral nanorulers especially suitable for 3D tomography or
electron microscopy (EM)."'>'"” The nanorulers of pure chirality
(either left-handed L or right-handed R conformation) can easily
be detected with EM due to their high contrast and show circular
dichroism (CD) due to plasmonic resonance of the chirally labeled
nanoparticles. In electron tomography, such chiral nanorulers were
used as reference structures to determine the left-handed chirality of
macrofibrils in mammalian hair.""*'"

Besides placing modifications on DNA origami for nanometrol-
ogy, the designed structural geometry of the DNA origami itself can
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FIG. 7. (a) Left: Left- and right-handed nanohelices with nine gold nanoparticles
aftached to 24-helixbundle DNA origami. Right: Exemplary corresponding CD
spectra of L (red) and R (blue) nanohelices. Insets show TEM images of cor-
responding nanohelices (scale bars, 20 nm)."' (b) Top left: Sketch of a DNA
rectangular origami (GATTA-AFM) with the theoretical locations for the Atto647N
fluorophores. Background shows an STED image of the corresponding nanorulers.
Top right: Fast amplitude modulation (AM) AFM image of the DNA origami lat-
tice. The inset represents a cross-section across the central ladder seam of the
DNA nanostructure (z-scale: 2 nm). Bottom: Optical correlation of consecutively
acquired STED and AFM images of (left) SIM160R and (right) STED70R nanoruler
(GATTAquant GmbH) with corresponding sketches.!'®
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TABLE 1. Overview of typical used DNA origami nanorulers for different fluorescence
microscopy techniques.

Microscopy Number of
techniques Distance/nm  fluorophores per spot
MINFLUX 2D''/3D"! <10 1
STORM 2D**"'*/3D* 30, 50, 90/180 6/10

1921 a6 <10, 20, 40,
DNA-PAINT 2D /3D 80/30, 80 1-6/10
SIM' 140 20
Confocal”’ 270-350 20
STED 2D"°/3D" 50, 70, 90/80 20/15

be used as a nanoruler. By designing the stapling of the scaffold
strand, structural characteristics of known geometry can be intro-
duced into the DNA origami. This can be used to design topological
nanorulers for scanning probe microscopy (SPM).” Figure 7(b) top
images show an atomic force microscopy (AFM) nanoruler based
on a rectangular DNA origami.''® The depicted AFM nanoruler
exhibits a central ladder seam bridging the crossed halves with a
pitch of 6 nm, which can be used as a reference structure for quan-
titative AFM analysis [Fig. 7(b) top right]. Combining controlled
positioning of fluorophores on the DNA origami and the design of
the geometrical structure itself makes it a powerful tool for corre-
lating AFM and optical microscopy. Exemplary optical correlation
of STED and AFM for 160 nm and 70 nm nanorulers is shown
in Fig. 7(b) bottom. The consecutively acquired STED and AFM
images underline the accurately designed geometries of the fluo-
rophore marks and the nanoruler itself. Additionally, combining
the topographic information of AFM with the tip induced quench-
ing of labeled fluorophores on DNA origami enabled correlative
localization studies with sub 5 nm resolution.” DNA origami ref-
erence structures were also successfully used to investigate the pro-
duction of singlet oxygen from a single photosensitizer molecule
conjugated to the nanoruler. The subsequent diffusion of the singlet
oxygen could be visualized by placing singlet oxygen cleavable linker
molecules with biotin labels in designed distances to the photosensi-
tizer molecule. After binding of streptavidin to the remaining linker
molecules with biotin labels, the diffusion radii of the produced
singlet oxygen molecules could be examined via AFM imaging.''*

Also, the combination of confocal microscopy with an ABEL
trap uses DNA origami nanorulers to test the performance of the
setup.''” The ABEL trap is an electrophoretic system, which tracks
small particles via fluorescence and applies an electrokinetic feed-
back, which cancels the Brownian motion of the particle, thus
trapping the particle.'*’

On one hand, the fluorophore of the DNA origami nanoruler is
used to detect the DNA origami and control the anti-Brownian elec-
trokinetic trap (ABEL trap). On the other hand, the origami aspect
was used to explore different hydrodynamic radii, hence diffusion
coefficients, and test the performance of this setup.

VI. CONCLUSION

DNA origami nanorulers provide an unprecedented control
of shape and stoichiometry of impressively large objects. The
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simplicity of fabrication and the chemical robustness have enabled
DNA origami to become the scaffold for reference structures in
several fields of research and technology. In this perspective, we
highlight the emerging applications in optical microscopy, scanning
probe microscopy, and electron microscopy. In the meantime, even
manufacturers of microscopes promote their products using DNA
origami nanoruler demonstration.'”"'*> On the other hand, DNA
origami nanorulers as a ubiquitously available single-molecule stan-
dard can help customers to decide which microscope to purchase for
a specific application and are frequently used as positive control for
training the respective microscopy technique.

Typical and commonly used DNA origami nanorulers for dif-
ferent fluorescence microscopy techniques are listed in Table I with
the required distances and fluorophore numbers.

For the future, we expect an ever-growing applicability of DNA
origami nanorulers, brightness references, and further emerging
applications in the fields of cytometry, microfluidics, and molecular
diagnostics as well as fluorescence and correlative microscopy. As
new functionalities are easily added for targeting the DNA origami
to different local environments and binding partners, DNA refer-
ence structures have the potential to report on local events and to
work in situ in complex chemical environments.
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i) Primer on optical materials

DNA itself interacts with electromagnetic radiation below 400 nm yielding well-documented and
cancerogenic DNA breaks as well as specific photochemistry such as thymine-thymine
dimerization, covalently linked by ultraviolet radiation exposure. For DNA nanotechnology,
photodimerization has specifically been used to chemically stabilize DNA nanostructures or to
relieve strain. .23

More generally, DNA systems with optical control are generated by attaching optically active
components to DNA scaffolds, strands and structures. Representative optical components are
fluorescent dyes and photosensitizers, photocleavable and photoswitchable molecules often
employing the prototypical azo-compounds, and plasmonic nanoparticles (most typically made of
gold or silver). Further active compounds are quantum dots, lanthanides, upconverting particles
as well as polymers, which are, however, not covered in this chapter.

Fluorescent dyes are optical reporters that are excited to the first excited singlet state and emit a
red-shifted fluorescence photon (Figure 1a). In combination with sensitive microscopy, they report
on the location, properties and functioning of DNA nanostructures even on the level of single
entities. The whole toolbox of single-molecule spectroscopy can be applied to DNA structures
including super-resolution and single-molecule FRET.

Conformationally switchable dyes such as azo-benzenes absorb light. In the excited state, they
undergo a conformational transition commonly from an energetically favored trans-conformation
to a cis-conformation (Figure 1b). Photocleavable compounds show a programmed breakage of
a covalent bond that helps to elicit a molecular function such as the release of a drug from a cage
(Figure 1c).

Despite their size substantially smaller than the optical wavelength, plasmonic nanoparticles have
a large cross section for visible light. The electric field component of an incident light leads to
polarization of the nanoparticles and induces the formation of collective electron oscillations at
the particle surfaces (i.e. localized surface plasmons (LSP)). The LSPs oscillate with the same

frequency as the incident light (i.e. they are coupled) and by that create a fluctuating dipole that
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enhances the electric field component in the near field. The LSPs only couple with the incident
light if the frequency of the electromagnetic wave is close to the resonance frequency of the LSPs.
Especially gold and silver are commonly used due to their plasmonic resonances in the visible
spectrum and for their chemical accessibility of different shaped nanoparticles and the possibility

of the attachment to DNA nanostructures.®

a)

N‘\"‘\\“‘N+ 811; S N
/ n

c) NO, NO
uv HoN
R LT o hg — AR LI e -™0
T
o]
d) Lq En /}( 'K_.ﬂ":;\\ﬂ\
hv' A A
[ +++ T
—= L 2N >
. y ok
Wy /
Ny y
e) s FRET
1 [ E = a 10
H S1 =
P, o4 ] 4 3
:WTL >Qh" it §05
—
= o
0 5 10
Donor Acceptor Distance (nm)

Figure 1. Examples of optically active reporters. a) Exemplary cyanine dye Cy5 in the electronic ground
state So and after excitation by a photon of suitable energy to the first excited state S1. Spontaneous
emission of a red shifted photon, i.e. fluorescence, results again in the ground state So. b) An azo-benzene
photoswitch in the relaxed trans-conformation and after UV light triggered isomerization to the cis-
conformation. c¢) An o-nitrobenzyl motif for an UV light triggered bond break and cargo release. d)
Exemplary plasmonic metal nanoparticle before and after light induced surface plasmon resonance. e)
Simplified Jablonski diagram of a Forster resonance energy transfer from a donor dye with higher excited
state energy to an acceptor dye with lower excited state energy in close proximity (< 10 nm). The donor
dye relaxes to its ground state and transfers its energy non-radiatively to the acceptor dye, which can relax
via spontaneous, red-shifted emission.

Plasmonic nanoparticles can be used in different ways to report on molecular interactions or to
optically control nanoscale interactions. Their resonance wavelength depends, for example,
strongly on the dielectric environment so that single-molecule binding events to gold nanorods

2



The Art of Molecular Programming

could be detected by the shift of the resonant plasmon band.® Furthermore, the proximity of
plasmonic particles leads to coupling of their LSPs, which leads to easily detectable plasmonic
shifts as well as a number of other interesting effects discussed below. The enhanced electric
fields on the surface of nanoparticles can additionally increase the interaction of the light field with
molecules in the proximity of the nanoparticles. The effect is strongly enhanced in gaps between
particles (“gap antennas”) which is exploited for surface enhanced spectroscopies (Figure 1d).
Finally, heating of plasmonic particles due to Ohmic losses is a further means of controlling DNA
nanostructures at the nanoscale.

A suitable pair of two fluorescent dyes can undergo distance-dependent excitation energy
transfers such as Forster energy transfer (FRET) (Figure 1€). FRET is a non-radiative energy
transfer from a donor dye with higher excited state energy to an acceptor dye with lower excited
state energy. The energy transfer occurs via coupling of the transition state dipole moments, for
which the dye pair needs to be in close proximity (2 to 10 nm) and needs to show spectral overlap
between the donor emission and the acceptor dye’s absorption. The efficiency of the energy
transfer depends on the interdye distance (r® dependency), which is exploited in single molecule
microscopy for the investigation of biological systems such as proteins at the nanoscale.

i) DNA plasmonic and photonic circuits

Photonic circuits are believed to replace electronic circuits due to their potentially higher speed
and parallelizability. Due to diffraction it is difficult to control light with optical components smaller
than the wavelength of the light. That is why for example optical waveguides have diameters of
hundreds of nanometers. Nanophotonics address the challenges to compact photonic circuits
beyond the limit of diffraction. On the nanoscale, light can, for example be controlled by plasmonic
particles and their arrangements or by excitation energy transport in chromophores in analogy to
light harvesting complexes in photosynthesis. In light harvesting complexes, multiple
chromophores absorb the light and transfer the energy by energy transfer to the reaction center,
where charge transfer reactions yield the electrochemical potential required for the dark reaction.
With DNA nanotechnology, many aspects of natural photosynthesis can be emulated by arranging
chromophores in controlled manners.

As an example, an excited chromophore can transfer its energy to neighboring chromophores by
coherent or incoherent (Forster-type) energy transfer. The directionality of the energy transfer is
typically from the dye with a higher excited state energy to the dye with a lower excited state
energy. This directionality can be exploited for Forster energy transfer between dyes in cascades
(termed photonic wires)!, with less energy loss using homo-FRET'?, and for light funneling.'®

More recently, pseudoisocyanine aggregates could be assembled in A-tracts of DNA forming J-
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aggregates that successfully transmitted excited state energy from a donor through the J-
aggregate to an acceptor dye.'* Interestingly, with many acceptor dyes, the distance dependence
can shift from 1/r® (Forster) and approach 1/r* in analogy to true 2D material energy transfer
acceptors (Figure 2a).” ' Similar to dyes, plasmonic nanoparticles can also funnel energy, e.g.
to a gap between the particles in DNA-directed plasmonic gap antennas.'® Here, the resonant
electron oscillations of two or more particles couple and create a drastically increased electric
field in the hotspot region between the nanoparticles. Surface enhanced spectroscopies such as
Raman or fluorescence spectroscopy can yield drastically enhanced signal allowing single
molecule detection for Raman active or single fluorescent molecule detection with simple optics
including a smartphone camera® ' '8(Figure 2b). An asymmetric assembly can also steer the
direction of the fluorescence emission (Figure 2c).% '° Coupled particles can also transport energy
over long distances after the energy is induced by a donor and it can be transmitted to an acceptor
through several particles. A thermo-responsive polymer attached to one of the particles even
modulated the degree of energy transfer.?° Furthermore, DNA origami precisely decorated with
plasmonic nanoparticles shows a drastic dependence of the circular dichroism spectrum on their
orientation to the light beam.® (Figure 2d). Orienting the nanostructures using the polarization of
light beam hence allows the switching of the CD spectrum.?"
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Figure 2. Examples of nanophotonic light control enabled by DNA nanotechnology. a) Schematic of a DNA
origami structure with a two-dimensional sheet placement of fluorophores. The placement of fluorophores
in two-dimensional sheets enables the modification of the distance dependence of FRET from 1/r towards
1/r*. Adapted from [’] b) Schematic of a DNA origami structure with two plasmonic nanoparticles. The
nanoparticles generate plasmonic hotspots which can enhance the fluorescence of fluorophore in the
plasmonic hotspot hundreds fold. Adapted from [?] ¢c) Schematic of a DNA origami with two nanorods in a
nanoantenna design. The back focal plane image shows the direction of the emitter fluorescence is emitted.
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Adapted from [°] d) Schematic and circular dichroism simulation of a DNA origami structure modified in a
rotary pattern of plasmonic nanoparticles. The chirality of the rotary pattern enables tuning of the circular
dichroism. Adapted from ['°].

iii) Dynamic control of optical DNA devices

Introducing conformationally switchable dyes into DNA nanodevices enables the reversible
photoinduced switching between two designed states or can fuel nano machines. The prototypical
photoswitch azobenzene consist of two phenyl rings linked by an azo group and adopt the trans
conformation in the ground state (Figure 1b). After excitation with UV light, the azo compound can
rotate and isomerize to the cis isomer. Excitation of the cis isomer by visible light induces the
reverse rotation and isomerization back to the trans state. By introducing azobenzene moieties to
the DNA backbone, the hybridization of the two modified DNA strands can be externally
controlled. While trans-azobenzene favors the DNA duplex formation due to constructive stacking
interactions with neighboring nucleobases, the non-planar cis form destabilizes the duplex by
steric hindrance and triggers strand dissociation.’”® The photoinduced hybridization and
dissociation were used to switch scissor shaped DNA nanodevices reversibly between a closed
state, which is locked by the duplex formation of trans-azobenzene DNA, and an open state after
strand dissociation. 2% 25(Figure 3a). Modifying the closing strands of a DNA nanocapsule with
azobenzene enabled the reversible photoresponsive opening of the nanocapsule after irradiation
with UV light and closing after irradiation with visible light.?6 22 Azobenzene-modified DNA could
also be employed as intermolecular binding units between DNA origami for the design of
photoswitchable supramolecular self-assemblies up to the micrometer scale (Figure 3b). 23
Introduction of structurally relative arylazopyrazole-modified DNA oligonucleotides as additional
intermolecular binding strands enabled the control of two photoswitchable supramolecular self-
assemblies with different irradiation wavelengths simultaneously.?’

The modification of functional DNA nanostructures with chemical groups containing photolabile
bonds opens up the possibility of a photocontrolled bond dissociation within a DNA nanodevice
for applications such as drug delivery or the specific photo-uncaging of biomolecules. Nitrobenzyl
is a photolabile group and can be incorporated into the DNA backbone for the synthesis of DNA
strands for further cleaving by UV irradiation (Figure 1c). By using nitrobenzyl-modified strands
for the binding of cargo molecules, DNA origami -based carrier systems for the light triggered
release of bioactive molecules like proteins can be designed(Figure 3c).* Bioactive molecules
may also be specifically caged in DNA nanostructures to suppress their biological activity. For
example, trapping Cas9 protein with single guide RNA in a DNA origami by nitrobenzyl-modified

binding strands enables photo-induced release and controlled activation of the Cas9 protein.?8 In
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another example, the hybridization activity of DNA strands was suppressed by protecting thymine
bases with a 6-nitropiperonyloxymethyl (NPOM) caging groups preventing Watson Crick base
pairing. The photocleavage of the NPOM groups from a caged trigger strand then opened a DNA
nanotweezer.?°

Beside the control of mechanical movement also mechanical properties e.g. stability can be
controlled via light (Figure 3d). Using a photosensitizer embedded in a guanine-rich quadruplex,
reactive oxygen species (ROS) is produced locally upon irradiation. Thus with spatiotemporal
control, a dopamine polymerization was started using ROS.?* Furthermore, modified DNA origami
structures with photosensitizer offer a targeting carrier system for the delivery of ROS inside cells
with spatiotemporal control and the possibility for photodynamic therapy.*°
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Figure 3. Photocontrolled DNA devices and functionalities. a) Schematic and AFM images of DNA origami
modified with azobenzene enables the switching of a cross to a longitudinal state using Visible and UV light
respectively. Adapted from [?’] b) Schematic and TEM images of a DNA origami assembly modified with
azobenzene bonds which can be controlled using UV and visible light. Thus, the formation or disassociation
of DNA origami assemblies can be photo controlled respectively. Adapted from [?°] ¢) Schematic and TEM
image of a DNA origami structure with encapsulated BSA. By light stimulation the o-nitrobenzyl motifs break
and the cargo is released in a photocontrolled manner. Adapted from [*] d) Schematic of a photoinduced
polymerization process. With photosensitizer embedded in G-Quadruplexes, a chemical reaction which
forms a polymerization on the DNA origami structure can be controlled via light. Adapted from [?4].

iv) Conclusion and perspective:

DNA nanotechnology is advancing rapidly and the rising complexity of the designed
nanostructures and -devices call for imaging techniques with a single entity readout.
Fluorescence microscopy and especially single-molecule microscopy offer a non-invasive tool
with evolving temporal and spatial resolution, allowing investigations of nanoscale objects down

to picoseconds and nanometers well below the diffraction limit of light. As the information is
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collected at the level of single nanodevices, heterogeneity in the sample is not averaged out and

individual molecules can be investigated over time. Combining optical phenomena such as energy

transfers and plasmonic effects with DNA nanotechnology paves the way to highly sophisticated

nanophotonic applications. On the other hand, DNA nanodevices can be easily modified with

optically responsive compounds, which can be exploited for the non-invasive photoswitching

between two states or the photoinduced release of a cargo substance. In more and more

applications demonstrated, DNA nanotechnology is used to control optical arrangements at the

nanoscale and on the other hand light is used to control the functionality of the DNA

nanostructures.
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DNA nanotechnology allows for the fabrication of nanometer-sized objects
with high precision and selective addressability as a result of the
programmable hybridization of complementary DNA strands. Such structures
can template the formation of other materials, including metals and complex
silica nanostructures, where the silica shell simultaneously acts to protect the
DNA from external detrimental factors. However, the formation of silica
nanostructures with site-specific addressability has thus far not been
explored. Here, it is shown that silica nanostructures templated by DNA
origami remain addressable for post silicification modification with guest
molecules even if the silica shell measures several nm in thickness. The
conjugation of fluorescently labeled oligonucleotides is used to different
silicified DNA origami structures carrying a complementary ssDNA handle as
well as DNA-PAINT super-resolution imaging to show that ssDNA handles
remain unsilicified and thus ensure retained addressability. It is also
demonstrated that not only handles, but also ssDNA scaffold segments
within a DNA origami nanostructure remain accessible, allowing for the
formation of dynamic silica nanostructures. Finally, the power of this
approach is demonstrated by forming 3D DNA origami crystals from silicified
monomers. These results thus present a fully site-specifically addressable
silica nanostructure with complete control over size and shape.

1. Introduction

DNA nanotechnology allows for the
bottom-up synthesis of nanometer-sized
objects with high precision and selective ad-
dressability for guest molecule placement
due to the programmable hybridization
of complementary DNA strands. This
site-specific addressability renders DNA
origami nanostructures as “breadboards”
for the sub-nm precise placement of var-
ious different guest molecules such as
nanoparticles  (NPs),l!l  fluorophores,?!
and proteins.}] The rational design of
DNA-based nanostructures and their modi-
fication with different functional molecules
enables a great variety of applications rang-
ing from catalysis***] to biomedicinel®! and
materials science.’/ DNA nanostructures
have also proven to be excellent templates
for the formation of complex materi-
als including polymers,l’] metals,® and
biominerals like calcium phosphatel®! and
silica.[®1% This templating approach allows
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to create inorganic nanostructures with

shapes otherwise not obtainable through

standard wet-chemical methods.[®! At the same time, coating
of DNA nanostructures with calcium phosphate or silica con-
fers a significantly increased degree of stability as the DNA
is essentially fossilized.[®>1%-1%] Different methods of silicifica-
tion have been reported. In most cases, structures are initially
reacted with the cationic pre-cursor N-trimethoxysilylpropyl-
N,N,N-trimethylammonium chloride (TMAPS), which electro-
statically associates with the phosphate backbone on the DNA
nanostructure. The use of (3-aminopropyl)triethoxysilane instead
of TMAPS has also been reported.['%! Silica formation is then
initiated through the addition of tetraethyl orthosilicate (TEOS)
in a Stéber-like process.'!] Alternatively preclusters of TMAPS
and TEOS can be formed which subsequently accumulate and
polymerize on the phosphate backbone. Such silicified structures
were shown to withstand extreme temperatures of up to 1000
°C,["% high pressures,['%1%] and degradation by nucleases.'®"!
We recently also used small angle X-ray scattering to show that
even minimal (sub-nm) silica deposition already results in DNA
nanostructures that remain stable during prolonged heating.!1%¢]
Generally, it is assumed that during biomineralization pro-
cesses, DNA is hermetically sealed giving rise to optimal
protection. At the same time, shape and size of the DNA
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PAINT

Scheme 1. Schematic illustration displaying the assessment of ssDNA handle accessibility on DNA origami after silicification a) in solution and b) on
a surface. Samples silicified in solution are in or near the maximally condensed state and contain a set of ssDNA handles. If these remain unsilicified, a
fluorophore-labeled antihandle will be able to hybridize the structure. Samples silicified on a surface with silica shell thicknesses of a few nm contain a
set of eight nucleotide (nt) long docking sites to which fluorescently labeled imager strands bind transiently (DNA-PAINT super-resolution microscopy).

nanostructure templates are being retained. However, the highly
attractive possibility of also retaining the site-specific address-
ability of DNA nanostructures for precise guest molecule place-
ment after biomineralization has thus far seldom been explored
and has only recently been suggested for polyethylene glycol-
linkers.["?] However, in this work we show that, surprisingly, af-
ter silicification, single stranded (ss) handles of DNA or pep-
tide nucleic acids (PNA) protruding from a DNA nanostructure
remain accessible for hybridization and further functionaliza-
tion. Using initially simple hybridization experiments with flu-
orescently labeled oligonucleotides (Scheme 1a) or DNA-coated
gold nanoparticles (Au NPs) (Figure S7, Supporting Information)
for structures silicified in solution (thin silica shell) followed by
DNA-PAINT super-resolution microscopy (Scheme 1b) analysis
of structures silicified on a surface (thick silica shell), we show
that independent of the silicification method or thickness of the
silica layer, structures remain fully site-specifically addressable.
We then further show that not only handles protruding from a
structure remain accessible, but also ssDNA segments of scaf-
fold within a nanostructure, by dynamically changing the shape
of an 18 helix bundle (18HB) after silicification in solution. Fi-
nally, we demonstrate the power of the approach for materials
science applications by forming open channel 3D DNA origami-
silica hybrid crystals using silicified octahedral monomers. Our
work thus demonstrates that silica nanostructures templated by
DNA origami combine the properties and mechanical resilience
of an inorganic material with the programmability and address-
ability of DNA origami into a new type of fully site-specifically
addressable inorganic nanostructure with complete control over
size and shape.

2. Results and Discussion

As the interaction between DNA and TMAPS/TEOS is based on
electrostatic interactions between the anionic phosphate back-
bone and cationic TMAPS, we initially hypothesized that PNA,
with a net neutral charge due to its peptide backbone, could
present an excellent alternative to DNA handles in order to re-
tain addressability in silicified DNA nanostructures. As TMAPS
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and the peptide backbone in PNA would not be able to electro-
statically associate, PNA should remain unsilicified and hence
remain available for post-silicification hybridization. Initial stud-
ies using a three-strand DNA handle:PNA:anti-PNA handle sys-
tem (see Figure S7a, Supporting Information) were promising
and showed that indeed, PNA remained accessible for hybridiza-
tion with anti-PNA-coated Au NPs (Figure S7b, Supporting In-
formation). Nevertheless, due to the high cost of PNA, we also
explored more sustainable options. Inspired by the work by Ding
and co-workers, 1% which showed that TMAPS-TEOS precursors
accumulated most favorably on double-stranded DNA (dsDNA)
compared to the closely packed dsDNA in a DNA origami nanos-
tructure, we wondered if ssDNA may potentially show less accu-
mulation of silica precursors. We assume that ssDNA, possessing
comparatively less phosphate groups compared to dsDNA, may
consequently attract less TMAPS molecules. Additionally, we hy-
pothesize that due to the significantly shorter persistence length
of ssDNA compared to dsDNA (~2 nm!**] vs ~35-50 nm(!*]),
accumulation of TMAPS could also be minimized, resulting in
largely unsilicified strands of ssDNA.

2.1. Samples Silicified in Solution

To test if ssDNA indeed remains unsilicified and accessible, we
used two different DNA origami nanostructures (a four-layer
block (4LB) and a 24 helix bundle (24HB)) displaying ssDNA A-
handles protruding from the structure. We recently showed that
DNA origami undergoes strong condensation during silicifica-
tion as a result of hydrophobic effects and water depletion forces
caused by the influx of silica into the origami structure.l'%] How-
ever, even at the maximally condensed state with sub-nm external
silica deposition, structures displayed impressive thermal stabil-
ity. Therefore, we here employed the same structures (4LB and
24HB) as reported in our recent publication and silicified these
following our previously published protocol, using a rotator (Fig-
ures S8 and S9, Supporting Information).[%! After ~4 h, the reac-
tion was stopped, resulting in structures with sub-nm silica depo-
sition that displayed increased stability upon exposure to DNase
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Figure 1. Agarose gel electrophoresis of a) the 4LB and b) 24HB before
(lanes 1 and 2) and after silicification (lanes 3 and 4) and addition of the
Cy5-antihandle.

I compared to bare structures (Figure S10, Supporting Informa-
tion). Silicified structures were then incubated with Cy5-labeled
T,o-antihandles and analyzed by gel electrophoresis. Silicified
DNA structures entered the agarose gel and showed similar elec-
trophoretic mobilities to the bare structures (Figure 1 and Figure
S11, Supporting Information, showing an 18HB). This is not sur-
prising, since silica deposition in the maximally condensed state
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is sub-nm, yet the condensation effect!’¢] is not drastic enough
to influence the electrophoretic mobility significantly. Addition-
ally, zeta potentials of bare and silicified structures were found
to be very similar (Figure S12, Supporting Information). A fluo-
rescent band in the Cy5 fluorescence channel can be clearly ob-
served for the 24HB and the 4LB for both bare and silicified struc-
tures displaying the A s-handle, indicating that hybridization to
the Cy5-labeled T,y-antihandle had been successful. To confirm
that this signal is due to specific hybridization rather than non-
specific interactions between the Cy5 antihandle and the silica,
we also tested the same origamis without the A,s-handle.

As can been seen from Figure 1, even though structures were
incubated with the Cy5 antihandle, no fluorescent band could be
observed. We then qualitatively assessed, whether handle acces-
sibility might be reduced in silicified samples, suggesting poten-
tially partial silicification of the handle strand. For this, we com-
pared the relative brightness of the Cy5 signal in the gel com-
pared to the origami both for bare and silicified structures (Fig-
ure S13, Supporting Information). Our results show no signif-
icant effect of silicification on Cy5 band brightness, suggesting
that handle accessibility was not reduced. To further confirm that
retained accessibility is not specific to polyA-polyT hybridization,
we also designed a handle with a random sequence and could
confirm our results (Figure S14, Supporting Information). To-
gether these findings suggest that a) Cy5 antihandles successfully
hybridized to the ssDNA handles on the origami, b) ssDNA han-
dles remain accessible for hybridization and therefore must be
mostly unsilicified, c) there is no unspecific interaction between
silicified structures and the Cy5 oligonucleotide.

However, as these solution silicified structures only display
sub-nm silica deposition as previously established,['%! it could
be argued that the retained addressability is not surprising and
does not necessarily show that ssDNA handles remain accessible
if structures are coated with a thick silica layer. As reported by
Liu et al., structures silicified on a surface generally display sil-
ica layers of several nm thickness.[1%] We therefore next studied
the accessibility of ssDNA handles on DNA origami structures
immobilized and silicified on a surface.[1%]

2.2. Samples Silicified on Surface

Instead of a simple hybridization experiment as carried out for
samples silicified in solution, DNA nanostructures immobilized
and silicified on glass surfaces excellently lend themselves for
fluorescence imaging studies where the addressability of each
DNA origami nanostructure can be assessed on a single particle
level. Here, we employed DNA-PAINT super-resolution imaging
to study the addressability of silicified one-layer sheets (1LS) as
well as 12 helix bundle (12HB) DNA nanostructures. In DNA-
PAINT, ssDNA docking sites are presented on the molecule of
interest (in our case a silicified DNA nanostructure). Short flu-
orescently labeled imager strands, complementary to the dock-
ing site, then transiently bind from solution allowing for sub-nm
localization precision.[’] To investigate whether a short ssDNA
handle protruding from a DNA origami would still be accessible
if the silica shell measured several nm in thickness, we designed
a 1LS DNA origami containing a single-stranded concatenated
docking sequence for DNA-PAINT able to bind three different
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Figure 2. Investigation of 1LS DNA origami nanostructures immobilized and silicified on a surface. a) Schematic illustration of 1LS DNA origami
nanostructure containing a single-stranded concatenated sequence for DNA-PAINT able to bind three different imager strands (A, B, and C) at different
distances from the DNA origami surface; b) AFM images of 1LS immobilized on a mica surface before (left panel) and after (right panel) silicification
(scale bar: 500 nm); c) height profile of silicified (blue) and bare (red) 1LS nanostructures obtained from AFM images (white lines in (b) indicate the
line scan); d) extracted distributions of spot integrated dark times for different positions (A—C) on the DNA-PAINT docking site. At least 537 spots were

analyzed in each experiment.

imager strands (A, B, and C) at different distances from the DNA
origami surface (Figure 2a and Table S5, Supporting Informa-
tion). Initially, to quantify the silica shell thickness on 1LS, struc-
tures were immobilized on mica surfaces and silicified for 4 days.
Analysis by atomic force microscopy (AFM) revealed a homoge-
nous height increase of roughly 2 nm (bare vs silicified origami,
Figure 2b,c and Figure S15 in the Supporting Information to ex-
clude potential errors in height determination, all measurements
were carried out in a mild tapping mode with the same AFM tip
consecutively on the same day). In contrast to the DNA nanos-
tructures silicified in solution with sub-nm external silica depo-
sition, the here observed ~2 nm thick silica coating on the immo-
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bilized 1LS could have detrimental effects on the accessibility of
the ssDNA docking site. To investigate which parts of the dock-
ing site would remain accessible after silicification, we proceeded
with DNA-PAINT studies consecutively imaging all three (A, B,
and C) 8 ntlong sub-sequences on the concatenated docking site.
For this, DNA origami structures were immobilized on bovine
serum albumin-biotin-streptavidin-coated glass coverslips via bi-
otinylated DNA staple strands and silicified for 4 days as before.

To gain more information about the accessibility of the ssDNA-
PAINT docking site at different distances from the DNA origami
surface, we further analyzed the single-molecule binding kinetics
obtained from single silicified and nonsilicified (reference) 1LS
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nanostructures and extracted the average dark times for each in-
dividual labeling spot on the nanostructure (Figure 2d). The dark
time gives information on the time required for an imager strand
to diffuse and hybridize to a docking site. It thus allows to indi-
rectly probe the local accessibility of the docking sites (given that
the dissociation time of the 8 nt imager strand occurs at a much
faster time scale, i.e., hundreds of ms). The extracted dark times
for all three parts of the docking site were quite comparable for
silicified and nonsilicified nanostructures suggesting that ssDNA
on 1LS remains accessible and seemingly unsilicified (Figure 2d).
Surprisingly, even the 8 nt docking site A closest to the DNA
origami surface remained accessible even though its length (0 to
~5.4 nm, assuming a length of ~0.67 nm per base in ssDNAI'3"))
must be at least partially embedded in the silica coating (=2 nm)
on the 1LS. We hypothesize that this unexpected accessibility may
be rationalized by the formation of a small pore-like structure
within the silica shell, around the ssDNA docking site allowing
access of the imager. However, further studies will need to be con-
ducted in order to fully confirm this hypothesis. Furthermore, by
labeling the 1LS with complementary green fluorescence labels
(Table S5, Supporting Information) and performing fluorescence
colocalization experiments in green and red channels, we were
also able to quantify how many of the ssDNA docking sites re-
mained addressable after silicification. Our colocalization analy-
sis (Figure S16, Supporting Information) done for all three im-
agers strands suggests that number of DNA origami structures
that carry addressable docking site remain nearly the same after
the silicification indicating that at least for this 2D DNA origami
structure there is minimal to no loss of single-stranded docking
sites due to silicification.

Encouraged by these initial results with 1LS nanostructures
demonstrating the accessibility of DNA-PAINT docking sites
even in the close proximity to the DNA origami surface, we
then explored the effects of silicification of functional structures
with higher complexity by studying 12HB DNA origami nanos-
tructures used as super-resolution standards in microscopy
(Figure 3a).2%1) AFM imaging of bare and silicified 12HB
nanostructures allowed us to estimate the thickness of silica
shell after silicification for 4 days (Figure 3b,c and Figure S15b,c,
Supporting Information). Here, the silica layer was found to be
comparatively thicker than that observed for the 1LS (~4-6 nm).
The designed 3D 12HB nanostructure contained a total of 18
docking sites, arranged in three positions (6 per position to
increase binding probability and spot brightness, see Figure
S17a,b in the Supporting Information for schematic illustration
of docking site placement). This three-position arrangement
with diffraction-limited interspot distances of ~90 nm led to a
triple spot pattern in a super-resolution DNA-PAINT imaging
experiment on the bare 12HB as expected (Figure 3d, left panel).
Encouragingly, also the silicified 12HB nanostructures displayed
well-resolved triple spot patterns (Figure 3d, right panel) indicat-
ing that the docking sites remained accessible to fluorescently
labeled 8 nt long imager strands despite the several nm thick sil-
ica layer on the origami. Nevertheless, as illustrated in Figure 3e,
the dark time distribution for silicified 12HB structures was
significantly broader compared to that of bare 12HB structures.
Additionally, we observed a shift of the dark time distribution to
longer time scales (from 15.2 + 5.7 s mean dark time for bare
12HB to 26.9 + 15.4 s for silicified 12HB). This suggests either
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a change in local microenvironment around the partially em-
bedded docking site as a result of silicification (i.e., substantially
slowed down diffusion kinetics of incoming imager strands) or
inaccessibility of some of the six docking sites. In contrast to the
1LS, the docking sites on the 12HB are arranged in a star-shaped
configuration on different helices of the structure and this
specific arrangement, in turn, could possibly affect accessibility
upon silica coating. To investigate this further, we also prepared
12HB nanostructures displaying only one docking site per spot
positioned at the top of the 12HB nanostructure (Figure S18, Sup-
porting Information). Very interestingly, for this top placement
of the docking site only a slight shift (comparable to the measure-
ment uncertainty) in the dark time was observed (Figure S18d,
Supporting Information). This suggests that, similar to the 1LS,
there was no significant change in accessibility of the docking site
after silicification. We thus hypothesize that for the 3 x 6 docking
site structure, there might be other effects (e.g., potential interac-
tion with the surface after silicification), which could have led to
the partial inaccessibility of some of the docking sites (most likely
those pointing downward toward the surface) after silicification.

As the here employed 12HBs are commonly used as fluo-
rescent nanorulers, whose quality and overall lifetime could be
greatly improved with increased stability, we next assessed the
stability of the silicified structures and their handles in degrad-
ing buffer conditions. For this, we incubated both silicified and
nonsilicified 12HB nanostructures, immobilized on a glass cov-
erslip (as described above), in 1 x TAE buffer for 2 h. It was
previously reported that DNA origami nanostructures could sur-
vive dispersion in pure water (with residual amounts of Mg?*),[17]
but displayed low stability in the absence or at low concentra-
tions of Mg?* ions in the presence of ethylenediaminetetraacetic
acid.'8) Therefore, it was not surprising that bare 12HB struc-
tures no longer displayed the representative triple spot pattern in
the DNA-PAINT localization image. Instead, we observed most
of the localizations for both the 3 X 6 and the 3 x 1 12HB DNA-
PAINT nanoruler clustered in one spot, indicating structural col-
lapse (Figure S17c, left panel and Figure S18e, left panel, Sup-
porting Information). In contrast, silicified 122HB nanostructures
remained intact and the expected triple-spot pattern was still ob-
servable, confirming the excellent stabilizing properties of the sil-
ica shell (Figure S17c, right panel and Figure S18e, right panel,
Supporting Information). This also illustrates the potential of the
silicification approach with retained addressability to extend the
utility of functional DNA nanostructures to applications typically
limited by the stability of DNA origami.[**! For this, it would also
be interesting to obtain dynamic DNA nanostructures with the
mechanical resilience of an inorganic material, but the structural
shape-changing flexibility of a DNA nanostructure. We therefore
next sought to test if stretches of ssDNA inside a DNA origami
structure could also remain accessible for hybridization, allowing
for the formation of flexible, shape-changing structures.

2.3. Dynamic DNA Origami
To obtain a dynamic, flexible DNA origami with shape-changing
properties, we omitted a set of staples from the middle of

an 18HB (see Figure 4a and Figure S19, Supporting Informa-
tion) leaving only the scaffold to connect the two halves of the
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Figure 3. Investigation of 12HB DNA origami nanostructures immobilized and silicified on a surface. a) Schematic illustration of 12HB DNA origami
nanostructure used for DNA-PAINT measurements and illustration of the docking site placement. Inset shows the unsilicified docking site surrounded
by silica (blue); b) AFM images of 12HB immobilized on a mica surface before (left panel) and after (right panel) silicification (scale bar: 500 nm); c)
height profile of silicified (blue) and bare (red) 12HB nanostructures obtained from AFM images (white lines in (b) indicate the line scan); (d) super-
resolution DNA-PAINT images of 12HB nanostructures before (left panel) and after (right panel) silicification using an Atto655-labeled imager strand
(the expected triple spot pattern is shown in the zoomed in images in the insets). Scale bars are 500 nm. e) Extracted distributions of spot integrated

dark times for bare (red) and silicified (blue) 12HB nanostructures. At least 1653 spots were analyzed per condition.

structure. As expected, this resulted in a flexible structure, ap-
pearing significantly bent upon deposition on a TEM grid (Fig-
ure 4b, left panel). Observed bending angles ranged from 15° to
180° with the majority of structures displaying bending angles
between 120° and 150° (Figure 4d, left panel). However, a subse-
quent addition of the missing middle staples (hereafter referred
to as “straightening staples”) and incubation at 36 °Cresulted in a
distinct shift in bending angles (Figure 4d, right panel) with a ma-
jority of structures straightening out as evidenced by TEM anal-
ysis (Figure 4b, right panel). A similar effect had previously also
been observed for 12HB structures.[?] After successfully con-
firming that bent 18HBs can be straightened out after addition
of the straightening staples, we next tested if this was still possi-
ble for silicified structures. Bent 18HB were hence silicified for
4 h using the solution approach.!1%! TEM analysis revealed that
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silicified structures also appeared bent as expected, confirming
their retained flexibility (Figure 4c, left panel). Structures showed
a similar trend in observed bending angles with most structures
displaying bending angles between 135° and 180° (Figure 4d,
right panel). However, we also observed that silicified structures
on average tended to display slightly larger bending angles, pre-
sumably due to the increased stiffness inferred by the silica. In
order to test if the ss scaffold sections in the middle of the 18HB
were still accessible for hybridization after silicification, we added
the straightening staples and incubated the mixture at 36 °C as
described above. Analysis by TEM revealed a clear shift (41%
after addition vs 14% before addition of straightening staples)
toward a 180° angle (i.e., straight structures), indicating that ss
scaffold segments within a DNA origami also remained largely
accessible for further hybridization (Figure 4c, right panel).
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Figure 4. a) Schematic illustration of a bent 18HB with missing middle
staples. After silicification (blue structure) and subsequent addition of the
corresponding straightening staples (green), structures straighten out. b)
Bare and ¢ silicified 18HB before and after the addition of the correspond-
ing straightening staples. Bare structures were stained with uranyl for-
mate, while silicified structures were not stained. Scale bars are 100 nm. d)
Histograms of bending angle before (left) and after addition of straight-
ening staples (right). More than 480 structures were analyzed for each
condition. (Angle distributions were collated in 15° bins.)

However, the amount of fully straight structures was slightly less
for silicified samples compared to bare ones (41% vs 60%). We
hypothesize that this is on the one hand due to increased flexibil-
ity of dsDNA compared to inorganic silica. In these structures,
the two ends are most likely stiffer (and heavier) due to silicifi-
cation, while the middle remains somewhat more flexible (only
dsDNA), as illustrated in Figure 4a. This could lead to more ob-
servable fluctuations in bending angles. We also cannot exclude
potentially obstructed diffusion of staples into the nanostructure,
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as staples do not only have to hybridize to the freely accessible
scaffold segments in the middle of the structure, but also partially
to sections (partially) embedded in silica. Nevertheless, our study
strongly suggests that the formation of dynamic, flexible, shape-
changeable silica-DNA hybrid nanostructures is indeed possible,
opening up new possibilities for applications in biosensing, ma-
terials science, or even nanorobotics.

2.4. DNA Origami-Silica Crystals from Silicified Monomers

Finally, we aimed to demonstrate the power of silicification with
retained addressability for materials science applications. DNA-
programmable nanomaterial crystals have gained a lot of atten-
tion in recent years. Employed materials range from quantum
dots to proteins, plasmonic NPs, and DNA origami.l’! However,
only very few DNA origami designs so far showed the ability to
form single crystals.[®] A prominent type of DNA origami show-
ing excellent crystal formation abilities is polyhedra. Generally,
DNA-programmable lattices must be silicified after their forma-
tion in order to allow for their analysis in a dry state, avoid-
ing structural collapse.['®®?!] Here, we show that crystals based
on sticky ended hybridization interactions of monomers can
also be formed from presilicified monomers (Figure 5). We de-
signed an octahedral DNA origami monomer—inspired by the
work of Wang et al.>'")—made up of 12 6HB edges. Four sticky
end sequences at each vertex allow for the formation of cubic
microcrystals.

Octahedra were silicified in solution as described before. How-
ever, due to their small size and delicate nature, high losses were
observed during ultrafiltration, resulting in average obtainable
concentrations of only 50 x 10~ m. Therefore, structures were
silicified at this comparatively lower concentration, adjusting the
concentrations of TMAPS and TEOS accordingly and still main-
taining rotation during silicification. Analysis by TEM revealed
that silicified octahedra were well visible without additional stain-
ing with uranyl formate and retained their frame-like, open chan-
nel shape. Structures also appeared less deformed and more 3D
in nature compared to bare, stained structures (see Figure 5b and
Figure S20, Supporting Information). This is most likely due to
the increased stiffness inferred by the silica. To further test the
stability of the silicified octahedra, we exposed them to 60 °C heat
for 30 min. Subsequent analysis by TEM confirmed that struc-
tures remained largely intact (Figure S20c, Supporting Informa-
tion), suggesting that silicification even at lower concentrations
resulted in sufficient silica deposition to infer substantial ther-
mal stability. Having established the successful silicification of
the octahedra, we next turned our attention to the crystal for-
mation. Based on our previous findings, the ssDNA sticky ends
should remain largely unsilicified and hence allow for hybridiza-
tion and subsequent lattice formation. Silicified monomers were
therefore incubated and exposed to a temperature ramp (see ma-
terials and methods) followed by analysis by TEM. As can be
seen in Figure 5c¢,d, the silicified monomers were still capable
of forming several micrometer-sized cubic single crystals. Com-
pared to bare DNA origami crystals, crystals formed from silici-
fied monomers retained their 3D shape even in a dry state (see
Figure 5d and Figures S21 and S22, Supporting Information),
suggesting that the stiffness and mechanical stability inferred
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Figure 5. a) Schematic illustration of DNA origami crystal formation. Oc-
tahedral DNA origami monomers made up of 6HB struts were silicified in
solution and subsequently formed 3D crystals via sticky end hybridization.
b) TEM images of silicified octahedra and c) corresponding TEM image of
a silicified DNA origami crystal, both unstained. d) SEM image of DNA
origami crystals made from silicified monomers, showing their preserved
3D cubic structure. Scale bars are b) 100 nm and ¢,d) 1 um.

by silicification of the monomers is sufficient to avoid structural
collapse in the dry state, despite the connecting handles being
made up of bare, uncoated ds and ssDNA. To date it has been
very challenging to form open-channel 3D crystal lattices from
inorganic materials,??l however, our findings show that this can
be easily achieved using DNA origami-templated silica nanos-
tructures and frame-like monomers, which, by design, create the
open channel.

3. Conclusion

Many attempts to explore potential real-life applications of DNA
origami have faced the trouble of its inherent instability in
nonaqueous conditions or those commonly met within biolog-
ical environments. Silicification of DNA origami has helped
to overcome the stability bottleneck. However, it was thus
far believed that silicification renders the resulting nanostruc-
tures no longer site-specifically modifiable with other functional
molecules through DNA hybridization. Here, we were able to
show that this is not the case. In summary, we have demon-
strated that ssDNA handles as well as ssDNA scaffold segments
remain accessible both for solution and “on surface” silicification
approaches independent of the degree of silica coating. In the fu-
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ture, further studies will be required to fully understand the ex-
act mechanism behind the apparent preferential accumulation
of the silica precursors on dsDNA compared to ssDNA observed
here.

We found that the silica nanostructures are precisely templated
by the DNA origami, while the most attractive feature of DNA
nanostructures—complete and accurate addressability—can be
retained. This brings an interesting and important new feature
to silica nanostructures. It allows for tight control over the conju-
gation of functional molecules and materials (e.g., fluorophores,
NPs, quantum dots, proteins), both spatially and numerically.
The silica-DNA hybrid crystals formed here will allow to strate-
gically and specifically place functional molecules inside an in-
organic crystal and could even allow for a controlled assembly
and disassembly processes without affecting the monomers. Our
finding of a fully site specifically addressable inorganic nanos-
tructure with complete control over size and shape opens up a
new era for silica nanostructures by combining the robustness of
an inorganic material with the full power of DNA self-assembly
and complete and accurate addressability, harnessing the excel-
lent properties of both materials. This will allow for and inspire
new and exciting applications ranging from biomedicine and
catalysis to materials science.

Supporting Information

Supporting Information is available from the Wiley Online Library or from
the author.
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Figures S1-S6).
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Figure S1: CaDNAno scaffold (blue, p8064) and staple paths (black) of the four-layer block
(4LB) structure. The staples marked in red are extended handles (Ais or random sequence,
extension at 5’ end).
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Figure S2: CaDNAno scaffold (blue, p8064) and staple paths (black) of the 24 helix bundle
(24HB) structure. The staples marked in red are extended handles (A5 or random sequence,
extension at 5’ end).
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Figure S3: CaDNAnNo scaffold (blue, p8634) and staple paths (black) of the 18 helix bundle
(18HB) structure. The staples marked in red are Ajs-extended handles (extension at 5’ end).
The staples marked in green were omitted for the bent 18HB structure.



f | | ! . — ] ‘ I

. I I | I |

, | [ | I T I

. [ [ n 1

. | T 1 | i

. I | | I |

. [ ! \ H | I

; L L I L

. | . T ! I |

10 | | | | |

y | . I ] —

" I [ | | |

N | | I ] \ —

" I | I I |

. | ] ‘ I ———

" I | I I |

_— [ i — .

" I | | I |

| *Fﬁ' :T = n — H n

] [ S N B

2 I I I I |

" | [ N A ) A A | 1 .
—— T 1 | ?

i T — |

| | | | .
— | T ’
| = | i | —; ll%% | :
u — K: — | — ’T | :

:f — | —— n | :
Tt
: T— |; . ! — f l :‘
- :
| — | “ | — F% | :
| i | i | — il | :

. I (N S | R l :

160 168 176 184 182 200 208 218 224 232 240 248 256 264 2712 280 288 206 304 312

Figure S4: CaDNAno scaffold (blue, p7249) and staple paths (black) of the one-layer sheet
(1LS) structure. Green staples denote biotinylated staples for surface immobilization. Red
staple represents DNA-PAINT staple with a docking site of the concatenated 24 nt binding
sequence (sequence A + B + C) on the 3’-end. Purple staples represent staples with a 21 nt
docking site for external labeling of DNA origami.
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Figure S5: CaDNAnNo scaffold (blue, p8064) and staple paths (black) of the 12 helix bundle
(12HB) structure.” The red staples represent DNA-PAINT staples with docking sites of a 8
nt binding sequence on the 3’-end. Yellow staples denote biotinylated staples for surface
immobilization.
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Figure S6: CaDNAnNo scaffold (blue, p7249) and staple paths (black) of the octahedron. The
design was created using TALOS!! and caDNAno.



Note S2: Materials and methods
Chemicals

Unless stated otherwise, all chemicals were used as received. Tetraethylorthosilicate 98 %
(TEOS) and MgCl, 98 % were obtained from Sigma Aldrich, Trimethyl(3-(trimethoxysilyl)
propyl)ammonium chloride (50 % in methanol) (TMAPS) was obtained from TCI America.
Oligonucleotides were obtained from Eurofins Genomics or IDT. DNase I was obtained from
Roche. 10xDNase I buffer was obtained from New England Biolabs.

Folding of DNA origami structures

All DNA origami structures used here were designed using the CaDNAnNo software (design
schematics in Note S1).

4 Layer Block (4LB): The 4LB was folded using 10 nM of the scaffold p8064, 100 nM of
each staple strand in buffer containing 5 mM Tris, 1 mM EDTA (pH = 8) and 20 mM MgCl,.
The mixture was heated to 65 °C and held at this temperature for 30 min, then cooled down
to 4 °C over a period of 16 hours. All additional handle staples were incorporated during
folding (see Figure S1 for handle positions and Note S16 for specific sequences).

24 Helix Bundle (24HB): The 24HB was folded using 10 nM of the scaffold p8064, 100 nM
of each staple strand in buffer containing 5 mM Tris, 1 mM EDTA (pH = 8) and 18 mM
MgCl,. The mixture was heated to 65 °C and held at this temperature for 30 min, then cooled
down to 4 °C over a period of 16 hours. All additional handle staples were incorporated
during folding (See Figure S2 for handle positions and Note S16 for specific sequences).

18 Helix bundle (18HB): The 18HB DNA origami structure was folded using 10 nM of the
scaffold p8634, 100 nM of each staple strand in buffer containing 5 mM Tris, 1 mM EDTA
(pH = 8) and 18 mM MgCl,. The mixture was heated to 65 °C and held at this temperature
for 30 min, then slowly cooled down to 4 °C over a period of 16 hours. To achieve the bent
structure in the 18HB, 25 staples from the middle of the 18HB were not included in the
folding procedure (see Figure S3 and Note S16 for omitted staples). This results in a 18HB
with a single-stranded (scaffold-only) part in its middle where the two fully folded parts can
move independently from each other, giving the structure the appearance of being bent. The
missing staples were added in a 10-fold molar excess after silicification to straighten the
18HB back out and the mixture was kept at 36°C for 16 hours to guarantee incorporation.

1 Layer Sheet (1LS): The 1LS DNA origami was folded using 20 nM of the scaffold p7249,
200 nM of each unmodified staple strand and 600 nM of each modified staple strand
(biotinylated, DNA-PAINT staple strand and external labeling strands) in buffer containing
10 mM Tris, 1 mM EDTA (pH = 8) and 12.5 mM MgCl,. The mixture was heated to 70 °C
and then cooled down to 25 °C with a linear thermal annealing ramp of 1°C/min. All
additional handle staples were incorporated during folding (see Figure S4 for handle
positions and Note S16 for specific sequences).



12 Helix Bundle (12HB): The 12HB DNA origami was folded using 20 nM of the scaffold
p8064, 200 nM of each unmodified staple strand and 600 nM of each modified staple strand
(biotinylated and DNA-PAINT staple strands) in buffer containing 50 mM Tris, 20 mM
acetic acid, 1 mM EDTA (pH = 8) and 16 mM MgCl,. The mixture was heated to 65 °C and
then cooled down to 4 °C over a period of 25 hours with a non-linear thermal annealing ramp
adapted from ref.]. All additional handle staples were incorporated during folding (see
Figure S5 for handle positions and Note S16 for specific sequences).

Purification of DNA origami structures

All folded DNA origami structures were purified from excess staple strands via ultrafiltration
(Amicon filter units, 100 kDa). Briefly, the folding mixture (~2 mL) was divided over 2
Amicon Ultra filters (0.5 mL, 100 K, Millipore, USA) and each centrifuged at 8,000 rcf for 8
min. The centrifugal steps were repeated up to 10 times (until no staples were detectable in
the flow through) with fresh buffer (1XTAE, 3 - 11 mM MgCl,) added in every step.

The successful folding of structures was confirmed by TEM or AFM analysis. DNA origami
solutions were stored at -20 °C until further use.

DNA origami silicification

Silicification in solution: Adapting our previously established protocol®, unless stated
otherwise, all DNA origami solutions used had a concentration of 200 nM and were dispersed
in 1x TAE buffer containing 3 mM MgCl, (50 uL total reaction volume). The sample was
placed on a thermo shaker and the first silica precursor TMAPS (TCI, diluted 1:19 in
methanol) was added to the sample in 5-fold molar excess to the number of nucleobases.
After one minute of shaking at 300 rpm at 21°C, TEOS (Sigma Aldrich, diluted 1:9 in
methanol) in 12.5-fold molar excess to the number of nucleobases was added to the solution.
The sample was then transferred to a tube revolver rotator (Thermo Scientific) and rotated at
40 rpm at 21 °C for 4 h to reach the “maximally condensed state”™. Following this, the
silicified sample was purified once via ultrafiltration (Amicon filter, 30kDa). For this
purpose, the silicified sample was loaded into a pre-washed filter unit and 400 pL of fresh
MilliQ water were added. The filter was then centrifuged for 4 min at 8000 rpm. Finally, the
DNA origami were eluted by inverting the filter, placing it in a new tube and centrifuging the
new tube for 3 min at 5000 rpm.

Silicification on surface: For surface silicification, the well-established literature protocol by
Fan and co-workers was adapted.') DNA origami samples were either immobilized on glass
slides (see “Glass surface preparation”) or on mica. Initially, a precursor solution was
prepared by adding 1 mL of 1x TAE-Mg?* buffer (40 mM Tris, 2mM EDTA-Na,, 12.5 mM
MgAc,, pH=8.0) to a 10 mL glass bottle with a suitably-size magnet and then slowly adding
20 puL of TMAPS (50% (wt/wt) in methanol). This solution was then stirred vigorously for 20
min at room temperature. After that, 20 uL of TEOS were slowly added and the resulting
solution was again stirred for 20 min at room temperature. Finally, 400 pL of the precursor
solution were immediately transferred to the glass slide containing the immobilized DNA
origami. Alternatively mica slides containing adsorbed DNA origami were placed on top of a
large precursor droplet on a small petri dish as described in detail in the literature®®. The



glass slide or petri dish was closed airtight and was then gently shaken for 60 min at 40 rpm
at room temperature, the samples were left undisturbed for up to 5 days. Afterwards the
samples were washed once with 400 uL 80% ethanol and once with 400 uL MilliQ water.
Then the samples were stored with a sufficient amount of MilliQ to prevent drying and the
samples were sealed airtight again until analysis.

Assessing handle accessibility

To determine if sSSDNA handles were still accessible for hybridization after silicification,
structures were designed to display protruding A;s-handles or (random) R-handles (see Note
S1 (Figures S1, S2, S5) for design information, see Table S2 to S4 for sequences). After
purification (and optional silicification) complementary Cy5-labelled T;g-anti-handles and R-
anti-handles (biomers.net) were added to the origami solution respectively in a 10-fold molar
excess and the sample was kept at 36 °C for 16 h prior to analysis by agarose gel
electrophoresis (AGE).

DNase stability tests

DNase stability tests were conducted according to established literature protocols.l”? Briefly,
(silicified) DNA origami (10 nM, 45 pL in 1x TAE buffer containing 3 mM MgCl,) were
mixed with 10x DNase | buffer (5 uL, NEB) and then split evenly into five 1.5 mL tubes, and
added to a thermo mixer (Eppendorf) at 37 °C. DNase | (1 pL, 0.1 U/uL, NEB) was then
added consequentially to one tube each to react for predetermined amounts of time (10 min,
20 min, 30 min and 60 min). As a reference, 1 pL nuclease free water instead of DNase | was
added to the last tube (0 min reaction time). Reactions were subsequently quenched by
putting the tubes on ice. Samples were then analyzed by TEM.

Agarose Gel Electrophoresis (AGE)

DNA origami samples (10 pL, diluted to 10 nM in 1x TAE buffer containing 3 mM MgCl,)
were mixed with loading buffer containing orange G and Ficoll, and loaded onto a 0.7%
agarose gel (1x TAE, 11 mM MgClz), which was stained with 0.01% SYBRSafe. Gels were
run on ice for 90 min at 75 V (running buffer: 1x TAE with 11 mM MgCl,). Gel imaging was
subsequently carried out using the Typhoon FLA-9000 (GE Healthcare).

Transmission electron microscopy (TEM) and Scanning electron microscopy (SEM)

DNA origami sample (10 nM, 10 uL) was applied to a plasma-cleaned, carbon-coated copper
grid that had been plasma-cleaned for 30 seconds. Bare DNA origami samples were
incubated for 90 s and the remaining solution was removed with filter paper. Afterwards
samples were stained with 2% uranyl formate (5 pL) solution for 30 seconds. Silicified DNA
origami samples were incubated on the grid for 10 minutes, before the remaining solution
was removed using a filter paper. The grid was then washed once with MilliQ water and
dried in air before imaging. Images were obtained on a Jeol-JEM-1230 TEM operating at an
acceleration voltage of 80kV or on a Raith e_Line. Images were subsequently analyzed using
the ImageJ software.



Atomic force microscopy (AFM)

AFM scans in aqueous solution (AFM buffer = 40 mM Tris, 2 mM EDTA, 125 mM
Mg(OACc);-4 H,0) were realized on a NanoWizard® 3 ultra AFM (JPK Instruments AG). For
sample immobilization, a freshly cleaved mica surface (Quality V1, Plano GmbH) was
incubated with 10 mM solution of NiCl, for 3 minutes. The mica was washed three times
with ultra-pure water to get rid of unbound Ni®* ions and blow-dried with air. The dried mica
surface was incubated with 1 nM sample solution for 3 minutes and washed with AFM buffer
three times. Measurements were performed in AC mode on a scan area of 3 x 3 um with a
BioLeverMini cantilever (vres = 110 KHZ air / 25 kHz fluid, Kspring = 0.1 N/m, Bruker AFM
Probes).

Leveling, background correction and extraction of height histograms of obtained AFM
images were realized with the software Gwyddion™! (version 2.60).

Glass surface preparation

For optical microscopy experiments, the DNA origami sample was immobilized on Nunc™
LabTek™ II chambers (Thermo Fisher, USA). The chambers were first cleaned with 500 pL.
of 1% HellmanexIII™ solution (Sigma Aldrich, USA) overnight and washed thoroughly with
water, then three times with 1x PBS buffer. Then the surfaces were passivated with 100 pL
BSA-biotin (0.5 mg/mL in PBS, Sigma Aldrich, USA) for 15 min and washed three times
with 1x PBS buffer. The passivated surfaces were incubated with 100 L streptavidin (0.25
mg mL-1 in PBS, S4762, Sigma Aldrich, USA) for 15 min and washed three times with 1x
PBS buffer. The sample solution with DNA origami featuring several staple strands with
biotin modifications on the base was diluted to approximately 200 pM in 2x PBS buffer
containing 500 mM NaCl and incubated in the chambers for 5 to 15 minutes. Sufficient
surface density was probed with a TIRF microscope.

DNA-PAINT on 1LS with single concatenated docking site

DNA-PAINT measurements on the 1LS with a concatenated 24 nt DNA-PAINT docking site
were carried out on a commercial Nanoimager S (ONI Ltd., UK). Red excitation at 640 nm
was realized with a 1100 mW laser, green excitation at 532 nm with a 1000 mW laser,
respectively. The microscope was set to TIRF illumination. In order to not corrupt the first
acquired frames by photobleaching, the objective was first focused into the sample plane on a
random section of the glass surface and the auto focus was activated. Subsequently the
imaging lasers were shut off. Before starting measurements, the sample slide was moved to a
new region of interest while still being kept in focus by the auto focus. The data acquisition
was initialized by activating the lasers and taking frames of 100 ms over a user defined
acquisition protocol.

All DNA-PAINT measurements on the 1LS were conducted at ca. 1.1 kW/cm? at 640 nm in
TIRF illumination with an exposure time of 100 ms and 18,000 frames over 30 min. For
colocalization studies, the 1LS samples were previously imaged at ca. 50 W/cm? at 532 nm



with an exposure time of 100 ms and 100 frames over 10 seconds. For imaging, a 2x PBS
buffer containing 500 mM NaCl, 1 mM EDTA and 0.05% Tween20® (Sigma Aldrich, USA)
and an imager concentration of 5 nM was used. The three 8 nt imager oligonucleotides with
an Atto655 label on the 3’-end were purchased from Eurofins Genomics GmbH (Germany)
and consisted of the sequences 5’-CTAGAGGA-3’ (sequence A), 5-GAGGAGGA-3’
(sequence B) and 5’-CGGGCATT-3’ (sequence C), respectively.

DNA-PAINT on 3x6 12HB and 3x1 12HB

DNA-PAINT measurements for the 3x6 12HB and 3x1 12HB were carried out on a custom-
built total internal reflection fluorescence (TIRF) microscope, based on an inverted
microscope (1X71, Olympus) placed on an actively stabilized optical table (TS-300, JRS
Scientific Instruments) and equipped with a nosepiece (IX2-NPS, Olympus) for drift
suppression. The sample was excited at 644 nm with a 150 mW laser (iBeam smart, Toptica
Photonics). The laser beam was spectrally cleaned up (Brightline HC 650/13, Semrock),
directed over a dichroic mirror (zt 647 rdc, Chroma) and focused on the back focal plane of
the objective (UPLXAPO 100x, NA = 1.45, WD = 0.13, Olympus). An additional x1.6
optical magnification lens was applied to the detection path resulting in an effective pixel size
of 101 nm. The fluorescence light was spectrally filtered with an emission filter (ET 700/75,
Chroma). Image stacks in TIF format were recorded by an electron multiplying charge-
coupled device camera (Ixon X3 DU-897, Andor), which was controlled with the software
Micro-Manager 1.4.]

All DNA-PAINT measurements on the 3x6 and 3x1 12HB were conducted at ca. 1.8 kW/cm?
at 640 nm in TIRF illumination with an exposure time of 100 ms and 18,000 frames over 30
min. For imaging, a 2x PBS buffer containing 500 mM NaCl, 1mM EDTA and 0.05%
Tween20® (Sigma Aldrich, USA) and an imager concentration of 5 nM was used. The 8 nt
imager oligonucleotide was purchased from Eurofins Genomics GmbH (Germany) and
consisted of the sequence 5-GGAATGTT-3 with an Atto655 label on the 3’-end.

DNA origami crystal formation

Octahedral DNA origami monomers were folded using 20 nM of the scaffold p7249 and 100
nM of each staple strand in buffer containing 5 mM Tris, 1 mM EDTA (pH = 8) and 12.5
mM MgCl,. Two mixtures containing the different end staples (type A or type B) were
prepared. The mixtures were heated to 95 °C and held at this temperature for 1 min, then
cooled down to 20 °C over a period of 20 hours.

The folded DNA origami nanostructures were purified via ultrafiltration (Amicon centrifugal
filter units, 0.5 ml, 100 kDa cut-off). The folding mixture was loaded into the filter units and
each centrifuged at 2,000 rcf for 20 min. The centrifugal steps were repeated 5 times with
fresh buffer (1x TAE, 7.5 mM MgCI,) added in every step.

Silicification of octahedral DNA origami monomers was carried out similarly to the
procedure described above. Here, 50 puL of DNA origami sample were prepared at a
concentration of 50 nM in 1x TAE, 7.5 mM MgCI, buffer. After 4 h of silicification on the
rotator, the silicified samples were purified from excess silica via one round of ultrafiltration,
as described above.



Polymerization into crystalline lattices was carried out by mixing the two different types (A
and B) of silicified and purified monomers in a 1x TAE buffer containing 20 mM MgCl,.
The sample was heated to 48 °C for one hour and then very slowly and gradually cooled
down to 20 °C (-1 °C per 150 min).

For the TEM grid preparation for the crystals made from silicified monomers, 10 pL of the
sample was taken from the bottom of the tube and applied to a grid that had been plasma-
cleaned for 30 s. The sample was incubated for 45 to 55 min on the grid followed by removal
of the remaining solution using a filter paper. Afterwards, the TEM grid was carefully
washed twice with 5 pL of MilliQ water each and then air-dried before imaging.

Statistical Analysis

Assessment of handle availability by gel image analysis: To determine the availability of the
handles using agarose gel electrophoresis, the brightness of the bands of bare and silicified
DNA origami in the SybrSafe and Cy5 channels was analyzed. The bands in both channels
were selected by drawing a box around them using ImageJ software, and a brightness
histogram of the selected area was created. The mean brightness value of each histogram was
extracted and normalized to the SybrSafe brightness value for both channels. The normalized
mean Cy5 brightness values were then compared between bare DNA origami and silicified
DNA origami, with normalization to the new Cy5 brightness value of the bare DNA origami.
The data for each DNA origami was obtained by averaging the values from six gels and
presented in a histogram, with the standard error of the mean as error bars. The sample size
for each data point was six gels. Statistical significance was calculated using a Student-t-test
in Microsoft Excel.

DNA-PAINT kinetics on 1LS: Acquired DNA-PAINT raw data were analyzed using the
Picasso software package.l'” The obtained TIF-movies were first analyzed with the
“localize” software. For fitting the centroid position information of single point spread
functions (PSF) of individual imager strands, the MLE (maximum likelihood estimation)
analysis was used with a minimal net gradient of 2500 and a box size of 7 for the 1LS
measurements. The fitted localizations were further analyzed with the “render” software from
Picasso. X-Y-drift of the localizations was corrected with the RCC drift correction. For co-
localization studies, first the PSFs of the green labels on the 1LS origami were localized and
green localizations from the first frame were transferred into pick areas (radius of 3 camera
pixels) with a custom written python script. After alignment of green and red localizations,
applying of the green pick areas to the red localizations ensured picking of only co-localized
binding events on the 1LS DNA origami. To filter out impurities and unspecific binding
events, red picks were filtered for a minimum number of localizations (10 for sequence A, 25
for B and C). The corresponding pick region statistics were exported for further analysis.
Sample sizes of picked single docking sites on bare 1LS for sequence A were 947 in red vs.
1214 in green, for sequence B 970 in red vs. 1211 in green, and for sequence C 537 in red vs.
888 in green. Sample sizes of picked single docking sites on silicified 1LS for sequence A
were 803 in red vs. 1089 in green, for sequence B 903 in red vs. 1216 in green, and for
sequence C 652 in red vs. 1145 in green.

DNA-PAINT kinetics on 3x6 12HB and 3x1 12HB: Acquired DNA-PAINT raw data were
analyzed using the Picasso software package.!*” The obtained TIF-movies were first analyzed
with the “localize” software. For fitting the centroid position information of single point



spread functions (PSF) of individual imager strands, the MLE (maximum likelihood
estimation) analysis was used with a minimal net gradient of 5000 and a box size of 7 px for
the 12HB measurements. The fitted localizations were further analyzed with the “render”
software from Picasso. X-y-drift of the localizations was corrected with the RCC drift
correction. Individual docking sites were picked and the corresponding pick region statistics
were exported for further analysis. Sample sizes of picked single label spots on bare 3x6
12HB were 3101 (600 after 2h incubation in 1x TAE) and on silicified 3x6 12HB 1653 (2859
after 2h incubation in 1x TAE). Sample sizes of picked single docking sites on bare 3x1
12HB were 794 (699 after 2h incubation in 1x TAE) and on silicified 3x6 12HB 1276 (2024
after 2h incubation in 1x TAE).

18HB bending angle: To analyze the bending angles of the 18HB, TEM images of bent and
straightened DNA origami were examined using the Image J software. The angle tool was
used to measure the angle the structures, and a dataset of over 480 structures was collected
for each configuration of the DNA origami. The angles were sorted into bins with a size of
15°, and each bin was normalized to the total number of data points in the corresponding set.



Note S3: Retained addressability through PNA handles

Initial studies on retained handle addressability were carried out using a three-strand system
where 1LS were designed with three protruding handles, resulting in one binding site
(Figure S7a). To the handles a partially complementary PNA handles (Table S1) was
hybridized prior to silicification. Due to a lack of charge on the PNA, no electrostatic
association with TMAPS should be possible. After silicification, following ref.™! silicified
1LS were incubated with a 10x excess of 15 nm Au NPs functionalized with thiolated anti-
PNA handle (Table S1). Samples were then purified from excess Au NPs by AGE and
subsequently analyzed by TEM (Figure S7b), clearly showing silicified 1LS conjugated to an
Au NP, suggesting that PNA remained addressable after silicification as hypothesized.

a) b)

~»~ DNA handle
PNA handle
/™ anti-PNA handle (DNA)

Figure S7 Schematic illustration (a) and TEM images (b) of silicified 1LS designed with
protruding PNA handles, hybridized to 15 nm Au NPs. Scale bar is 100 nm. Structures were
not stained.

Table S1 DNA and PNA Sequences

Name Type Sequence
Origami handle DNA Staple-TCC TCA ATT A
PNA PNA CTG ATT TTA ATT GAG GA
Thiolated-anti PNA handle DNA AAA TCA GAA TAT ATT TTT T-thiol




Note S4: 4LB and silicified 4LB: TEM images

Figure S8: TEM micrographs of the 4LB (a) before and (b) after 4 h of silica growth in 3
mM MgCl, at 21 °C using a revolving rotator at a DNA origami concentration of 200 nM.
Bare structures were stained with uranyl formate, while silicified structures were not stained.
Scale bars are 100 nm.

Note S5: 24HB and silicified 24HB: TEM images

a) ?F‘.U"',’

Figure S9: TEM micrographs of the 24HB before (a) and after (b) 4 h of silica growth in 3
mM MgCI, at 21 °C using a revolving rotator at a DNA origami concentration of 200 nM.
Bare structures were stained with uranyl formate, while silicified structures were not stained.
Scale bars are 100 nm.



Note S6: DNase stability (4LB & 24HB)
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Figure S3 Agarose Gel electrophoresis of bare 4LB (a) and bare 24HB (b) after incubation
with DNase | for up to 60 min. The bare 4LB (a) already disintegrated after 10 min, while the
bare 24HB was disintegrated after 20 mins. (c) and (d) show silicified 4LB and 24HB after
DNase | incubation for 4 and more than 6 h respectively. (e) and (f) show TEM micrographs
of silicified 4LB (e) and silicified 24HB (f) after being incubated with DNase | for 3 h and 6
h respectively. Silica growth was done for 4 h in 3 mM MgCI, at 21 °C using a revolving
rotator at a concentration of 200 nM. Structures were not stained. Scale bars are 100 nm.
Since the bare 4LB disintegrated faster than the 24HB and since our recent report found that
ALB structures did not silicify as well as 24HBs™, we incubated the silicified 4LB for a
shorter amount of time with DNase | compared to the 24HB.



Note S7: Addressability of silicified 18HB with polyA handles

silicified

Figure S11: Agarose gel electrophoresis of the 18HB before (lanes 1 to 4) and after
silicification (lanes 5 to 8) and with addition of the Cy5-Tig-handle (lanes 3, 4, 7 and 8).
Silicification was carried out for 4 h in 3 mM MgCI; at 21 °C using a revolving rotator at a
DNA origami concentration of 200 nM.

Note S8: Zeta potential of bare and silicified DNA origami (4LB & 24HB)
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Figure S12: Zeta potential for 4LB (a) and 24HB (b) before (green) and after silicification
(red). Green denotes the bare DNA origami and red the silicified DNA origami. Zeta
potentials do not change significantly after silicification.



Note S9: Qualitative assessment of handle availability by gel image analysis

a
,)\1,5-
=5 n.s.
“-r'i ‘{
w
w
(0]
£
51,0 1 ns. \
@ I
& I
[0}]
=
Q
O 0,5 A
©
(0]
N
©
£
o
pd
0 - . v . . . . . .
bare SiO2 bare SiO:
4LB 24HB

Figure S13: (a) Normalized Cy5 mean brightness histograms for bare and silicified 4LB
(left) and 24HB (right). Each bar represents a sample size of six gels, with dark colors
representing bare and lighter colors representing silicified structures. Error bars denote the
standard error of the mean. (N.B.: Due to normalization of the silica sample to the bare
samples, no error bars are shown for bare samples). T-tests showed values of p > 0,1 for both
silicified structures (n=6). (b) SYBRSafe channel image and (c) Cy5 channel image of a
representative gel of a 4LB. Brightness analysis was performed on regions of interest
indicated by the yellow boxes. See materials and methods for the detailed description of data
analysis.



Note S10: Addressability of 24HB and 4LB with random handle sequence
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Figure S14: Agarose gel electrophoresis of the 4LB (a) and 24HB (b) before (lanes 1 and 2)
and after silicification (lanes 3 and 4) and addition of the random Cy5-anti-handle. Signal in
the Cy5 channel is only observed in the presence of handles, suggesting that the Cy5 anti-
handle does not bind to the silica non-specifically and that random handles also remain
accessible after hybridization. Silicification was carried out for 4 h in 3 mM MgCl; at 21 °C
using a revolving rotator at a DNA origami concentration of 200 nM.



Note S11: AFM imaging of surface immobilized (silicified) DNA origami

AFM images were leveled and background corrected prior to analysis. To further quantify the
silica shell thickness, we extracted the pixel height distributions from the corrected AFM
images (Figure S15). The height distributions show both a dominant peak around 0 nm
height representing all background pixels and a second population shifted to higher z-values
representing all pixels covered by DNA origami nanostructures. While the bare 1LS
structures show a peak around 1 nm in height, the surface silicified 1LS structures exhibited a
shift in height to around 2.8 nm, indicating a silica shell thickness of around 1.8 nm. Bare
12HB structures reveal a peak around 2.5 to 4 nm in height, while the surface silicified 12HB
structures showed a large shift to around 7.5 to 8 nm in height, resulting in a silica shell

thickness of ca. 4 to 6 nm.
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Figure S15: Extracted height distributions of the 1LS (a), the 3x6 12HB (b) and 3x1 12HB
(c) before (red) and after silicification (blue).



Note S12: DNA-PAINT with a concatenated 24 nt docking site on 1LS
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Figure S16: Addressability study of the concatenated 24 nt docking site on 1LS structure.
Co-localization of accessible DNA-PAINT docking site with green label on 1LS for three
different imager sequences A, B and C with varying distances to the DNA origami before
silicification (red) and after silicification (blue), respectively, reveal that almost all structures
whether bare or silicified displayed the designed docking site.

To probe the addressability of the three subsequences A, B and C on the concatenated
docking site, we performed a co-localization study of detected DNA-PAINT binding events
with the permanent, green fluorescent labels on the 1LS (3x Atto542 label, Table S5).
Figure S16 reveals a high co-localization rate of around 80% for the imager strands A and B
before silicification (red columns), while imager sequence C, which is closest to the DNA
origami surface, showed a significantly decreased colocalization of ca. 60%. The decreased
accessibility for the lowest 8 nt on the concatenated docking site could be explained by
undesired coiling of the 24 nt long docking site. For all three sequences A, B and C,
silicification led to an only slightly decrease in accessibility of only ~ 5% indicating that

almost all subsequences A, B and C stay addressable over silica growth on the 1LS surface.



Note S13: DNA-PAINT imaging stability study of bare and silicified 12HB
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Figure S17: (a) Cross-section view on schematic 3x6 12HB indicating placement of docking
sites in a star-shape manner. (b) Side view on schematic 3x6 12HB showing three labeling
spots in 90 nm distance each consisting of 6 docking sites. DNA-PAINT images (c) of the
reference (left) and silicified (right) 3x6 12HB and corresponding extracted dark time
histograms (d) of the bare (red) and the silicified 3x6 12HB (blue) after 2h incubation in
1xTAE buffer. Scale bars are 500 nm.

To assess the stability of (silicified) 12HB nanostructures immobilized on the glass surface,
they were incubated in degrading conditions (1xTAE buffer (without Mg®") containing 1 mM
EDTA) for 2 h.22 As expected, the bare 12HBs did not display the designed triple spot in
DNA-PAINT imaging anymore. Instead, mostly single spots were visible, indicating the
structural collapse and degradation of the 12HB DNA origami (Figure S17c, left panel).
Silicified 12HB on the contrary remained intact and still revealed the designed triple spot
(Figure S17c, right panel), indicating significantly increased structural stability, due to the
silica coating, even under harsh and otherwise degrading conditions. Picking individual
labeling spots and extracting the binding kinetics leads to the dark time distributions given in
Figure S17d. While the dark time distribution for the silicified 12HB after 2 h of incubation
in degrading conditions did not change significantly (mean dark time of ca. 24.1 + 9.8 s), the
dark time distribution for the bare 12HB showed a significant shift to even shorter dark times
(mean dark time of ca. 9.3 + 3.1 s). While in the case of the silicified 12HB, the structure

itself and the three labeling spots (each consisting of 6 DNA-PAINT docking sites) stayed



intact and thus picking of individual spots led to comparable results, the labeling situation in
the case of the bare 12HB changed drastically during degradation: the initially three
individual labeling spots with 90 nm distance collapsed into one single labeling spot
consisting now of up to 18 individual DNA-PAINT docking sites with unknown individual

accessibilities. A shift to shorter dark times could thus be explained by the increase of DNA-

PAINT docking sites within one picked labeling spot.

0 100 200 300 400
0nm Scanline (nm)

e

o
o

o
—

Rel. frequency

o
o

o

60 120 180
Dark time (s)

o
N

©
—

Rel. frequency =

: 0 60 120 180
— Dark time (s)

Figure S18: (a) AFM images of 3x1 12HB immobilized on a mica surface before (left
panel) and after (right panel) silicification (scale bar: 500 nm); (b) height profile of silicified
(blue) and bare (red) 3x1 12HB nanostructures obtained from AFM images (white lines in a)
indicate the line scan); (c) super-resolution DNA-PAINT images of 3x1 12HB before (left
panel) and after (right panel) silicification using an Atto655-labelled imager strand (the
expected triple spot pattern is shown in the zoomed in images in the insets). (d) Extracted
distributions of spot integrated dark times for bare (red) and silicified (blue) 3x1 12HB. (e)
DNA-PAINT images of the reference (left) and silicified (right) 3x1 12HB and
corresponding extracted dark time histograms (f) of the bare (red) and the silicified 12HB
(blue) after 2h incubation in 1XTAE buffer. Scale bars are 500 nm.




The 3x1 12HB nanostructures displaying only one docking site per spot positioned at the top
of the nanostructure showed comparable silica shell thickness to the 3x6 12HB of 4 to 6 nm.
Obtained DNA-PAINT images revealed the designed triple spot pattern (Figure S18c) but
also nanostructures with only one or two spots due to the imperfect incorporation efficiency
of a single staple into a DNA origami and imperfect accessibility. The designed triple spot
patterns (and incomplete two spot and single spot patterns) were also found after silicification
of the 3x1 12HB on the glass surface. Extracting single spot integrated dark times led to quite
comparable dark time distributions with a mean dark time of 59.6 + 52.9 s for the bare and
72.1 £ 67.3 s for the silicified 3x1 12HB (Figure S18d). Stability tests with degrading buffer
conditions (1XTAE with no Mg?* cations in solution) led to structural collapse of bare 3x1
12HB, while the silicified 3x1 12HB stayed intact and still revealed the designed triple spot
pattern (Figure S18e).



Note S14: Dynamic DNA origami: bare and silicified 18HB TEM images
and bending angle analysis

Figure S4 TEM micrographs of the bent 18HB before silicification (a), after silicification (b),
after adding the middle staples (c) and after silicification and then adding the middle
staples (d). Silicification was carried out for 4 h in 3 mM MgCl, at 21 °C using a revolving
rotator at a DNA origami concentration of 200 nM. Bare structures were stained with uranyl
formate, while silicified structures were not stained. Scale bars are 100 nm.



Note S15: Octahedral DNA origami (crystals)

Figure S20 TEM images for bare (a) and silicified DNA origami octahedrons (b) and for
silicified octahedrons after heating to 60 °C for 30 min (c). The images show a significantly
increased rigidity and stability of the DNA origami nanostructures after silicification. Bare
structures were stained with uranyl formate, while silicified structures were not stained. Scale
bars are 100 nm.



el

Figure S21 TEM images for cubic crystals made via polymerization of bare (a) and silicified
DNA origami octahedrons (b). While the bare crystals almost always lie on one of the cubic
faces, the crystal structures with silica can be deposited on their edges which makes their
three-dimensional structure more visible and indicates an enhanced rigidity of the crystals.
Bare structures were stained with uranyl formate, while silicified structures were not stained.
Scale bars: 1 um. Inset in b), left panel, shows the same image with a guide to the eye for 3D
visualization.



Figure S22 Representative SEM images for cubic crystals assembled from bare (a) and
silicified (b) octahedral monomers. (a) The bottom part of the crystals made from bare
octahedrons collapses and parts of the lattice spread around the actual cubic crystal. (b) The
3D cubic shape of the crystals made from silicified monomers is very well preserved after
deposition on the grids, drying and SEM imaging. Preparation of grids for SEM imaging was
the same as for TEM imaging. Scale bars are 1 um, except for the upper right image (200
nm).



Note S16: Handle sequences

Table S2: 4LB handle sequences

4LB A-handle 1
41 B A-handle 2
41L.B A-handle 3
41 B A-handle 4
41L.B A-handle 5
41 B A-handle 6
4L.B A-handle 7
41.B A-handle 8
41L.B R-handle 1
41 B R-handle 2
41L.B R-handle 3
41 B R-handle 4
41L.B R-handle 5
41 B R-handle 6
41L.B R-handle 7
41 B R-handle 8

TACCGTGTTTTGTGAGACGGACTATGGTTAAAAAAAAAAAAAAA
GCTGAGATCTCGTCTTTAGTGCACCAGAAAAAAAAAAAAAAA
GCAAGGCGACAGGAAGTGAGAAGCCTTTTTAAAAAAAAAAAAAAA
AACATAGATTGTAACGTAAAAGAAAAAAAAAAAAAAAAAAAA
TTGGCGAGCTTTAGCGAACAGATATAAAAAAAAAAAAAAAA
TTTGGAAGAAAAATAGCAATAGCTACTGAAAAAAAAAAAAAAA
TGTGGCAAAATGAATTATCAAAAAAAAAAAAAAA
TGGCCTTGATGAATTTAACGTTGAAAAAAAAAAAAAAAA
TACCGTGTTTTGTGAGACGGACTATGGTTCTTGAGGACTTAAAA
GCTGAGATCTCGTCTTTAGTGCACCAGCTTGAGGACTTAAAA
GCAAGGCGACAGGAAGTGAGAAGCCTTTTTCTTGAGGACTTAAAA
AACATAGATTGTAACGTAAAAGAAAACTTGAGGACTTAAAA
TTGGCGAGCTTTAGCGAACAGATATACTTGAGGACTTAAAA
TTTGGAAGAAAAATAGCAATAGCTACTGCTTGAGGACTTAAAA
TGTGGCAAAATGAATTATCCTTGAGGACTTAAAA
TGGCCTTGATGAATTTAACGTTGACTTGAGGACTTAAAA

Table S3: 24HB handle sequences plus anti-handle sequences

24HB A-handle 1
24HB A-handle 2
24HB A-handle 3
24HB A-handle 4
24HB A-handle 5
24HB A-handle 6
24HB A-handle 7
24HB A-handle 8
24HB R-handle 1
24HB R-handle 2
24HB R-handle 3
24HB R-handle 4
24HB R-handle 5
24HB R-handle 6
24HB R-handle 7
24HB R-handle 8

Cy5-A-Anti-
Handle Sequence
Cy5-R-Anti-
Handle Sequence

TAATGCCCAAAAGAATCCTATTTCAAAAAAAAAAAAAAAA
CGGTTGCGTCAGCGTGCAAACAAGAAAAAAAAAAAAAAAA
GCAACTCTCTACGTTAATAAAAAAAAAAAAAAAAAA
GCTTGCACCCTCAGTTAGTACCAAAAAAAAAAAAAAAA
TACTACAAATTCTTGAGGCGAAAAAAAAAAAAAAAAAA
CAGTATCGATTAGAGAATTTAAAAAAAAAAAAAAAA
TACAAACAAGACAAAATAAAAAAAAAAAAAAAAAAA
CGCAATCAATAGATTTAAGAAAAAAAAAAAAAAAAAAA
TAATGCCCAAAAGAATCCTATTTCACTTGAGGACTTAAAA
CGGTTGCGTCAGCGTGCAAACAAGACTTGAGGACTTAAAA
GCAACTCTCTACGTTAATAAACTTGAGGACTTAAAA
GCTTGCACCCTCAGTTAGTACCACTTGAGGACTTAAAA
TACTACAAATTCTTGAGGCGAAACTTGAGGACTTAAAA
CAGTATCGATTAGAGAATTTACTTGAGGACTTAAAA
TACAAACAAGACAAAATAAAACTTGAGGACTTAAAA
CGCAATCAATAGATTTAAGAAAACTTGAGGACTTAAAA

Cy5-AAAAAAAAAAAAAAAAAAA

Cy5-TTTTAAGTCCTCAAG



Table S4: 18HB handle sequences

18HB handle 1
18HB handle 2

18HB handle 3

18HB handle 4

18HB handle 5
18HB handle 6

18HB handle 7

18HB handle 8

18HB handle 9

AAGTATCGCGTTTGCTTTAAAAAAAAAAAAAAAAAA

GGCTTGAAGGGTGATCGTAATATCTTAGCCATCCTAAAAAAAAAAAA
AAA
GATTGGCCTTTTGCTCCATAAATACGCCTGCCAGGAGAAAAAAAAAA
AAAAA
CAATGACAACAACCGGCAAAAATGTTACTAAATTGCGTCCAAAACAG
GTAAAAAAAAAAAAAAA
CATCAATATACAACTAAGAACTGAAATGCAAAAAAAAAAAAAAA

AGAAACCCAAACAACTGAAAGATGGATTCTCAAACAGTAAAAGAGT
CTGTAAAAAAAAAAAAAAA
AAACAGCGAAGACGGAAACCAGTTTCTTGCGTGTTGCCAGGGTTAAA
AAAAAAAAAAAA
ACGTAAAATTATTATCAAGAATAAACACCGGAAGCAGCACACCAGA
AAAAAAAAAAAAAA
GGGAATCGTAAGCAAATAAACGCAACAATAAAGGGAAGCGCGATAA
GAGAAAAAAAAAAAAAAA

Table S5: 1LS handle sequences.

1LS ABC TTCTACTACGCGAGCTGAAAAGGTTACCGCGC-AATGCCCG-
TCCTCCTC-TCCTCTAG

1L Sext_ 1 ACACTCATCCATGTTACTTAGCCGAAAGCTGCTTCCTCTACCACCTA
CATCAC

1L Sext 2 TAAATGAATTTTCTGTATGGGATTAATTTCTTTTCCTCTACCACCTAC
ATCAC

1LSext_3 AAACAGCTTTTTGCGGGATCGTCAACACTAAATTCCTCTACCACCTA
CATCAC

DNA-PAINT CTAGAGGA-ALto655

Imager A

DNA-PAINT GAGGAGGA-ALtto655

Imager B

DNA-PAINT CGGGCATT-ALtt0655

Imager C

External label
strand

GTGATGTAGGTGGTAGAGGAAT-Atto542

Table S6: 3x6 12HB handle sequences. 3x1 12HB handle sequences are marked with a *.

12HB Spot 1 1

GCGAAAGACGCAAAGCCGCCACGGGAACAACATTCC

12HB Spot 1_2

CCGGAAGACGTACAGCGCCGCGATTACAATTCCAACATTCC

12HB Spot 1_3

GTATGTGAAATTGTTATCCAACATTCC*

12HB Spot 1 _4

GCCCGCACAGGCGGCCTTTAGTGAACATTCC

12HB Spot 1 5

CTTTTTTTCGTCTCGTCGCTGGCAACATTCC

12HB Spot 1 6

CGAGTAACAACCGTTTACCAGTCAACATTCC

12HB Spot 2_1

GAATTGTAGCCAGAATGGATCAGAGCAAATCCTAACATTCC

12HB Spot 2_2

GTGTATTAAGAGGCTGAGACTCCAACATTCC

12HB Spot 2_3

TCACCGTCACCGGCGCAGTCTCTAACATTCC

12HB Spot 2_4

GGTGCCGTCGAGAGGGTTGATATAACATTCC




12HB Spot 2 5

TACCTGGTTTGCCCCAGCAAACATTCC*

12HB Spot 2_6

ATTAAAATAAGTGCGACGATTGGCCTTGAACATTCC

12HB Spot 3 1

ATTTGGCAAATCAACAGTTGAAAAACATTCC

12HB Spot 3 2

CCGAACCCCCTAAAACATCGACCAGTTTAGAGCAACATTCC

12HB Spot 3_3

GATTTTAGACAGGCATTAAAAATAAACATTCC

12HB Spot 3 4

GATAGTGCAACATGATATTTTTGAATGGAACATTCC

12HB Spot 3 5

AACACCCTAAAGGGAGCCCAACATTCC*

12HB Spot 3 6

GTATTAGAGCCGTCAATAGATAAAACATTCC

12HB Biotin 1 GTACATCGACATCGTTAACGGCA

12HB Biotin 2 AACGCCAAAAGGCGGATGGCTTA

12HB Biotin 3 AAGAAACAATGACCGGAAACGTC

12HB Biotin 4 ATACCACCATCAGTGAGGCCAAACCGTTGTAGCAA
DNA-PAINT

Imager Sequence

GGAATGTT-Atto655

Table S7: 18HB middle bent: sequences that are taken out

18HB middle 1
18HB middle 2
18HB middle 3
18HB middle 4
18HB middle 5
18HB middle 6
18HB middle 7
18HB middle 8
18HB middle 9
18HB middle 10
18HB middle 11
18HB middle 12
18HB middle 13
18HB middle 14
18HB middle 15
18HB middle 16
18HB middle 17
18HB middle 18
18HB middle 19
18HB middle 20
18HB middle 21
18HB middle 22
18HB middle 23
18HB middle 24
18HB middle 25

GCGTAAGCCTAATAGTAATTCATGTAAAACGAACAGTAA
AGCCCAATAATTATTTGACGACGGTAAAGCGCCCTCTCT
ATTATGCATCAATTAAATCGGAACAAAGTTAATAGGCTCCAAAA
GCGTCATACGCCTATTTCGGATTAGCAATACAGGCAA
CGCTTAATAAAGTACAATAACGCCATATATTACAAGTCT
TAACCCACAAAGAAACAAGGTAAGAGTGAGAGTACGGTG
TAATGACGCTCAGGTGAGTATCTGGGCAGAGAAAATG
CCATATAAGAGAAAGGAATTACGAGACAACATTTTAACAATCA
GTGAAGCCAAAATCTAAAGCATCACCTTCTCTCAGCAGGCTATAT
GAAACTGATGTCCCAATAGCAACCCGTCGGAACCGTTGAAAATC
TTGAGGAGAGGAGGTCAATGGGTTCGACTGGTTACAGCGCA
TTAAATATCAGCTCGTTTACCAGACCGTTGGGGCCAGTAATTT
AAATTAAGCTGAACCACGCTGAAACATACGGAAGCATGCGCCGCTA
CAAGTGACATTAATAAAGTATTTTCGAAAGAAAATTGAT
CTGCTTCATCAGCGTCTGTGAGAATACAACATAAATAAACAG
AAAGCAGCAAATGAATAGATACTTCTGGGGTCCACCACACCCGCCG
CTGAATTTATCTGAAAATGTGAGGAACCACGCACTGC
ACACCTCCGTGAGCTCATAGAGGCACCGACAAGATTTTTTGT
AATTTTTTCACTATTATCCGTTCCTAACGGAGCATAGTAGTTA
TCCAAAAAAAGCCCCCTATGGCTTATCTACGCATAACCAGAGA
TGCATGACAGGATGGGCATTCTATCACGCTAACTCTAGCGGTCACGCTGC
CGCCGCCTCGAGTAAGAACGCCACGCCAACTGTCCAATCCC
AATCCAAATAGAATTGAAGAGCAACACTATTTAATAATTTAGGCTTTT
GTACAAGAGCCAATAATTCACATTAACATGAAATTGCGAATAAT
ACTAAAGGAAGTATTAAAAAGCGCGGTAGAAAACGCCACAAGA




Table S8: Octahedron Sticky End Handles

Octahedrons
staple Al
Octahedrons
staple A2
Octahedrons
staple A 3
Octahedrons
staple A 4
Octahedrons
staple A5
Octahedrons
staple A 6
Octahedrons
staple A 7
Octahedrons
staple A 8
Octahedrons
staple A9
Octahedrons
staple A 10
Octahedrons
staple A 11
Octahedrons
staple A 12
Octahedrons
staple A 13
Octahedrons
staple A 14
Octahedrons
staple A 15
Octahedrons
staple A 16
Octahedrons
staple A 17
Octahedrons
staple A 18
Octahedrons
staple A 19
Octahedrons
staple A 20
Octahedrons
staple A 21
Octahedrons
staple A 22
Octahedrons
staple A 23
Octahedrons
staple A 24
Octahedrons
stapleB 1
Octahedrons

End

End

End

End

End

End

End

End

End

End

End

End

End

End

End

End

End

End

End

End

End

End

End

End

End

End

CGTTTTAGCCTTGAGATGGTTTAATTTCAATGTGAATTACCTTTTTTT
[TTTTTTTTTTTTTTTATCCGTTA

AAAGAATAGATGGTTGCTTTGACGAGCACCTTTCCTCGTTATTTTTT
[TTTTTTTTTTTTTTTATCCGTTA
AGCCGGCGATGTCCAGACGACGACAATAAAAGCTAATGCAGATTTT
[TTTTTTTTTTTTTTTTTATCCGTTA
GTCAGGACGTCAAAAATCAGGTCTTTACCTAGTCAGAAGCATTTTT
[TTTTTTTTTTTTTTTTATCCGTTA
TGAATTTATAAAAGGGCGACATTCAACCGGGAAGGTAAATATTTTT
[TTTTTTTTTTTTTTTTATCCGTTA
ACCGGAATCCATGTAATTTAGGCAGAGGCATTCCAACGTCAAATTT
[TTTTTTTTTTTTTTTTTTATCCGTTA
TAAAGGGATGAAAGCGTAAGAATACGTGGATTTTTGAATGGTTTTT
[TTTTTTTTTTTTTTTTATCCGTTA
AAAACGCTCTATTAATTAATTTTCCCTTAGAACATAGCGATATTTTT
[TTTTTTTTTTTTTTTTATCCGTTA
ATCATATTCTCTGAATTTACCGTTCCAGTACCTCATAGTTAGTTTTTT
[TTTTTTTTTTTTTTTATCCGTTA
TGCTTTGAAAATTACCTTTTTTAATGGAAACTAAAAGAGTCTGTTTT
[TTTTTTTTTTTTTTTTTATCCGTTA
TAAAACATCCTTTTCACCAGTGAGACGGGCATTCATCAGTTGTTTTT
[TTTTTTTTTTTTTTTTATCCGTTA
AAAATATCTGTTATTAATTTTAAAAGTTTGTCATTTTGCGGATTTTT
[TTTTTTTTTTTTTTTTATCCGTTA
CCCGAAAGACCTCAGCAGCGAAAGACAGCGGGTAGCAACGGTTTT
[TTTTTTTTTTTTTTTTTATCCGTTA
ATAACAGTTAATTCTACTAATAGTAGTAGCAAACACCGCCTGCTTT
[TTTTTTTTTTTTTTTTTITATCCGTTA
AAAGAAGTTCACGCTGGTTTGCCCCAGCAGTGTTTGATGGTGTTTTT
[TTTTTTTTTTTTTTTTATCCGTTA
GAACCCATGGCCTTGAGTAACAGTGCCCGTGGCCGGAAACGTTTTT
[TTTTTTTTTTTTTTTTTATCCGTTA
TTTTTTCACACAACAACCATCGCCCACGCATGTCAGGATTAGATTTT
[TTTTTTTTTTTTTTTTTATCCGTTA
ATGAGGAAGAACGTAACAAAGCTGCTCATTTATCATTCCAAGTTTT
[TTTTTTTTTTTTTTTTTATCCGTTA
ACGGTCAATCCTCAGAACCGCCACCCTCAGCTCAGAGCCACCTTTT
[TTTTTTTTTTTTTTTTTATCCGTTA
AAAATAGCATAAAAGAAACGCAAAGACACCATGTAAATGCTGTTT
[TTTTTTTTTTTTTTTTTTATCCGTTA
CGAACAAAGTGCCGTCGAGAGGGTTGATATACAAAAGAATACATT
[TTTTTTTTTTTTTTTTTTTATCCGTTA
CACCGTCACAGGAGGTTGAGGCAGGTCAGAAATGGAAGGGTTTTTT
[TTTTTTTTTTTTTTTTTATCCGTTA
ATCAAAATCAAGTATTAAGAGGCTGAGACTCCCCTGAACAAAGTTT
[TTTTTTTTTTTTTTTTTTATCCGTTA
GAACAAGAAAGTTACAAAATAAACAGCCACCCAATCCAAATTTTTT
[TTTTTTTTTTTTTTTTATCCGTTA
CGTTTTAGCCTTGAGATGGTTTAATTTCAATGTGAATTACCTTTTTTT
[TTTTTTTTTTTTTTTTAACGGAT

AAAGAATAGATGGTTGCTTTGACGAGCACCTTTCCTCGTTATTTTTT




staple B 2
Octahedrons
staple B 3
Octahedrons
staple B 4
Octahedrons
staple B 5
Octahedrons
staple B 6
Octahedrons
staple B 7
Octahedrons
staple B 8
Octahedrons
staple B9
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AGCCGGCGATGTCCAGACGACGACAATAAAAGCTAATGCAGATTTT
[TTTTTTTTTTTTTTTTTTAACGGAT
GTCAGGACGTCAAAAATCAGGTCTTTACCTAGTCAGAAGCATTTTT
[TTTTTTTTTTTTTTTTTAACGGAT
TGAATTTATAAAAGGGCGACATTCAACCGGGAAGGTAAATATTTTT
[TTTTTTTTTTTTTTTTTAACGGAT
ACCGGAATCCATGTAATTTAGGCAGAGGCATTCCAACGTCAAATTT
[TTTTTTTTTTTTTTTTTTTAACGGAT
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[TTTTTTTTTTTTTTTTTTTAACGGAT
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[TTTTTTTTTTTTTTTTTAACGGAT
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[TTTTTTTTTTTTTTTTTTAACGGAT
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[TTTTTTTTTTTTTTTTTAACGGAT




References

[1] S. M. Douglas, A. H. Marblestone, S. Teerapittayanon, A. Vazquez, G. M. Church,
W. M. Shih, Nucleic Acids Res. 2009, 37, 5001.

[2] N. D. Derr, B. S. Goodman, R. Jungmann, A. E. Leschziner, W. M. Shih, S. L. Reck-
Peterson, Science 2012, 338, 662.

[3] H. Jun, T. R. Shepherd, K. Zhang, W. P. Bricker, S. Li, W. Chiu, M. Bathe, ACS
Nano 2019, 13, 2083.

[4] P. C. Nickels, B. Wiinsch, P. Holzmeister, W. Bae, L. M. Kneer, D. Grohmann, P.
Tinnefeld, T. Liedl, Science 2016, 354, 305.

[5] M. F. Ober, A. Baptist, L. Wassermann, A. Heuer-Jungemann, B. Nickel, Nat.
Commun. 2022, 13, 5668.

[6] a)X. Liu, F. Zhang, X. Jing, M. Pan, P. Liu, W. Li, B. Zhu, J. Li, H. Chen, L. Wang, J.
Lin, Y. Liu, D. Zhao, H. Yan, C. Fan, Nature 2018, 559, 593; b)X. Jing, F. Zhang, M. Pan, X.
Dai, J. Li, L. Wang, X. Liu, H. Yan, C. Fan, Nat. Protoc. 2019, 14, 2416.

[71  A. R. Chandrasekaran, K. Halvorsen, Curr. Protoc. Nucleic Acid Chem. 2020, 82,
el15.

[8] D.Necas, P. Klapetek, Open Physics 2012, 10, 181.

[91 A. Edelstein, N. Amodaj, K. Hoover, R. Vale, N. Stuurman, Curr. Protoc. Mol. Biol.
2010, 92, 14.20.1.

[10] J. Schnitzbauer, M. T. Strauss, T. Schlichthaerle, F. Schueder, R. Jungmann, Nat.
Protoc. 2017, 12, 1198.

[11] L. Nguyen, M. Ddéblinger, T. Liedl, A. Heuer-Jungemann, Angew. Chem. Int. Ed.
2019, 58, 912.

[12] C. Kielar, Y. Xin, B. Shen, M. A. Kostiainen, G. Grundmeier, V. Linko, A. Keller,
Angew. Chem. Int. Ed. 2018, 57, 9470.



Associated Publication 4: Monitoring the Coating of Single DNA Origami

Nanostructures with a Molecular Fluorescence Lifetime Sensor

Michael Scheckenbach*, Gereon Andreas Briiggenthies®, Tim Schréder, Karina Betuker, Lea Wassermann,

Philip Tinnefeld, Amelie Heuer-Jungemann, Viktorija Glembockyte
(* equal contribution)

bioRxiv 2024.10.28.620667; DOI: 10.1101/2024.10.28.620667

156



bioRxiv preprint doi: https://doi.org/10.1101/2024.10.28.620667; this version posted May 27, 2025. The copyright holder for this preprint (which
was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made
available under aCC-BY-NC 4.0 International license.

Monitoring the Coating of Single DNA Origami
Nanostructures with a Molecular Fluorescence

Lifetime Sensor

Michael Scheckenbach*, Gereon Andreas Bruiggenthies'*, Tim Schrdder?, Karina
Betuker!, Lea Wassermann?, Philip Tinnefeld®, Amelie Heuer-Jungemann?, Viktorija

Glembockyte!*
AUTHOR ADDRESSES

" Department of Chemistry and Center for NanoScience, Ludwig-Maximilians-Universitat,
Munchen, Butenandtstr. 5-13, 81377 Minchen, Germany

2Max Planck Institute of Biochemistry and Center for NanoScience, Am Klopferspitz 18,
82152 Martinsried

3 Max Planck Institute for Medical Research, Jahnstr. 29, 69120 Heidelberg, Germany

E-mail: viktorija.glembockyte@mr.mpg.de

KEYWORDS
DNA origami, silica, polymer, encapsulation, single-molecule imaging, fluorescence

lifetime imaging microscopy, sensing, nanoscale stability



bioRxiv preprint doi: https://doi.org/10.1101/2024.10.28.620667; this version posted May 27, 2025. The copyright holder for this preprint (which
was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made
available under aCC-BY-NC 4.0 International license.

ABSTRACT

The high functionality of DNA nanostructures makes them a promising tool for biomedical
applications, their intrinsic instability under application-relevant conditions, still remains
challenging. Protective coating of DNA nanostructures with materials like silica or cationic
polymers has evolved as a simple, yet powerful strategy to improve their stability even
under extreme conditions. While over time, various materials and protocols have been
developed, the characterization and quality assessment of the coating is either time
consuming, highly invasive or lacks detailed insights on single nanostructures. Here, we
introduce a cyanine dye based molecular sensor designed to non-invasively probe the
coating of DNA origami by either a cationic polymer or by silica, in real-time and on a
single nanostructure level. The cyanine dye reports changes in its local environment upon
coating via increased fluorescence lifetime induced by steric restriction and water
exclusion. Exploiting the addressability of DNA origami, the molecular sensor can be
placed at selected positions to probe the coating layer with nanometer precision. We
demonstrate the reversibility of the sensor and use it to study the stability of the different
coatings in degrading conditions. To showcase the potential for correlative studies, we
combine the molecular fluorescence lifetime sensor with DNA PAINT super-resolution
imaging to investigate coating and structural integrity as well as preserved addressability
of DNA nanostructures. The reported sensor presents a valuable tool to probe the coating
of DNA nanodevices in complex biochemical environments in real-time and at the single

nanosensor level and aids the development of novel stabilization strategies.

INTRODUCTION.

DNA nanotechnology and, in particular, the DNA origami technique have advanced
rapidly in the last decades and have reached an unprecedent level of complexity and
functionality at the nanoscale.” While the easy design of DNA origami and the spatial
control of chemical modifications with base pair precision have opened up a plethora of
potential applications in different fields, such as, plasmonics, biosensing, drug delivery or

nanorobotics, the intrinsic instability towards external factors often remains a bottleneck.>
11
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While DNA itself is susceptible to degradation by nucleases, employing it as building
material in closely-packed self-assemblies necessitates the presence of specific cations
like Mg?* to compensate the anionic charge of the phosphate backbone, limiting the
application window of DNA nanostructures to mild conditions (buffer conditions, specific
ion concentrations, mild pH values, low temperatures and irradiation) and to generally
short device lifecycles.'?'® Consequently, multiple strategies have been developed to
increase the stability of DNA self-assemblies, for example, by optimizing the design,'” by
modifying the ends of staple strands with polymers such as polyethylene glycol (PEG),®
19 by covalently connecting neighboring thymine bases via UV light induced cross-linking
2022 or by replacing defective staple strands via dynamic self-repair.2> A simple, yet
extremely effective strategy to increase the stability of functional DNA nanodevices is
protective coating via electrostatic interactions between the negatively charged
phosphate backbone of the DNA and a positively charged coating agent (Figure 1a).
Using the cationic silica precursor N-[3-(trimethoxysilyl)propyl]-N,N,N-
trimethylammonium chloride (TMAPS) in a mixture with the classic precursor tetraethyl
orthosilicate (TEOS) enables the growth of nanometers thick silica layers on DNA origami,
either in solution or immobilized on various substrate surfaces.?*?8 In a similar approach,
DNA nanostructures can be coated with cationic polymers, such as poly-L-lysine
polyethylene glycol block copolymer (PLL-PEG), leading to a sub-nanometer thick
shell.?”-2° While the silicification of DNA nanostructures leads to highly increased
mechanical, chemical, biological and thermal stability 2% 3031 the coating with PLL-PEG
increases the chemical stability in low-salt and serum conditions and it can be reversed
by the addition of an anionic polymer such as dextran sulfate.?”- 28 Despite coating with a
thick silica shell or a PLL-PEG layer, DNA docking sites remain accessible and
addressable enabling DNA binding assays even in degrading conditions.32 32 While the
highly improved stability and preserved functionality of coated DNA nanostructures
broadens the scope of applications, the verification of the coating process and its quality
is still time-consuming, highly invasive or rather indirect. So far, the silicification of DNA
origami has been investigated either by transmission electron microscopy (TEM), atomic
force microscopy (AFM) or x-ray spectroscopy techniques such as energy dispersive X-

ray spectroscopy (EDX) or Small-angle X-ray scattering (SAXS).24-26. 30, 31, 33 \While the
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sub-nanometer thick PLL-PEG coating is hardly visible in AFM (Figure 1b), it can be
characterized by TEM or probed by gel electrophoresis, as DNA origami completely
covered with cationic polymer lose their charge and electrophoretic mobility.?”-2% 32 While
gel electrophoresis is the most commonly used quality check for the coating with PLL-
PEG, this technique remains blind to aggregates, that can occur during coating in
solution, also resulting in a suppressed electrophoretic mobility.?”- 2° Imaging techniques
such as TEM, AFM or X-ray spectroscopy, on the other hand, are highly invasive or time-
consuming preventing a quick and easy characterization of coated nanostructures under
application conditions. Leveraging the non-invasive nature and sensitivity of single
molecule fluorescence imaging, here, we report a novel strategy to study the coating of

DNA nanodevices on a single structure level.

(a)
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Figure 1. Principle of coating a DNA origami and its characterisation using AFM. (a)
Scheme of Two-Layer Origami (TLO) with a single AlexaFluor647 label, coated by silica
or by PLL-PEG. (b) Exemplary AFM scans and height-profiles of uncoated and coated

TLOs exhibit a measurable height increase only for coating by silica. Scalebar is 100 nm.

Since a coating layer increases the local viscosity and at the same time decreases the
steric freedom of chemical modifications on the DNA origami, we reasoned that labeling
a DNA nanostructure with an environment-sensitive fluorophore at selected positions
could enable probing of the coating process with nanometer precision on a single
nanostructure level. Cyanine dyes are highly sensitive to their microenvironment since
steric hindrance or a high viscosity slows down the photoisomerization from the emissive

trans to the non-emissive cis state resulting in an increased fluorescence lifetime and
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photon count rate.3* 35 This effect has been exploited to study the binding of proteins or
nucleic acids in the closed vicinity of a cyanine dye and has been termed protein-induced
(or photoisomerization-related) fluorescence enhancement (PIFE).%6-38 Additionally, a
fluorophore embedded in the coating layer is also potentially less accessible for solvent
molecules. For silicification, for example, the displacement of more than 40 % of the
internal hydration water has been reported, indicating a strong hydrophobic condensation
effect within silicified DNA nanostructures.?’ Water has been shown to quench the
fluorescence of red-emitting dyes (absorption and emission > 600 nm) via a resonant
energy transfer from the excited S1 state of the fluorophore to harmonics and combination
bands of OH vibrational modes in the H2O molecule.®® Quenching can be suppressed by
replacing water with its heavy analogue D20 leading to an increased fluorescence lifetime
and photon count rate of the dye.*% 4! This effect has been exploited to sense the number
of water molecules in the hydration sphere of red-emitting dyes encapsulated in reverse
micelles.*?> Expecting that a coating layer on a DNA origami changes the local
environment and decreases the concentration of water molecules in the hydration sphere
of an embedded fluorophore, we reasoned that the red-emitting cyanine dye
AlexaFluor647 (AF647) could be a suitable candidate as a molecular sensor for the
coating process. To remain independent of laser and setup fluctuations, we chose the
fluorescence lifetime as a non-invasive readout to investigate the coating of single, AF647
labeled DNA origami nanostructures with PLL-PEG and silica. We demonstrate the
feasibility of the molecular sensor to probe the coating at different positions on the
nanostructure and its stability in degrading conditions (low ionic strength, degrading
enzymes), even without photostabilization or without time-consuming post processing.
Finally, we combine the fluorescence lifetime sensor with DNA points accumulation for
imaging in nanoscale topography (DNA-PAINT) super-resolution imaging to
simultaneously probe the coating layer, the structural integrity of coated DNA origami and

the retained addressability of DNA docking sites.
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RESULTS

To test, whether the designed molecular fluorescence lifetime sensor can probe the
coating on DNA nanostructures, we designed a two-layer DNA origami nanostructure
(TLO, Figure 1a). The TLOs were equipped with multiple biotin-labelled staple strands to
enable immobilization on neutravidin or streptavidin functionalized glass slides and were
labeled with environment-sensitive AF647. Before investigating the fluorescence lifetime
of the cyanine dye, we first aimed to verify the successful coating of immobilized TLO
nanostructures by PLL-PEG or silica via AFM as previously reported for silicified DNA
origami (see Figure S2a).?% 26.30. 33 Uncoated TLO exhibited a height of around 4 nm,
while silicification led to a height increase of around 2 nm. In the case of the PLL-PEG
coating, no significant height increase was visible in the AFM scans, either because the
encapsulation shell is too thin (sub-nanometer thickness as measured in cryo-EM studies)
or not rigid enough to be measured by the AFM cantilever. Nevertheless, the successful
coating by PLL-PEG could be confirmed by subsequent incubation in degrading low salt
conditions (Mg?* free and EDTA-containing buffer). While uncoated TLO degraded and
collapsed into rod-shaped debris, the PLL-PEG and silica-coated nanostructures both
remained intact, indicating successful protection for PLL-PEG coating otherwise

undetectable in AFM imaging (see Figure S2b).

Next, we investigated the fluorescence lifetime of the cyanine label at different positions
on uncoated and coated DNA nanostructures. To this end, we immobilized the
nanostructures on biotinylated BSA and NeutrAvidin functionalized microscope glass
slides and coated them with PLL-PEG or silica. Single-molecule fluorescence lifetime
imaging microscopy (FLIM) scans were acquired on a custom-built confocal microscope
with a time-correlated single photon counting unit (TCSPC).#3 Acquired FLIM scans were
analyzed by picking individual nanostructures and extracting the spot-integrated
fluorescence lifetime information. Distributions of the obtained fluorescence lifetime
values were then fitted by Gaussian distribution functions, to determine the mean of each
individual distribution. First, we labelled the TLO nanostructure internally with a single
AF647, i.e., directly at the 3’-end of a selected staple strand, to ensure that the sensor

dye is embedded in the coating layer. To probe the coating process at the surface and
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inside of the DNA nanostructure, we once placed the sensor dye internally at the upper
DNA surface and once internally at the interface of the two DNA layers (Figure 2). FLIM
scans of uncoated DNA origami (Figure 2a) revealed that the two labeling positions result
in different microenvironments of the AF647 label and consequently in different
fluorescence lifetime distributions. The fluorescence lifetime distribution of the internal
sensor label at the upper surface of the TLO origami revealed a sharp peak around 1.08
1 0.05 ns close to the reported fluorescence lifetime of a free AF647 dye (Figure 2a, first
row). The fluorescence lifetime distribution of the internal label at the DNA interface within
the TLO design though revealed two populations of higher lifetimes (for fitted values see
Table S5) indicating a more complex environment of the dye within the DNA origami with
more steric restriction and possible interactions of the cyanine dye with the DNA origami
backbone. As proposed in our sensor design, coating with PLL-PEG (Figure 2b) or silica
(Figure 2c) resulted in similar, significant increase in the fluorescence lifetime of AF647
for both labeling positions of at least 0.2 ns (Table S5). For the AF647 label at the surface
of the TLO, the initially single Gaussian distribution was shifted by both coating agents to
two populations of higher fluorescence lifetimes indicating two different
microenvironments of the dye after the formation of the protective layers. For the TLO
labeled with AF647 internally at the DNA interface, both coating agents induced a shift of
the initial two fluorescence lifetime populations to higher fluorescence lifetimes. The
similar fluorescence lifetime shifts for both coating agents indicate that our molecular
sensor design works independently of the coating material and can be employed to probe
coating-induced effects, such as steric restriction or water repulsion, not only at the

surface of a coated DNA nanostructure but also at a position inside of it.
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Figure 2. Characterization of the fluorescence lifetime-based sensor to probe the coating
of different positions of DNA origami nanostructures by directly modifying selected staple
strands (internal label). a) Different internal labeling positions of the AF647 fluorophore
on the TLO (left). FLIM scans of Alexa647-labelled TLO origami after immobilization
(right). b) FLIM scans after coating with PLL-PEG and spot-integrated lifetime
distributions. c) FLIM scans after silicification and spot-integrated lifetime distributions.

Dotted lines indicate mean values of Gaussian fits.

To exploit the in situ sensing ability and to better understand the coating process we
studied the different DNA origami coating strategies over time (Figures S3 and S4).
Already after 30 minutes, we observed a complete fluorescence lifetime shift when the
TLO nanostructures were incubated with PLL-PEG indicating the rapid formation of the
protective polymer layer. A complete fluorescence lifetime shift for silicification, on the
other hand, required an incubation of the precursor solution for at least 24 h, which is in
agreement with previously reported silicification kinetics.3' To obtain absolute lifetime
values, the acquired lifetime decay curve of every picked fluorescent spot in the FLIM
scans representing a single DNA origami nanostructure was re-convoluted with the
measured instrument response function (IRF) of the confocal microscope (Figure S5). As
the absolute lifetime shift induced by the coating layers was unaffected by the re-
convolution step, spot-integrated lifetime populations were used throughout this study to
highlight the fast and straight-forward readout of the coating process (for more details see
S| Section 1.10). While FLIM imaging was performed in a photostabilization buffer (see
Materials and Methods section for details) to obtain high photon numbers, the

fluorescence lifetime shift after coating with PLL-PEG or silica could also be obtained from
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FLIM scans performed without photostabilization (Figure S6). This allowed for probing the
coating process of DNA origami in situ and in different application conditions without the

need of specialized imaging buffer.

We further aimed to probe the coating process at different labeling positions using a more
modular and less costly labeling strategy. To this end, we used a 3’-AF647-labelled, 21-
nt oligonucleotide which can hybridize externally to a complementary ss-DNA extension
positioned on DNA origami. In this manner, a single fluorescently labeled oligonucleotide
is sufficient to screen the presence of the coating at different positions on various
nanostructures making the approach more cost-effective (Figure 3). We then probed the
homogeneity of the coating layers at different positions on the TLO by positioning the
DNA docking sites for external labelling either in the center or in a corner of the upper
DNA origami surface. To underline that our molecular sensor can be applied to any DNA
origami nanostructure, we also studied AF647 labeled twelve helix bundle (12HB) DNA
origami nanostructures, which is based on honeycomb lattice compared to the square
lattice of TLO.
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Figure 3. Characterization of fluorescence lifetime-based sensor to probe the coating of
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different positions of DNA origami nanostructures by externally binding a fluorescently
modified imager strand via hybridization (external label). a) Different labeling positions of
a single AF647 fluorophore on the TLO (left). FLIM scans Alexa647-labelled TLO origami
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after immobilization (right). b) FLIM scans after coating with PLL-PEG and spot-integrated
lifetime distributions. c) FLIM scans after silicification and spot-integrated lifetime

distributions. Dotted lines indicate mean values of Gaussian distribution fits.

Using the external labeling approach at different positions on the DNA origami led to
different microenvironments of the cyanine dye and, in turn, different fluorescence lifetime
distributions for uncoated DNA origami (Figure 3a). While AF647 labels bound externally
to uncoated TLO exhibited higher lifetimes (Table S5) than the internal dye at the DNA
surface, indicating an already higher restricted microenvironment on the external DNA
docking sites, the external cyanine label on the 12HB origami exhibited a lower
fluorescence lifetime distribution indicating a relatively free microenvironment. Again,
coating with both PLL-PEG and silica induced similar shifts in the fluorescence lifetime
distributions independently of the labeling position or DNA origami design (Table S5).
While revealing different fluorescence lifetimes for uncoated TLO origami, both external
cyanine labels showed similar fluorescence lifetime populations after coating with both
silica or PLL-PEG. The external label on the 12HB DNA origami, on the other hand,
revealed two fluorescence lifetime subpopulations after coating with either PLL-PEG or
silica indicating a more restricted but more heterogenous microenvironment of the dye
than before the coating. Except for the case of coated 12HB nanostructures, the external
labels generally revealed unimodal distributions indicating simpler binding situations than

for the internal labels, as shown in Figure 3.

After successfully employing internal and external dye labeling strategies to probe the
coating of DNA nanostructures at different positions, we went on to test the reversibility
of the FLIM sensor by probing the fluorescence lifetime after the coating with PLL-PEG
and after subsequent removal of the polymer coating by the addition of an anionic
polymer. To this end, PLL-PEG coated TLO nanostructures were incubated with anionic
dextran sulfate, which has been reported to decomplex and thus remove the cationic
polymer coating.?® Indeed, the fluorescence lifetime distribution of PLL-PEG coated TLO
with an external cyanine label at the center of the upper surface revealed a quantitative
shift back to the initial lifetime distribution of the uncoated nanostructure (Figure 4).

Accordingly, we also observed a reversible shift of the fluorescence lifetime for the

10
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molecular sensors at internal label positions on the upper surface and at the interface
inside the TLO design (Figure S7) highlighting the reversibility of the molecular sensor
and the polymer coating independently on the labeling position. Furthermore, we studied
the decomplexation process in real-time by scanning the same field of view over time
after addition of dextran sulfate and saw a complete shift back to uncoated nanostructures

within the first 5 minutes highlighting the fast kinetics of this process (Figure S8).
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Figure 4. Probing the reversible coating with PLL-PEG and dextran sulfate on a TLO

|

nanostructure with an external label. a) FLIM scan and fluorescence lifetime distribution
for uncoated TLO with the externally labeled sensor dye. b) FLIM scan and spot-
integrated fluorescence lifetime distribution for PLL-PEG coated TLO with the externally
labeled sensor dye reveals a lifetime shift to higher values. c¢) FLIM scan and spot-
integrated fluorescence lifetime distribution for initially PLL-PEG coated TLO from b)
reveals a quantitative shift back to a lifetime distribution corresponding to uncoated TLO

nanostructures.

The quantitative reversibility of the molecular sensor enables not only the investigation of
the integrity of the DNA nanostructure but also of the coating layers at a single
nanostructure level and in real-time. We thus next aimed to monitor the stability of the
DNA origami and the coating layers in harsh and degrading conditions by first confirming

that the observed fluorescence lifetime shifts correlate with the expected improved
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stability. To this end, we coated TLO labelled with AF647 at different positions with PLL-
PEG or silica and subsequent exposure the nanostructures to degrading conditions, i.e.,
Mg?* free buffer containing EDTA (Figure 5a, c) or a solution containing degrading
enzyme (DNAse |, Figure 5b, d). First, the qualitative degradation of uncoated TLO was
probed in real-time by applying the degrading solutions and subsequently acquiring FLIM
images of the same field of view every 5 min (Figure S9). Incubation of nanostructures in
Mg?* free buffer led to complete degradation of uncoated TLO within the first 5 min, while
addition of DNAse | degraded all nanostructures within the first 15 min, highlighting the
low stability of uncoated DNA origami nanostructures in low-salt conditions and in the
presence of nucleases (Figures 5a, 5b, and S9a). PLL-PEG and silica-coated structures,
on the other hand, survived the incubation by either low salt buffers or DNAse | over the
full 30 min tested, indicating the successful stabilization by the protective coatings (Figure
S9). Since the coated nanostructures revealed higher fluorescence lifetimes even after
30 min incubation in degrading conditions, we concluded that a higher fluorescence
lifetime of the sensor dye indeed goes hand in hand with successful coating and the

effective stabilization of DNA origami nanostructures in degrading conditions.
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Figure 5. Using the fluorescence lifetime sensor to probe the stability of DNA origami
structures and the coating layers in degrading conditions. a) Real-time degradation study
of uncoated TLO in Mg?* free 1xTAE buffer. b) Real-time degradation study of uncoated
TLO in DNAse | solution. c) FLIM scans and spot-integrated fluorescence lifetime
distributions for PLL-PEG and silica coated TLOs after 30 min incubation in Mg?* 1xTAE
buffer. d) FLIM scans and spot-integrated fluorescence lifetime distributions for PLL-PEG
(green) and silica (orange) coated TLOs after 30 min incubation in DNAse | solution. Grey

graphs represent fluorescence lifetime distributions of intact, uncoated TLO as reference.

To investigate the integrity of the coating layers further, we quantified the shift in
fluorescence lifetime distributions of PLL-PEG and silica coated TLOs after 30 min
incubation in either Mg?* free buffer containing EDTA or in the presence of DNAse |
(Figure 5¢ and 5d). In general, all coated TLO nanostructures withstood the degrading
conditions and showed preserved high fluorescence lifetime populations corresponding
to an intact coating layer. Only the TLO with an internal AF647 label at the DNA surface

exhibited a partial degradation of both the polymer and silica coating when incubated in
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a Mg?*-free buffer (as indicated by the arising peak around 1.05 ns in fluorescence lifetime
distribution previously assigned to uncoated TLO (Figure 3c, first row, Table S10). To test
if the nanostructures contributing to this fluorescence lifetime population are still stabilized
by a partially degraded coating or whether they are indeed uncoated and, thus, prone to
degradation, we incubated the resulting sample additionally in DNAse | solution. The
second degradation step resulted in loss of nanostructures giving rise to fluorescence
lifetimes around 1.05 ns, indicating that the observed lower fluorescence lifetime
populations can be attributed to DNA origami structures that had compromised coating
upon the first degradation (Figure S10). These results highlight the sensitivity of the FLIM
sensor and showcase its ability to probe the stability of different DNA origami coating
agents in degrading conditions ultimately aiding the optimization of existing and

development of new protective strategies.

Last, we combined our molecular sensor with DNA PAINT super-resolution imaging to
highlight its applicability for correlative single-molecule imaging techniques.** To this end,
we incorporated DNA PAINT docking sites in a rectangular pattern (lengths of ca. 30 and
65 nm) into a TLO nanostructure internally labeled with an AF647 dye at the surface
(Figure 6a). This design allowed us to obtain complementary information about the coated
nanostructures: while the FLIM sensor reports on the successful coating of the
nanostructure, DNA PAINT imaging provides insights into the structural integrity of the
DNA origami design and into the addressability of designed DNA docking sites. In this
matter, we first acquired FLIM scans of uncoated and coated TLO nanostructures and
subsequently performed DNA PAINT imaging of the same samples on a wide-field
microscope. A shift of the fluorescence lifetime distributions of PLL-PEG and silica-coated
nanostructures indicated again the successful coating for both coating strategies (Figure
6b, c; fitted values in Table S11). After acquiring FLIM scans, the imaging buffer was
exchanged with a Cy3B labeled DNA PAINT imager solution and the same slides of
uncoated or coated DNA origami were imaged on a total internal reflection fluorescence
microscopy (TIRFM) widefield setup with 532 nm excitation to obtain super-resolved DNA
PAINT images (Figure 6d). Distance analysis of picked nanostructures revealed the same
rectangular labeling pattern with comparable distances for both coating agents as for

uncoated TLO, highlighting the structural integrity after the coating process (Figure S11).
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Still, for both coating strategies a small subpopulation of a dual spot pattern was
observed, which could be interpreted as folding of the TLO origami along its longer axis
induced by the coating agent. From time to time, we observed this effect also in AFM
imaging where a subpopulation of TLO nanostructures revealed a rod-shaped geometry
with an increased height (Figure S12). Similar folding defects have been previously
observed for the coating of monolayer DNA origami with PLL-PEG but with higher
efficiencies (>50%) due to the higher flexibility of the investigated nanostructure.?® By
extracting the DNA PAINT dark times, i.e., the time between two binding events, the
accessibility of the DNA PAINT docking sites on uncoated and coated nanostructures
was compared. Both PLL-PEG and silica-coated TLO nanostructures revealed similar
dark times as the uncoated TLO (Figure 6E, fitted values in Table S12), highlighting the
preserved accessibility and addressability of DNA docking sites even after the formation

of a protective layer.3? 33
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Figure 6. Combining the molecular sensor with DNA PAINT imaging for simultaneous
investigation of the coating, structural integrity of the nanostructure, and addressability of
DNA docking sites. a) Labeling scheme of a TLO internally labeled with AF647 at the
upper surface and 4x three DNA PAINT docking sites in the corner regions of the TLO
design. b) FLIM scans of uncoated, PLL-PEG and silica coated TLO indicate successful

coating. c) Spot-integrated fluorescence lifetime distributions of uncoated, PLL-PEG and
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silica coated TLO reveal a shift upon coating. d) Picked and aligned DNA PAINT images
of uncoated, PLL-PEG and silica coated TLO revealing the designed rectangular
geometry. e) Extracted DNA PAINT dark time (1p) distributions for uncoated, PLL-PEG

and silica coated TLO indicate similar accessibility for imager strands in solution.
DISCUSSION

Our results demonstrate that the red cyanine dye AF647 is a suitable molecular FLIM
sensor for probing the coating of DNA origami nanostructures in real time. However, the
high sensitivity of the molecular sensor to its microenvironment makes it also susceptible
to variations in fluorescence lifetime when labelled at different positions on the DNA
origami. Consequently, for every labeling position, the sensor dye revealed a distinct
fluorescence lifetime distribution before and after the coating which in turn can lead to
varying fluorescence lifetime shifts. Nevertheless, we observed a pronounced absolute
increase in the fluorescence lifetime in the range of 0.2 to 0.5 ns for all labeling positions,

independent of the coating material.

To better understand the mechanistic origin of the observed fluorescence lifetime shift
upon coating the DNA nanostructure, we carried out further mechanistic studies with the
TLO origami labelled with an internal AF647 at the DNA surface. To quantify the sensitivity
of the AF647 label on the DNA origami towards quenching by water, we measured the
fluorescence lifetime in a D20 buffer (Figure S13) and observed a shift of around 0.4 ns,
similar to the observed fluorescence lifetime shifts upon coating with PLL-PEG or silica.
To further investigate the role of a restricted photoisomerization of the cyanine dye in the
coating layer, we performed fluorescence intensity correlation analysis of single-molecule
trajectories of AF647 immobilized on DNA origami before and after coating (Figure S14).
While quenching by water only affects the S+1 excited state of the fluorophore, a shift in
the photoisomerization rate affects the photophysics of the dye (i.e., occurring dark
states), which can be probed via intensity autocorrelation. To shed more light on two
different fluorescence lifetime populations that were observed for coated DNA origami
nanostructures, we grouped the intensity autocorrelation curves obtained from single-

molecule trajectories to two populations based on their fluorescence lifetimes as observed
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in Figure 2. Intensity autocorrelation curves obtained from PLL-PEG coated TLOs with
shorter fluorescence lifetime were comparable to those of uncoated TLOs indicating that
the observed fluorescence lifetime shift is not related to the restricted photoisomerization
or other effects on dye photo-physics, but perhaps is predominantly induced by reduced
water quenching. In the intensity autocorrelation curves of PLL-PEG coated TLOs with
higher fluorescence lifetime, we observed a slowed down photoisomerization with a
reduced amplitude, indicating that the larger fluorescence lifetime shift could be
additionally induced by restricted photoisomerization (for more detailed discussion, see
Supplementary Note 1). Even though we found similar trends for silica coating, no
significant difference between the lower and the higher fluorescence lifetime
subpopulations was observed which we attributed to a dynamic interchange of the dye
between two environments with different fluorescence lifetimes. This was also visible in
continuous FLIM scans of the same field of view and far more pronounced for the silica-
coated nanostructures (Figure S15). Altogether, the mechanistic studies suggest, that
both effects, a restricted photoisomerization and reduced water quenching, contribute to
the fluorescence lifetime shifts upon coating whereas the exact microenvironment around

the dye within the coating layer determine which effect has a higher impact.

Correlative FLIM and DNA PAINT imaging revealed a deformed subpopulation of the TLO
nanostructures induced by PLL-PEG and silica coating, as it has been reported for PLL-
PEG-coated DNA monolayer origamis previously. This highlights that coating-induced
effects can lead to severe deformation even for rigid nanostructures and showcases that
non-invasive fluorescence-based methods as the one reported here could be suitable
tools to assess these deformations or artifacts induced by the coating agents, especially

on a single nanostructure level.

While we performed FLIM measurements on an advanced single-molecule microscope
to study the coating layer on a single nanostructure level, one could also envision that
ensemble lifetime readout could be used for a quick assessment of the coating of the
nanostructures in solution. To further improve the fluorescence contrast of the molecular
sensor, in the future one could explore a palette of alternative environment-sensitive dyes,

e.g. red-emitting dyes such as Atto647N or Cy7 which have been reported to be quenched
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by water even more efficiently.®® Self-blinking dyes like silica rhodamines, on the other
hand, could potentially be applied to our sensor design to realize a fluorescence blinking
or intensity-based readout, enabling the probing of the coating layer also on widefield

microscopes.*®
CONCLUSION

In this work we exploited the environment-sensitive cyanine dye AF647 to design a simple
single-molecule sensor to probe the protective coating of DNA origami nanostructures by
either the block copolymer PLL-PEG or by silica. By acquiring FLIM scans, the lifetime
shift towards longer lifetimes can be utilized to screen the coating process qualitatively
on a single nanostructure level, non-invasively and in real-time. By placing the fluorophore
at different positions on the DNA origami, the coating process and its effects on the
nanostructure were investigated at the position of interest with nanometer precision.
Further mechanistic studies suggested that both reduced quenching by water and
restricted photoisomerization in the coating layer could be attributed to the observed
fluorescence lifetime increase of the employed sensor dye AF647. The reversibility of the
molecular FLIM sensor could be exploited to follow the quantitative decomplexation of
PLL-PEG coating by dextran sulfate and to investigate the integrity of the coating in
degrading conditions in real time. By combining the molecular sensor design with DNA-
PAINT we could probe for the first time the successful coating, structural integrity and
addressability of DNA docking sites on the same sample, which was previously not
possible due to the invasive nature of structural characterization methods, such as TEM
or AFM. The observed independence of the fluorescence lifetime shift on the coating
material makes it a potential tool to study other coating strategies, such as the
encapsulation of DNA nanostructures with proteins.*® The non-invasive character and the
possibility to combine the FLIM sensor design with other single-molecule techniques such
as super-resolution microscopy or fluorescence resonance energy transfer (FRET)
enables the probing of coatings in a multitude of applications, such as drug delivery and

release, biosensing, or biocomputing.
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METHODS

Materials: The p8064 scaffold strand used for the folding of the DNA origami
nanostructures was extracted from M13mp18 bacteriophages (produced in-house).
Unmodified staple strands were purchased from Eurofins Genomics GmbH (Germany)
and Integrated DNA Technologies (USA). Dye labeled oligonucleotides for DNA PAINT
imaging or permanent labeling were purchased from Eurofins Genomics GmbH

(Germany).

DNA origami folding and purification: All investigated TLO DNA origami nanostructures

(also shown in Figure S1) were folded in a 1x TE buffer containing 12 mM MgCl2 with a
linear thermal annealing ramp from 60°C to 44°C with 1h/°C after an initial 65°C
denaturation step. The 12HB DNA origami nanostructures were folded in a 1x TAE buffer
containing 16 mM MgCl2 using the same scaffold strand as for the TLO. The structures
were folded with a non-linear thermal annealing ramp starting at 65 °C and then cooling
down to 4 °C over a period of 25 hours.*” Modifications of the DNA origami were realized
using caDNAno (version 2.2.0). A full list of unmodified and modified staple strands and
sequences of are given in Table S2-4, S13 and S14 in the Supporting Information. Folded
DNA origami nanostructures were purified by filtration using Amicon Ultra filters (100 K,
Merck, Germany). Concentrations of purified sample solution were measured via UV/vis
spectroscopy (NanoDrop, Fischer Scientific, USA). More details on DNA origami design,

folding and purification procedures are given in Sl, Section 1.1.

Sample preparation: Cleaned high precision ym microscope cover glass (170 um, 22 x

22 mm, No. 1.5H glass slides, Carl Roth GmbH, Germany) were assembled into inverted
flow chambers as described previously.*® The assembled chambers were passivated with
BSA-biotin (Sigma Aldrich, USA) and functionalized with either neutravidin or streptavidin
(Sigma Aldrich, USA). For immobilization, purified DNA origami was diluted to
approximately 50 pM in 1x PBS buffer containing 500 mM NaCl and incubated in the
chambers for ca. 5 minutes and stored in a 1x TAE containing 10 mM MgCl2. Sufficient
surface density was probed with a TIRF microscope. For more details on sample

preparation, see Sl Section 1.5.
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Coating with PLL-PEG or silica: The PLL-PEG block copolymer K10PEG (1K) (Alamanda

polymers, USA) was dissolved and stored in ultra-pure water at a concentration of 2

mM.2"- 28 Aliquots were stored at -20 °C and thawed and ultrasonicated for 10 min before
use. To coat immobilized DNA origami nanostructures, the 2 mM PLL-PEG solution was
diluted in a 1x TAE buffer containing 10 mM MgCl: to a final concentration of 20 yM and
incubated for 30 min. To decomplex the cationic PLL-PEG coating from the DNA origami,
a 20 uM solution of anionic dextran sulfate (Sigma Aldrich, M = 20 000 g/mol)? in 1x TAE
10 mM MgCl2 was incubated in the coated sample chambers for 30 min. After washing,
samples were then stored in 1x TAE containing 10 mM MgClz. For the silicification of
immobilized DNA origami an adapted version of the protocol of Fan and co-workers was
applied.?8 33 After hydrolysis of 100 yL TMAPS (50% (wt/wt) in methanol, TCl America)
in 5 mL 1x TAE (40 mM Tris, 2 mM EDTA, 12.5 mM MgAc2, pH=8.0) for 20 min under
vigorous stirring, 100 uyL TEOS (98%, Sigma Aldrich, USA) was added and stirred for
another 20 min. Freshly prepared precursor solution was incubated for 24 h. The coated
sample chambers were washed with 80% ethanol and with ultra-pure water. The samples
were then stored in 1x TAE containing 10 mM MgClz. For AFM imaging, mica slides with
immobilized DNA origami were analogously incubated with either 20 yM PLL-PEG
solution or with freshly prepared silica precursor solution. For more details on coating of

immobilized DNA nanostructures, see Sl Section 1.6.

Degradation studies: To probe the stability of coated and bare DNA origami in degrading

conditions, either a low-salt buffer or a DNAse | solution were incubated on immobilized
nanostructures. Magnesium ion free conditions were realized by incubation of a 1x TAE
buffer on surface immobilized nanostructures for 30 min. Enzymatic degradation of
immobilized DNA origami nanostructures was tested by incubation of a DNAse | solution
(1:10 dilution of DNase | (1 U/pl) in 1x TAE containing 10 mM MgClz, Thermo Fisher
Scientific, USA) for 30 min.

AFM imaging: AFM scans in aqueous solution (AFM buffer = 40 mM Tris, 2 mM EDTA,
12.5 mM Mg(OAc)2:4 H20) were performed on a NanoWizard® 3 ultra AFM (JPK

Instruments AG). Measurements were performed in AC mode on a scan area of 3 x 3 um

with a micro cantilever (vres = 110 kHZ, kspring = 9 N/m, Olympus Corp.). Leveling,
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background correction and extraction of height histograms of obtained AFM images were
realized with the software Gwyddion (version 2.60).4° For more details on sample

preparation and AFM imaging, see Sl Section 1.4.

Confocal microscopy: Fluorescence lifetime imaging microscopy (FLIM) and intensity

autocorrelation studies were performed on a home-built confocal microscope based on
an Olympus IX-71 inverted microscope as described previously.5° AF647 modifications
labeled to surface-immobilized DNA origami were excited by a pulsed 640 nm excitation
at a repetition rate of 40 MHz. The setup was controlled by a commercial software
package (SymPhoTime64, PicoQuant GmbH, Germany). For more details on FLIM

imaging and intensity autocorrelation studies, see Sl Section 1.8.

Wide-field microscopy: DNA-PAINT measurements were carried out on a commercial
Nanoimager S (ONI Ltd., UK). Red excitation at 640 nm was realized with a 1100 mW

laser, green excitation at 532 nm with a 1000 mW laser, respectively. For imaging, a 1x

PBS buffer containing 500 mM NaCl and an imager concentration of 5 nM was used. The
8 nt imager oligonucleotide with a Cy3B label on the 3’-end was purchased from Eurofins
Genomics GmbH (Germany) and consisted of the sequence 5-GGAATGTT-3'. Acquired
DNA-PAINT raw data were analyzed using the Picasso software package.*® After drift
correction, individual DNA nanostructures were picked, aligned and corresponding
blinking kinetics extracted for further analysis. Distance analysis of obtained DNA PAINT
images was performed with a custom written Python code. For more details on DNA

PAINT imaging and data analysis, see S| Section 1.11.
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1. Methods and materials

1.1. General materials

The two layer origami (TLO) was folded, purified and stored in a 1x TE buffer consisting of 10 mM
Tris, 1 mM EDTA and 12 mM MgCl,. The 12 helix bundle origami (12HB) was folded, purified and
stored in a 1x TAE buffer consisting of 40 mM Tris, 20 mM acetic acid, 1 mM EDTA, and 16 mM
MgCls.

The p8064 scaffold strand for the folding of the DNA Origami nanostructures were extracted from
M13mp18 bacteriophages (produced in- house). Unmodified staple strands were purchased from
Eurofins Genomics GmbH and Integrated Device Technology Inc. Dye labeled oligonucleotides
for DNA PAINT imaging or permanent labeling were purchased from Eurofins Genomics GmbH
(Germany).

Specific materials used for individual experiments are described in the sections below.

1.1.DNA Origami folding

(a) TLO origami (b) 12HB origami

green dye for S ‘-xl K
colocalization \ . AlexaFluorG47 \\\ .
fgo 3 300
I 1o et

40 nm

CEEEEEEEER] 4 nm

20aem S
Figure S1. Schemes of the DNA origami nanorulers used in this study. Exemplary schemes and AFM scans of TLO (a
as rigid DNA platforms." Scale bars represent 200 nm.

)and 12HB (b)

All investigated TLO DNA origami nanostructures (depicted in Figure S1) were folded ina 1x TE
buffer containing 12 mM MgCl, using the corresponding p8064 scaffold strand extracted from
M13mp18 bacteriophages realized with a linear thermal annealing ramp from 60°C to 44°C with
1h/°C after an initial 65°C denaturation step. Modifications of the DNA origami were realized using
caDNAnNo (version 2.2.0).2 A full list of the unmodified staple strands and sequences of the TLO
DNA origami is given in Table S13, a list of modified staple strands is given in Table S2 (sensor
labels and colocalization label) and Table S4 (DNA PAINT docking sites). A caDNAno design file
is given in Figure S17.

The 12HB DNA origami nanostructures (depicted in Figure S1) were folded in a 1x TAE buffer
containing 16 mM MgCl; using the same scaffold strand as for the TLO. The structures were
folded with a non-linear thermal annealing ramp starting at 65 °C and then cooling down to 4 °C
over a period of 25 hours.® Modifications of the DNA origami were realized using caDNAno
(version 2.2.0). A full list of the unmodified staple strands and sequences of the 12HB DNA
origami is given in Table S14, a list of modified staple strands is given in Table S3. A caDNAno
design file is given in Figure S18.

For the folding of the DNA origami nanostructures, the scaffold strand and the staple strands were
mixed as given in Table S1 in the corresponding 1x folding buffer. Unmodified core staple strands,



which are completely incorporated in the origami structure, were used in 10-fold excess with
respect to the scaffold strand. Fluorescently labeled staple strands with dye modifications at the
3’-ends were used in a 30-fold excess with respect to the scaffold strand. Staple strands with
protruding 3’-ends, which act as docking sites for DNA PAINT or labeling experiments, were used
in 30-fold excess with respect to the scaffold strand. Biotinylated staple strands, which were
incorporated for surface immobilization of the DNA origami structures, were used in a 30-fold
excess with respect to the scaffold strand. Folding mixes had a total volume of 100 ul with final
concentrations of scaffold strand, core staple strands and modified staple strands (biotinylated,
DNA PAINT docking sites) as given in Table S1.

Table S1. Final concentrations and relative equivalents of scaffold strand, unmodified staple strands (core staple strands) and modified
staple strands (e.g., biotinylated staple strands for immobilization, cyanine dye modification for fluorescence lifetime imaging and DNA
PAINT docking site staple strands for super-resolution imaging) used within this study.

Reagent Final concentration [nM] Equivalents
Scaffold strand 20 1
Core staple strands 200 10
Dye modified staple strands 600 30
Docking site staple strands 600 30
Biotinylated staple strands 600 30

Folded DNA origami nanostructures were purified by filtration using Amicon Ultra filters (100 K,
Merck, Germany). The filter was first centrifuged with folding buffer for 7 minutes at 6000 g. The
sample solution was then loaded into the filter and centrifuged for 15 minutes at 6000 g. 300 pL
of folding buffer was loaded into the filter and centrifuged for 15 minutes at 6000 g, which was
repeated. After three washing steps, the filter was inverted and placed into a new collection tube.
The purified sample could then be collected by centrifugation for 2 minutes at 1000 g.

Concentrations of purified sample solution were measured via UV/vis spectroscopy (NanoDrop,
Fischer Scientific, USA).

1.2.Labeling of DNA origami with fluorescence lifetime sensor

To probe the encapsulation process of DNA origami by either PLL-PEG or silica, the environment
dependent cyanine fluorophore AlexaFluor647 was labeled at different positions on the TLO and
the 12HB DNA origami (see Tables S2 and S3). To screen the encapsulation process at the
surface of the TLO and at the interface of the two DNA layers, the AlexaFluor647 modification
was placed in the central area of the DNA origami at the 3’ end of a staple pointing out of the
upper DNA layer (surface) or into the interface between the two DNA layers (interface). For a
modular and cheaper labeling strategy, a 21-nt external DNA docking site was placed at the
central surface position enabling external labeling by the addition of a complementary 21-nt
strand, that is labeled with AlexaFluor647 at the 3’-end (5-GTGATGTAGGTGGTAGAGGAAT-
3’). To screen the encapsulation at the corner of the TLO origami, the same external label was
placed at a corner of the DNA origami. To screen the encapsulation of the 12HB, the external
label was placed at a central position of the 12HB axis. For colocalizing purposes, a green Atto542
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label was introduced into the TLO origami design, while a green Cy3 label was incorporated into
the 12HB origami.

Table S2 Modified staple strands of the TLO FLIM sensor. Sequences are denoted from 5’- to 3’-end. Internal dye modifications
(surface and interface AlexaFluor647, Atto542 colocalization label) are labelled to the 3’-end of the corresponding staple strand
(marked in red and green, respectively). The docking site staple strands for external labelling (external central and edge
AlexaFluor647) exhibit a 21 nt long docking site, marked in red, on the 3’-end. The numbers for the 5’- end 3’-end of the staples
represent the helix number in the corresponding caDNAno file. Number in brackets represent the starting and ending position of the
staple in the corresponding helix.

Docking Site . . . .

Name Length (nt) Sequence (5" to 37) 5'-end 3'-end

Surface X AGGCTATCGAGAATCGTAACAACCTTGACCGT- 13[136]  16[136]
AlexaFluor647

Interface X TGATGCAGGGAACAAATTAAGTAAACAAACATCAA- 16[167] 17[172]
AlexaFluor647

External central 21 AGGCTATCGAGAATCGTAACAACCTTGACCGT- 13[136]  16[136]
TTCCTCTACCACCTACATCAC

External corner 21 TGAGTTTTATTTCGGATAAACACCGCCACC- 1[296] 4[296]
TTCCTCTACCACCTACATCAC

Atto542 X TGCGGATGTAGCTCAATTAAGCAAGTACCAAA-Att0542 9[136] 12[136]

colocalization

Table S3 Modified staple strands of the 12HB FLIM sensor. Sequences are denoted from 5’- to 3’-end. The docking site staple strands
for external labelling (external central and edge AlexaFluor647) exhibit a 21 nt long docking site, marked in red, on the 3’-end. Internal
dye modifications (Cy3 colocalization label) are labelled to the 3’-end of the corresponding staple strand (marked in green). The
numbers for the 5'- end 3’-end of the staples represent the helix number in the corresponding caDNAno file. Number in brackets
represent the starting and ending position of the staple in the corresponding helix.

Docking Site - . ' '
Name Length (nt) Sequence (5" to 3) 5-end 3'-end
External central 21 TCGTTCACCGCCTGGCCCT - 10[331] 11[344]
TTCCTCTACCACCTACATCAC
Cy3 X GTTTGAGGGGACCTCATTTGCCG -Cy3 4[125] 4[103]

colocalization




1.3.DNA PAINT docking sites

To simultaneously probe the encapsulation and structural integrity of the TLO origami, DNA
PAINT docking sites were incorporated into the TLO with an internal AlexaFluor647 label at the
central surface position. By placing three DNA PAINT docking sites on each of the four corners
of the TLO surface, the overall shape of the TLO origami can be investigated with nanometer
resolution (see Figure S11). The in 4x3 DNA PAINT docking site modified staple strands are
given in Table S4 and carry the 8 nt long docking site at their 3’-end.

Table S4 Modified staple strands of the TLO DNA PAINT nanoruler. Sequences are denoted from 5’- to 3’-end. The DNA PAINT
docking site staple strands exhibit a triple T linker and an 8 nt long docking site, marked in green, on the 3’-end. The numbers for the

5’- end 3’-end of the staples represent the helix number in the corresponding caDNAno file. Number in brackets represent the starting
and ending position of the staple in the corresponding helix.

Docking Site

Name Length (nt) Sequence (5" to 3) 5-end 3'-end]

TLO Spot 1_1 8 GATAGTTGCGCCGACACTAAAACGCAAGCGCGACCCAAA  1[32] 4[40]
T-TTT- AACATTCC

TLO Spot 1_2 8 GCACCAACATGACAACTCGGTTTATCAGCTTG-TTT- 2[55] 0[40]
AACATTCC

TLO Spot 1_3 8 TGCAGATAACACCAGATATTCATTAAACAAAG-TTT- 6[55] 3[55]
AACATTCC

TLO Spot 2_1 8 TCAGAGCCGATTAGGATGATACAGCCAGAGCC-TTT- 1[232] 4[232]
AACATTCC

TLO Spot2_2 8 AAGAGAAGACCACCCTACGATCTAAAGTTTTG-TTT- 2[247] 0[232]
AACATTCC

TLO Spot2_3 8 CAGCAAAACGTTTGCCAACCACCAGAGTGTAC-TTT- 6[247] 3[247]
AACATTCC

TLO Spot 3_1 8 TGGTGCTGACTGGTGTCGGTGCCCTCCGCTCA-TTT- 21[40] 24[40]
AACATTCC

TLOSpot3 2 8 CCTGGGGTCACGCTGGCCCTTATAAATCAAAA-TTT- 25[40] 27[55]
AACATTCC

TLO Spot 3_3 8 AAGCGGTCGCCTAATGAATTGTTACCTGCATC-TTT- 26[55] 23[55]
AACATTCC

TLO Spot 4_1 8 GAATTGAGGAGGTGAGCAGAGATAATCCAGAA-TTT- 21[232]  24[232]
AACATTCC

TLO Spot 4_2 8 TGTTTTTAGCGCTTAAATCGGAACCCTAAAGG-TTT- 25[232]  27[247]
AACATTCC

TLO Spot4_3 8 CACCCGCCTAATCAGTCTGGTAATGAACCCTT-TTT- 26[247]  23[247]
AACATTCC

1.4. AFM imaging with JPK Nanowizard

For probing correct folding of the origami structures and probing the encapsulation by silica and
PLL-PEG, AFM images were taken. AFM scans in aqueous solution (AFM buffer = 40 mM Tris, 2
mM EDTA, 12.5 mM Mg(OAc).-4 H,O) were realized on a NanoWizard® 3 ultra AFM (JPK
Instruments AG). For sample immobilization, a freshly cleaved mica surface (Quality V1, Plano
GmbH) was incubated with 10 mM solution of Poly-L-ornithine (0.01% 30000 — 70000 g/mol,
Sigma Aldrich) for 3 minutes. The mica was washed three times with ultra-pure water to get rid of
unbound Poly-L-ornithine and blow-dried with air. The dried mica surface was incubated with 1
nM sample solution for 3 minutes and washed with AFM buffer three times. Measurements were
performed in AC mode on a scan area of 3 x 3 ym with a micro cantilever (vres = 110 kHZ, Kspring
=9 N/m, Olympus Corp.).

Leveling, background correction and extraction of height histograms of obtained AFM images
were realized with the software Gwyddion (version 2.60).4



1.5. Surface-Immobilization of DNA nanostructures

High precision yum microscope cover glass (170 um, 22x22 mm, No. 1.5H glass slides, Carl Roth
GmbH, Germany) were initially ultrasonicated in a 1% Hellmanex solution. After thoroughly
washing with ultra-pure water, the glass slides were irradiated for 30 min in a UV ozone cleaner
(PSD-UV4, Novascan Technologies, USA). Cleaned glass slides and microscope slides were
assembled into an inverted flow chamber as described previously.® The assembled chambers
were rinsed with 1x PBS, and passivated with 50 pL of BSA-biotin (0.5 mg/mL in PBS, Sigma
Aldrich, USA) for 15 minutes and washed with 50 yL 1x PBS. The passivated surfaces were
incubated with 50 pL Neutravidin (0.25 mg/mL-in 1x PBS, Sigma Aldrich, USA) or 50 pL
Streptavidin (0.5 mg/mL in 1xPBS, Sigma Aldrich, USA) for 15 minutes and washed with 50 yL
1x PBS. The sample solution with DNA origami featuring several staple strands with biotin
modifications on the base was diluted to approximately 50 pM in 1x PBS buffer containing 500
mM NaCl and incubated in the chambers for ca. 5 minutes and stored in a 1xTAE containing 10
mM MgCl,. Sufficient surface density was probed with a TIRF microscope.

1.6. Coating with PLL-PEG or silica

The PLL-PEG block copolymer K10PEG (1K) was purchased from Alamanda polymers (MPEG k-
b-PLKC10) and dissolved in ultra-pure water at a concentration of 2 mM. &7 Aliquots were stored
at -20 °C and thawed and ultrasonicated for 10 min before usage. To coat immobilized DNA
origami nanostructures, the 2 mM PLL-PEG solution was diluted in a 1XTAE buffer containing 10
mM MgCl; to a final concentration of 20 uM. 50 uL of the prepared solution were incubated in the
sample chambers for 30 min. The coated sample chambers were washed with 50 yL of 1xTAE
10 mM MgCl,. To decomplex the cationic PLL-PEG coating from the DNA origami, a 20 yM
solution of anionic dextran sulfate (Sigma Aldrich, M = 20 000 g/mol)® in 1XTAE 10 mM MgCl;
was incubated in the coated sample chambers for 30 min and washed with 50 uL of 1XTAE 10
mM MgCl..

For the silicification of immobilized DNA origami an adapted version of the protocol of Fan and
co-workers was applied.® 8 Initially, a precursor solution was prepared by adding 5 mL of 1xTAE
buffer (40 mM Tris, 2mM EDTA, 12.5 mM MgAc,, pH=8.0) to a 10 mL glass bottle with a suitably-
size magnet and then slowly adding 100 pL of TMAPS (50% (wt/wt) in methanol, TCl America).
This solution was stirred vigorously for 20 min at room temperature. After that, 100 yL of TEOS
(98%, Sigma Aldrich) were slowly added and the resulting solution was again stirred for 20 min
at room temperature. 50 uL of the precursor solution was incubated in sample chambers for 24
h. The coated sample chambers were washed with 100 pL 80% ethanol and with 100 pL ultra-
pure water. The samples were then stored in 1XTAE 10 mM MgCl..

For AFM imaging, mica slides with immobilized DNA origami were analogously incubated with
either the 20 yM PLL-PEG solution or with the silica precursor solution.

1.7.Photostabilization of fluorescent labels

Fluorescence lifetime imaging microscopy (FLIM) with AlexaFluor647 as imager fluorophore was
carried out under photostabilizing conditions. For oxygen removal and triplet state quenching, a
1x TAE buffer with 10 mM MgCl,, 12 mM 3,4-dihydroxybenzoic acid (PCA, Sigma Aldrich), 2 mM
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oxidized Trolox/Trolox-quinone mixture and 56 pM protocatechuate 3,4-dioxygenase (PCD, from
pseudomonas sp., Sigma Aldrich) was prepared as described elsewhere.® '° The flow chambers
with surface immobilized origami sample were completely filled with photostabilizing buffer and
sealed with a two-component glue to prevent oxygen solvation. The first measurements were
carried out at least 15 minutes after introducing the oxygen removal system to allow the
equilibration of the oxygen concentration in the sample solution.

1.8.Fluorescence lifetime imaging

Fluorescence lifetime imaging microscopy (FLIM) was performed on a home-built confocal
microscope based on an Olympus [X-71 inverted microscope as described previously."
AlexaFluor647 modifications labeled to surface-immobilized DNA origami were excited by a
pulsed 640 nm excitation at a repetition rate of 40 MHz. The setup was controlled by a commercial
software package (SymPhoTime64, PicoQuant GmbH).

For FLIM imaging with photostabilization, the laser was set to a power of 10 yW before the
excitation dichroic mirror, FLIM imaging without photostabilization was performed at an excitation
power of 2 yW. FLIM scans were acquired with a scan size of 200x200 px, a pixel size of 100 nm
and a dwell time of 2 ms in monodirectional mode.

FCS studies were performed under photostabilizing conditions and with an excitation power set
to 2 uyW. After scanning an overview FLIM map as described above, individual Alexa647 labels
were picked and time traces were acquired for up to 45 seconds per spot. Acquired time traces
were autocorrelated using a commercial software package (SymPhoTime64, PicoQuant GmbH).

1.9. Degradation studies of bare and coated DNA origami

To probe the stability of coated and bare DNA origami in degrading conditions, either a low-salt
buffer or a DNAse solution were incubated on immobilized nanostructures.

Magnesium ion free conditions were realized by incubation a 1x TAE solution without magnesium
on immobilized nanostructures. After 30 minutes of incubation, the samples were washed and
stored in 1x TAE containing 10 mM MgCl..

Enzymatic degradation of immobilized DNA origami was tested by incubation in a DNAse solution
(1:10 dilution of DNase | (1 U/ul) in 1x TAE containing 10 mM MgClz, Thermo Scientific). After 30
min of incubation, the samples were washed and stored in a 1x TAE containing 10 mM MgCla.

1.10. FLIM analysis

Acquired FLIM scans (.ptu files) were exported from the acquisition software (SymPhoTime64,
PicoQuant GmbH) and further analysed with a custom-written Python software.

First, individual spots representing single DNA origami nanostructures were picked by an intensity
threshold. In every pick area, for each pixel the TCPSC decay was re-centered to 0 ns to subtract
offset from varying excitation pulse positions in the TCPSC histograms. The average arrival time
of each pixel was estimated by the median arrival time divided by In2. To obtain spot-integrated



fluorescence lifetimes for each pick area, the average photon arrival times of each pixel were
weighted by their photon counts and averaged. In order to obtain absolute fluorescence lifetime
values, the fluorescence lifetime decay of all photons from an individual pick were reconvoluted
with an IRF decay curve, measured on the same day as the investigated sample.

1.11. DNA PAINT imaging and analysis

DNA-PAINT measurements on the TLO with 4x3 8 nt DNA-PAINT docking site were carried out
on a commercial Nanoimager S (ONI Ltd., UK). Red excitation at 640 nm was realized with a
1100 mW laser, green excitation at 532 nm with a 1000 mW laser, respectively. The microscope
was set to TIRF illumination and a pixel size of 117 nm. In order to not corrupt the first acquired
frames by photobleaching, the objective was first focused into the sample plane on a random
section of the glass surface and the auto focus was activated. Subsequently the imaging lasers
were shut off. Before starting measurements, the sample slide was moved to a new region of
interest while still being kept in focus by the auto focus. The data acquisition was initialized by
activating the lasers and taking frames of 100 ms over a user defined acquisition protocol.

All DNA-PAINT measurements were conducted at ca. 2.6 kW/cm? at 532 nm in TIRF illumination
with an exposure time of 100 ms and 12,000 frames over 20 min. For colocalization, the TLO
were previously imaged at ca. 100 W/cm? at 640 nm with an exposure time of 100 ms and 10
frames over 1 second. For imaging, a 1x PBS buffer containing 500 mM NaCl and an imager
concentration of 5 nM was used. The 8 nt imager oligonucleotide with a Cy3B label on the 3’-end
was purchased from Eurofins Genomics GmbH (Germany) and consisted of the sequence 5'-
GGAATGTT-3'.

Acquired DNA-PAINT raw data were analyzed using the Picasso software package.® The
obtained TIF-movies were first analyzed with the “localize” software. For fitting the centroid
position information of single point spread functions (PSF) of individual imager strands, the MLE
(maximum likelihood estimation) analysis was used with a minimal net gradient of 5000 and a box
size of 5. The fitted localizations were further analyzed with the “render” software in Picasso. X-
Y-drift of the localizations was corrected with the RCC drift correction. For further analysis,
individual DNA origami nanostructures were picked with a pick diameter of 1.2 camera pixels. The
corresponding pick region statistics such as binding kinetics were exported for further analysis.
The picked DNA origami nanostructures were further aligned with the “average” module in
Picasso (oversampling = 40, 10 iterations). For overview, aligned structures were rendered in a
2D grid.



2. Supplementary Figures and Notes

Table S5. Central fluorescence lifetime values for internal and external AF647 labels on TLO or 12HB DNA. For every sample, the
central fluorescence lifetime values and standard deviations of the Gaussian fit distributions are given for no coating, after coating

with PLL-PEG, after uncoating the PLL-PEG coating with dextran sulfate, and after coating with silica.

Fitted fluorescence lifetime populations (ns)

Sample Coating Sample size T o1 T2 o2
uncoated 752 1.08 0.05
Int. AF647 PLL-PEG 1420 1.33 0.07 1.57 0.18
onTLO surface  pextran sulfate 511 1.08 0.05
SiO, 529 1.29 0.09 1.61 0.27
uncoated 1082 1.22 0.06 1.37 0.19
Int. AF647 PLL-PEG 960 1.56 0.18 1.65 0.05
at TLO interface  pextran sulfate 711 1.25 0.06 1.38 0.15
SiO, 1659 1.56 0.11 1.76 0.23
uncoated 2202 1.32 0.07
Ext. AF647 at PLL-PEG 2004 1.55 0.08
TLO surface center  pextran sulfate 870 1.32 0.08
SiO, 1883 1.60 0.19
Ext. AF647 at uncoated 1744 1.41 0.09
TLO surface corner PLL-PEG 1575 1.58 0.09
SiO, 810 1.55 0.28
uncoated 1499 1.13 0.05
Ext. AF647 PLL-PEG 663 1.39 0.10 152 023
on 12HB
SiO, 1261 1.37 0.15 1.76 0.20
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Figure S2. AFM characterization of TLO coated TLO with silica and PLL-PEG. A) AFM scans of bare TLO (left), after coating with
PLL-PEG (middle) and after coating with silica (right). Below: Exemplary extracted line scan profiles (white lines in the AFM scans)
B) AFM scans of bare TLO (left), PLL-PEG coated (middle) and silica coated (right) after incubation in 1x TAE 0 mM MgCl,. Below:
Exemplary extracted line scan profiles (white lines in the AFM scans). Scale bars represent 200 nm.

AFM characterization of PLL-PEG coated DNA origami has not been achieved so far, since
structures coated in solution lose their charge and by that their affinity to mica surfaces prepared
with either a metal cation (e.g., Ni%*) or a cationic polymer such as poly-L-ornithine.

Exemplary AFM scans of immobilized TLO reveal the designed rectangular shape. While the
encapsulation with silica leads to a measurable height increase of around 2 nm, PLL-PEG-coated
TLO exhibit similar heights as bare TLO of around 4 nm. The soft nature of the PEG encapsulation
layer is obviously not detectable by AFM, even though the gentle tapping mode was used for
imaging. Incubation with a magnesium-free buffer (1x TAE 0 mM MgCl.) however leads to
collapse of the bare TLO, while the PLL-PEG-coated and silica-coated TLO nanostructures stay
intact, indicating the successful coating of the DNA origami.
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Figure S3. Incremental FLIM shift induced by PLL-PEG coating over time. a) FLIM scans of bare TLO and after the addition of PLL-
PEG solution over varying times with corresponding spot-integrated lifetimes. b) Average lifetimes over PLL-PEG incubation time.
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Table S6. Incremental mean spot-integrated fluorescence lifetime values and standard errors of the mean for PLL-PEG coating over

time.
Time (min) Sample size Mean 1: (ns) S.E.M. (ns)
0 628 1.11 0.01
30 882 1.39 0.01
60 1423 1.40 0.00
90 1394 1.42 0.00
120 980 1.37 0.01
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Figure S4. Incremental FLIM shift induced by silica coating over time. a) FLIM scans of bare TLO and after the addition of silica
precursor solution over varying times with corresponding spot-integrated lifetimes. b) Average lifetimes over silica precursor incubation
time. Scale bar is 2 pm.

Table S7. Incremental mean spot-integrated fluorescence lifetime values and standard errors of the mean for silica coating over time.

Time (h) Sample size Mean 11 (ns) S.E.M. (ns)
0 913 1.12 0.01
1 985 1.24 0.01
2 933 1.33 0.01
12 936 1.46 0.01
24 527 1.50 0.01
72 755 1.45 0.01
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Figure S5. Reconvolution and fluorescence lifetime fitting compared to spot-integrated fluorescence lifetime distributions. A)
Exemplary FLIM scans of bare TLO, PLL-PEG coated TLO and silica coated TLO and corresponding spot-integrated lifetime
histograms. B) Lifetime histograms after spot-wise reconvolution and lifetime fitting. Scale bar is 2 ym.

Exemplary FLIM scans of bare, PLL-PEG coated and silica coated TLO as obtained from the
acquisition software (SymPhoTime64, PicoQuant GmbH). After picking individual spots with a
custom written Python code (see section 1.10), spot-integrated lifetimes can be extracted and
visualized in a histogram, revealing a similar shift in the lifetime for both PLL-PEG and silica
coating. To obtain absolute fluorescence lifetimes, the picked FLIM data were spot-wise re-
convoluted with the measured IRF of the confocal setup and the lifetime decay fitted. After re-
convolution and fitting, PLL-PEG and silica coating still show a similar shift in lifetime. While the
absolute shift in the fluorescence lifetimes remained very comparable, the relative shift increased
(fitted values in Table S8). The comparable significant shift in spot-wise integrated lifetimes
highlights the potential fast readout of the cyanine based FLIM sensor for probing the successful
encapsulation process within minutes and without complicated data analysis.

Table S8. Re-convolution and fluorescence lifetime fitting compared to spot-integrated fluorescence lifetime distributions. For every

sample, the central fluorescence lifetime values and standard deviations of the Gaussian fit distributions are given for no coating, after
coating with PLL-PEG, and after coating with silica.

Spot-integrated fluorescence lifetime (ns) Re-convoluted fluorescence lifetime (ns)

Coating  Sample size T (o T2 02 T o1 T2 02
uncoated 752 1.08 0.05 1.01 0.04

PLL-PEG 1420 1.33 0.07 1.57 0.18 1.25 0.04 1.46 0.19
SiO, 529 1.29 0.09 1.61 0.27 1.19 0.08 1.52 0.26
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Figure S6. Fluorescence lifetime shift of AF647 induced by PLL-PEG or silica coating without photostabilization. a) Exemplary FLIM

scans acquired without photostabilization on uncoated TLO (a), PLL-PEG coated TLO (b) and silica coated TLO (c) and corresponding

spot-integrated fluorescence lifetime distributions. Scale bar is 2 pm.
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Exemplary FLIM scans of bare, PLL-PEG coated and silica coated TLO as obtained from the
acquisition  software (SymPhoTime64, PicoQuant GmbH) and measured without
photostabilization. Histograms of the spot-wise integrated lifetimes exhibit comparable shifts for
the PLL-PEG and silica coating to when measured with photostabilization (fitted values in Table
S9). Being able to probe the coating process even in aerobic conditions without further buffer
preparation enables a fast and easy probing of the coating and degradation processes in real-
time.

Table S9. Central fluorescence lifetime values and standard deviations of the Gaussian fit distributions measured without
photostabilization before coating, after coating with PLL-PEG and after coating with silica.

Fitted fluorescence lifetime populations (ns)

Coating Sample size T o1 T2 02
uncoated 676 1.07 0.08
PLL-PEG 623 1.37 0.09
SiO2 571 1.31 0.13 1.79 0.29
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Figure S7. Probing the reversible coating and uncoating with PLL-PEG and dextran sulfate on TLO nanostructures with internal AF647
labels. a) FLIM scan and spot-integrated fluorescence lifetime distribution for uncoated TLO with internal AF647 label at the DNA
surface. b) FLIM scan and spot-integrated fluorescence lifetime distribution for TLO with internal AF647 label at the DNA surface after
PLL-PEG coating. c) FLIM scan and spot-integrated fluorescence lifetime distribution for previously PLL-PEG coated TLO with internal
AF647 label at the DNA surface after de-complexing with dextran sulfate. d) to f) FLIM scans and spot-integrated fluorescence lifetime
distributions for TLO with internal AF647 label at the DNA interface inside the DNA origami before coating, after coating with PLL-

PEG and after the subsequent decomplexation with dextran sulfate. Scale bar is 2 ym.
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scanning of the same field of view will lead to gradual bleaching of AF647 labels on immobilized TLO nanostructures over time. b)
Addition of dextran sulfate decomplexes the PLL-PEG coating within the first 5 min. Scale bar is 2 pm.
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Figure S9. Real-time FLIM imaging of TLO with internal AF647 label at the DNA surface without photostabilization in degrading
conditions. a) FLIM scans of uncoated TLO reveal a rapid degradation in magnesium-free conditions (1xTAE 0 mM MgCl,) or under
incubation in DNAse I. FLIM scans of PLL-PEG coated TLO (b) and silica coated TLO (c) over time reveal a highly improved stability
in degrading conditions (1x TAE 0 mM MgCl,, DNAse I). Scale baris 2 pm.
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Table S10. Fitted fluorescence lifetime populations for internal and external AF647 labels on TLO after degradation in magnesium ion
free TAE buffer or in DNAse | solution. For every sample, the central fluorescence lifetime values and standard deviations of the

Gaussian fit distributions are given after incubation over 30 min in the degrading condition.

Fitted fluorescence lifetime populations (ns)

Sample Coating Degradation Sample size T o1 T2 02
1xTAE w/o Mg?* 756 1.12 0.06 1.67 0.17
PLL-PEG
Int. AF647 DNASe | 1027 1.25 0.07 1.47 0.20
on TLO surface
1xTAE w/o Mg?* 664 1.06 0.05 1.55 0.21
SiO,
DNASe | 886 1.29 0.15 1.58 0.24
1xTAE w/o Mg?* 1059 1.64 0.13
PLL-PEG
Int. AF647 DNASe | 1093 1.31 0.04 1.60 0.15
at TLO interface
1xTAE w/o Mg?* 1553 1.77 0.21
SiO, 1.53 0.13
DNASe | 622 1.62 0.20
1xTAE w/o Mg?* 908 1.53 0.12
PLL-PEG
Ext. AF647 at DNASe | 1160 1.45 0.14
TLO surface center
1xTAE w/o Mg?* 1847 1.59 0.17
SiO,
DNASe | 816 1.65 0.22
(a) 1) 1xTAE 0 mM MgCl, (b) (c) 2) DNAse (d)
+PLL-PEG +Si0, +PLL-PEG +Si0,
:-5 ns 0.5 Uncoated 0.5 Uncoated
! Fos4 o4
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Co02 =02
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Figure $10. Two-step degradation study on coated TLO with internal AF647 label at the DNA surface. a) Exemplary FLIM scans of
PLL-PEG and silica coated TLO after 30 min incubation in low-salt conditions (1xTAE without MgCl,). b) Spot-integrated lifetime
distributions reveal a partial degradation of the coating layers resulting in a subpopulation with lifetimes similar to an uncoated TLO.
c) Exemplary FLIM scans of PLL-PEG and silica coated TLO after a second 30 min incubation in DNAse | solution. d) Spot-integrated
lifetime distributions reveal a degradation mainly of the subpopulations with fluorescence lifetimes comparable to uncoated TLO. Scale

baris 2 pm.
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Figure S11. Distance analysis of 4x3 DNA PAINT TLO nanostructure. A nearest neighbour analysis revealed comparable short (ca.
30 nm) and long (ca. 60 nm) distances for uncoated TLO (grey), PLL-PEG coated TLO (green) and silica coated TLO (orange).
Reconstructed DNA-PAINT images revealed a small fraction of deformed TLO nanostructures upon coating (highlighted with white
circles). Scale bar is 200 nm.

Table S11. Fitted fluorescence lifetime populations for internal AF647 label on 4x3 DNA PAINT TLO. For every sample, the central
fluorescence lifetime values and standard deviations of the Gaussian fit distributions are given before coating, after coating with PLL-
PEG, and after coating with silica.

Fitted fluorescence lifetime populations (ns)

Coating Sample size T o1 T2 02
uncoated 837 1.06 0.04
PLL-PEG 704 1.28 0.05
SiO, 571 1.26 0.06 1.39 0.17

Table S12. Fitted dark-time populations for 4x3 DNA PAINT TLO. For every sample, the central dark-time values and standard
deviations of the Gaussian fit distributions are given before coating, after coating with PLL-PEG, and after coating with silica.

Coating Sample size Ta(s) od(s)

uncoated 1003 6.9 2.0
PLL-PEG 1030 6.6 1.6
SiO, 723 6.0 1.8
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Figure S12. Exemplary AFM scans of partially rolling up TLO nanostructures. (a) AFM scan of silicified TLO with partially rolled-up
nanostructures. b) Exemplary line scan (green line) of an intact silica-coated TLO nanostructure reveals heights of around 5 to 6 nm.
c) Exemplary line scan (blue line) of a rolled-up, silica coated TLO reveals heights of up to 15 nm. d) AFM scan of PLL-PEG-coated
TLO with partially rolled-up nanostructures. e) Exemplary line scan (blue line) of an intact PLL_PEG coated TLO nanostructure reveals
heights of around 4 nm. f) Exemplary line scan (blue line) of a rolled-up, PLL-PEG coated TLO reveals heights of up to 10 nm. Scale

bars represent 200 nm.



Supplementary Note 1: Mechanistic studies on the fluorescence lifetime shift:
water quenching vs. restricted photoisomerization.

To better understand the mechanistic origin of the observed shift in the fluorescence lifetime upon
coating, we went on to compare the observed fluorescence lifetime shifts of AF647 upon coating
of the DNA origami with PLL-PEG or silica with expected fluorescence lifetimes where either
quenching by water or by photoisomerization is eliminated. To determine the maximum contrast
in the fluorescence lifetime induced by a complete suppressed quenching by water, we probed
the fluorescence lifetime increase of an AF647 internally labeled to the upper surface of uncoated
TLO origami when the H-O buffer is exchanged with a D,O analogue (Figure S13). We observed
a shift from initially 1.08 ns to 1.51 ns, defining the expected range of fluorescence lifetime shift
due to reduced water quenching.
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Figure S13. Fluorescence lifetime shift of AF647 label on TLO for suppressed water quenching. a) Exemplary FLIM scans of an
internal AF647 label at the DNA surface of uncoated TLO, measured in a H,O buffer (left) and in a D,O buffer (right). b) Spot-integrated
fluorescence lifetime distributions reveal a shift from 1.08 ns (H,O) to 1.51 ns (D,O) when quenching of the dye by water molecules is
completely suppressed. Scale bars represent 2 um.

Using fluorescence intensity autocorrelation analysis, fluctuations in the fluorescence signal of a
fluorophore can be quantified by autocorrelating the single-molecule fluorescence trajectories.
For AF647 diffusing in solution, a decay of the autocorrelation function due to photoisomerization
in the range of us has been observed. Here, an increase of steric restriction by, e.g., increasing
viscosity or by a chemical group in close proximity led to a decrease in the amplitude of the
photoisomerization decay and a shift of the decay time to longer time scales.'> '3 To investigate
the change of the photoisomerization of AF647 upon coating of the DNA origami, we performed
fluorescence intensity autocorrelation studies on immobilized uncoated and coated TLO, which
were internally labeled with AF647 at the upper DNA surface (Figure S14). For uncoated
nanostructures (1sca. 1.05 ns), the sensor dye exhibited a tight distribution of the autocorrelation
curves with a decay in the us range attributed to photoisomerization as previously reported (Figure
S14a).12 13

For PLL-PEG-coated TLO, we performed autocorrelation analysis for the two obtained
fluorescence lifetime populations around 1.33 and 1.57 ns individually (Figure S14b). While the
autocorrelation for the shorter lifetime population revealed a tight distribution with an average
decay curve quite similar to uncoated TLO, the higher lifetime population showed a quite
heterogenous distribution of intensity autocorrelation curves with a significantly lower amplitude
and slower decay time indicating a slowed-down photoisomerization. Additionally, a second decay
process in the ms range occurred for the higher fluorescence lifetime population. We attributed
this process to the formation of long-lived radical states of the AF647 dye, indicating a decreased
accessibility of the dye for photostabilization additives in the imaging buffer.®

We performed the same intensity autocorrelation analysis on the two fluorescence lifetime
populations of AF647 on silicified TLO around 1.29 and 1.61 ns (Figure S14c), however, for both
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fluorescence lifetime population heterogenous distribution of autocorrelation curves was
obtained. In both cases, some curves exhibited a similar decay as uncoated TLO and others
revealed a clearly lowered amplitude and slowed down decay time. The average autocorrelation
of both populations revealed a lowered amplitude and slowed down decay time indicating a
restricted photoisomerization similar to the average autocorrelation of the PLL-PEG coated
sensor with a higher fluorescence lifetime around 1.57 ns.
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Figure S14. Fluorescence intensity autocorrelation on uncoated, PLL-PEG coated and silica coated TLO internally labeled with AF647
on the DNA surface. a) Exemplary FLIM scan of uncoated TLO (left), autocorrelation curves for picked nanostructures (dark grey
curve represents average decay) (middle), and three exemplary single-molecule trajectories (right). b) Exemplary FLIM scan of PLL-
PEG coated TLO (left). Autocorrelation curves for picked nanostructures with fluorescence lifetimes around 1.3 ns (top row) and
around 1.6 ns (lower row) reveal different decay distributions and average decay curves (dark green curves) (middle), and three
exemplary single-molecule trajectories for each population (right). c). Exemplary FLIM scan of silica coated TLO (left), autocorrelation
curves for picked nanostructures (dark orange curve represents average decay) (middle), and three exemplary single-molecule
trajectories (right). In some trajectories, a switching between two states was visible. Scale bars represent 5 ym.

The similar autocorrelation distributions for both silicified fluorescence lifetime populations could
be explained by slow switching of the sensor dye between two environments with different grades
of steric restriction, for example, by binding and unbinding to the DNA helix or coating agent.
While we observed a slow switching in some of the single-molecule trajectories used for

23



fluorescence intensity autocorrelation analysis (Figure S14c), we also noticed a more pronounced
fluctuation in the fluorescence lifetime of silicified TLO when scanning the same field of view
repeatedly over time than in PLL-PEG coated TLO (Figure S15). This could indicate a higher
heterogeneity in the silica coating enabling a more dynamic switching behavior between different
microenvironments. The fluorescence intensity autocorrelation analysis suggests, that the
photoisomerization of the coated AF647 labels with a lower fluorescence lifetime around ca. 1.30
ns is only slightly affected and that the fluorescence lifetime increase upon coating stems
dominantly from reduced water quenching. The higher fluorescence lifetime populations around
1.60 ns though seem to stem from additional restriction of the photoisomerization of the cyanine
dye, possibly due to binding to DNA origami backbone or to the coating agent itself. Even though
fluorescence intensity autocorrelation analysis revealed a quite heterogenous behavior AF647
upon coating and, in turn, complex photo-physics, the effects of reduced water quenching and
restricted photoisomerization resulted in significant fluorescence lifetime shifts overall.
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Figure $15. Slow FLIM fluctuations over time for PLL-PEG and silica-coated TLO with internal AF647 label on the DNA surface. a)
Exemplary repetitive FLIM scans on PLL-PEG coated TLO exhibiting slight fluorescence lifetime fluctuations for a few nanostructures.
b) Exemplary repetitive FLIM scans on silica coated TLO exhibiting pronounced fluorescence lifetime fluctuations for some
nanostructures. Individual spots who exhibited pronounced fluctuations in the fluorescence lifetime are highlighted with white circles.

Scale bars represent 5 ym.
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Figure S%. Cadnano design file of TLO design. In yellow biotinylated staples, in purple PAINT staples, in green Atto542 staple and
in red AF647 staple (internally or externally labeled).
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Figure $17. Cadnano design file of 12HB design. In yellow biotinylated staples, in green Cy3 labeled staple and in red AF647 staple
(externally labeled).
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Table S13. Staple strands of the TLO DNA origami. Sequences are denoted from 5'- to 3’-end. The numbers for the 5'- end 3’-end of
the staples represent the helix number in the corresponding caDNAno file. Number in brackets represent the starting and ending
position of the staple in the corresponding helix. Six biotin modified staple strands for surface immobilization are marked with biotin.

Sequence (5" to 37) 5'-end ’ 3'-end]
TTGACAAGCGAGAGGACCACATCCGGAAGC 4[71] 9[71]
TGCGGATGTAGCTCAATTAAGCAAGTACCAAA 9[136] 12[136]
CGAGAAAAGAATCATTAAGTAATTGAGAGAAT 15[184] 10[184]
CAGCAAAACGTTTGCCAACCACCAGAGTGTAC 6[247] 3[247]
AAACTCCAAGTTGATTCTACTAATTAAAAATT 9[72] 12[72]
TCGTCTTTGCTTTTGATTAGCGGGATAGCCCC 0[231] 5[231]
GCCGCCACTGGGAAGGTCTGCCAGAATTCGCG 18[87] 15[87]
GTACCGACAGCCAGTACGCAAGACGTAAATGC 13[168] 16[168]
TTTCATTCAGAGGCGTATAATCCATTATCA 17[200] 20[200]
TTGTGAATATTACAGATAGTAATGACCATA 5[104] 8[104]
AAACGCAATTGGCCTTGCGTCAGATCGAGAGG 7[184] 2[184]
AAACAGAAGATAGCTTCGTCGCTATGCGTTAT 19[280] 14[280]
TACCTGAGAACAAAATAACTATATAAAGAACG 18[183] 15[183]
CGTTTTCCGGAAACGCGGAATATAAGACTC 5[200] 8[200]
CGATAGCATGCCTTTAGATATTCAGGAAAGCG 6[183] 3[183]
GATGTGCTTTTCCCAGCATCGACACGGCCTTT 17[136] 20[136]
CCAATAGCCCTCATACACCATCCTGCGAAC 15[56] 10[56]
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CCTTGCTTACATCGGGAAATTATTCAATTCGA
CAATCAATTAAACACCGTATCATATTAATTAA
CTTCACCGCGTTGCGCGTAATCATGCGCGCCT
CAGTCTCTGATTTTGCGTTTAGTACCGCCACC
TTAAACAGTTCAGAAAGATAAGAGCTAACGGA
TCACCGACGGAACCAGTCAGAGCCAGTGCCTT
GACAGGAATGGTTGCTTTTTGGGGTCGAGG
AACGTGCTAGGAGGCCCCTACATTACATTGGC
TTTGCCAGGGCTGACCATTTCAACTTCCATTA
CTAAAGGAATTGCGAACTTTTGCGGGATCGTC
CAAAATAGAACCGGAACGAGTACTACGAAG
ATCAAGTTGCACCGTATGGCAACACGTAGAAA
AAGGTGGAAGCAAAGAACCAGATCAACTAA
CGACGGCTATTACGCTTGGTGTTCATCAAC
GAGAGGGCATGTCAACCAGCTTAGATGGGC
TCATCGAGTTCTGACCTGAGAATCATGGAAAC
GCACCAACATGACAACTCGGTTTATCAGCTTG
TTGTCACACATTGACATTTCGGTCGTTTTGCT
AAATACCCGGGTATTTATCAACTCCCAATC
CAGAGCACAGATATAAGCGCATGCTGAATA
TGGTGCTGACTGGTGTCGGTGCCCTCCGCTCA
GGCTTGAGTTAGGAATCTTTTGCAGACTATTA
GGGAGTTTTTTTCATCGACCTGACCAGGCG
ATGAATCGTGGGCGCCAAAGGGCGAAAAACCG
AAATCACCTTGAGCCAAAAAGGGCGTTACCAG
TCTCCGTAATCCAATATAAGAGAGTCTGGA
CAATCGTCACGCGTGGCGGGGAAGAGCGGG
TGATGCAGGGAACAAATTAAGTAAACAAAC
GGGACATTTAAAAGTTAATCAACAAGTTACAA
CCGGCGAATCACTTGCCGCAAATTCATCGCCA
TCAGACGAAGACACCATCACCAATAAGTCAGA
TACCGAGCAACAAGAGGCAACAGCTGATTGCC
AACTTAAAACCGTGCAGCGATCGGACCCCGGT
CTGAACCTGAAAAATCGATTATTTTTGACGCT
TACAACGTAATTGTAAACCATCGCCCACGC
CAATTCCAGGCAAAATTTTGCCCC
CAGAGCCCCAAAGACTTTGGGAAATAATAA
AGCTAAACTTCCTCGTGCCCACTACGTGAACC
TAAAGACAAAGGCCGTAATAATTTTTTCAC
AACATTATGACCCTGTTTTGAGAGAAATATGC
CAGTACCCCGCCACCTAGTAAATGAATTTT
ATAACCGAAAATACGTTATCATCGGAGTAATC
GTTGAGATATGGTTTATTCATCAACCTGATAA
TGATAATCGTTCTAGCCGCAAGGAAGTAGTAG
AGAATTAAAACAGGGAGAAGGCTTCAATAGCA

17]264]
12[295]
26[87]
3[184]
8[135]
6[279]
25[200]
26[183]
7[88]
0[135]
7[56]
5[168]
11[56]
18[119]
13[104]
12[231]
2[55]
7[216]
15[248]
11[152]
21[40]
5[72]
1[104]
25[136]
5[264]
15[152]
24[167]
16[167]
23[216]
27[280]
4[199]
24[103]
19[88]
21[168]
3[56]
24[39]
4[263]
25[168]
2[119]
12[135]
2[215]
1[72]
6[87]
14[87]
9[168]

20[264]
17[295]
23[87]
11199]
6[120]
3[279]
27[215]
23[183]
2[88]
1[135]
2[56]
8[168]
6[56]
15[119]
16[104]
17[231]
0[40]
2[216]
10[248]
10[152]
24[40]
8[72]
4[104]
27[151]
8[264]
14[152]
25[167]
17[167]
18[216]
22[280]
9[199]
26[88]
14[88]
24[168]
1[71]
26[32]
9[263]
27[183]
0[104]
10[120]
0[200]
4[72]
3[87]
11[87]
12[168]
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CTGACCTTATTAAATTCTAAAAATAACGGA
TCCCGTATCATCATAGATGATGTGGGTAAC
AATCGCGTGAATTACTTTTTAATTTAGTTA
AGGGTAGCCAGCGAAAGAATAGAAAGGAACAA
CATATAACACAGGTCATTTACCCTAAAGAAGT
TTCGCCTGAATCAATAATTTATCAATGGTTTG
TTAATTGGTACGGTGATCATACTTGCGGGA
TCCCTTACGTCTGGTCGCCTCCGGTAGCTCTC
TTCGAGCTTTAGTTTGTGGGGCGCATGCAATG
GTCTCGTCCAGCGCATGCTCGTTAACTCAC
ATACCCAAGCGGGAGGTTTTGTTTCAGCTAAT
TGCCGTAACCGCCAGCCCAGAATCTATTAACA
ACCCTCAGAACGGCTAGGCGCAGACTTTGAAA
AATAGATACTGATAGGGCTATTTTGATTAG
AAGCGGTCGCCTAATGAATTGTTACCTGCATC
CAAGATTCCGAGGAATAAGCCCATTAGAGC
TCACCAGAAACCTGTTTGAGGAAGAATGCG
GAGCCCCCGGCCTTGGAGGCCAAGCAGAAG
AAAGTAAGCCTGAATCCTAATTTGCCCATCCT
AGCAAATTAAAGCTAGCCTGAGAATATAAA
CAAATAAGAATTGAGTACGCAATATATGGTTT
CAGGCAAACGAAACGTTGAAGGGACCAGAGCA
AGTCCTGATTACCAGTGATAAATAACGCTGAG
GACTGGATAGCGTCCAAAAACGAAGTCATTTT
GTTGATATCTCAGGAGTAAACAACTTTCAACA
TGGTAATTTAGCGTACATTTTCAGGGATAG
GCAACTGTGGGAACGGCAGAAACAGTTTTTTC
CTCAGAACAGGGAGGGAGGTGAATTAGCTATC
CTTATTAGTCACCAGTAAAATTCAATAACGGA
CATCGTAGCTTTTTCAGTAATTTATTTAACAA
TCTTCGCCAGTGCCACATTTGCGATGCTGA
GATGGCAAGGTTATATTAATTACAGGCAGAGG
ATTAATTTCTGGCCAAGCGGTCAGCTGAGAAG
AACTAAACTCCTTTTACGAGAAAATGTTTA
AGATTCACAACAAAGAAAACCCTCATTTCAAT
ACAACATTTACCTTATGTACAGCTCCATGT
GAGTAGATTCAAAGCGCGGATTGCATAAAAAC
TCTGGCCTTATTTCAATGATAAATTTTCATTC
AGACGATCGCTGGCAAGCAGCACACCGGAA
TGTTTTTAGCGCTTAAATCGGAACCCTAAAGG
GCCAGGGTGCAAGGCGACGGCGGACGTCGGAT
GCATCGTATTTCTGCTAGCTTTCAGGTGCCAT
AATGGGATAGGTCACGCAGCTGGCTAATCGTA
AGTGATGAAGGGTAAATACGGCTGTTGTAAAA
ATTAAATGTGAGCGAGATGAACGGGAAAGGGG

23[248]
19[152]
18[215]
2[151]
10[87]
18[247]
9[104]
22[55]
9[40]
20[71]
8[231]
27[216]
1[136]
21[296]
26[55]
11[248]
26[119]
27[248]
8[295]
12[167]
10[247]
17[40]
13[264]
7[120]
2[183]
3[248]
17[72]
4[295]
5[232]
12[199]
17[104]
19[184]
20[231]
10[119]
23[184]
6[119]
10[55]
15[88]
23[56]
25[232]
18[151]
16[103]
16[135]
20[135]
15[120]

18[248]
18[152]
15[215]
0[136]
7[87]
15[247]
12[104]
19[55]
12[40]
25[71]
13[231]
22[216]
4[136]
24[296]
23[55]
6[248]
23[119]
22[248]
13[295]
13[167]
71247
20[40]
16[264]
9[135]
0[168]
1[263]
20[72]
9[295]
8[232]
17[199]
20[104]
14[184]
25[231]
7[119]
18[184]
3[119]
7[55]
10[88]
18[56]
27[247]
15[151]
21[103]
14[120]
18[120]
17[135]
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ATAAATACATAAAGGATCAGTATTGGGAAG
GCACTCAAGCGGGGTCCGCACAGGTAAAAAAA
CATACATGCCAGACGTCTCAGAACCGCCACCC
GGTCTGAGTACTTCTGGAATACCAGTTGAAAG
CTTTCGAGGATTATACAAAGAGGCCTTGCCCT
ATTCAACCAGAAAAGCTCAAAAATTTTGAGGG
CATTAACAATCAGGTCGGATTAGAATTCATCA
ACAATCGGGCGCCATTGGCCTCAGTTTTTTAA
CAATATTAAGCACTAATGCGCCGCTACAGGGC
AATAAGAAAATCGGCTAATAATATCCAGTTAC
GTTGGGCGGTTGTGTATCACGACGGAGGTGTC
CACCCGCCTAATCAGTCTGGTAATGAACCCTT
GATTAAGATTTTCATTACCATTAGGAGAAAGG

GATAGTTGCGCCGACACTAAAACGCAAGCGCGACCCAAAT

TACCTTTTCTGTAAATAGATTAAGAGGCGTTA
TGGGTAAACGGCAGCACGCGGTCCGCGGATCA
TCTATCAGGGCGATGTAGAATCGAGGCGGT
CAAGCCCAGTATTAAGACGGGGTCACCACCCT
GACAATATTATTAGACATAGATTAAGTAACAG
GGGTAATAATAGCAGCGTTTTATTTATTTT
TTTTCCCCGTCAGATATTGCGTTTTGAGGA
ACGACGAGCCAACATAATATATCCTCCGGC
TGCAGATAACACCAGATATTCATTAAACAAAG
GTGCACTCCCGGCAAACCGTCGGTGAGGTGGA
AGTACATAATTGCTTTAATAATGGCGAACGTT
ATCACCCATGGAAATAGATTAAAGAGAGCCAG
CCGCCTGAGTTGGCATGAGTAACTGATTGT
GAGCAAGACAGCCATATTTTGCACTTATCATT
CAGCAAATCAAATATCAACCACCATATCAGAT
GTGAGCCTCCTCACAGCGTGCCAGGCGGTATG
GCGGGCCGTTTTCACGGCGCGGTTCTGCATTA
GACGAGAACATAACGCAGACGACGATCAAAAA
TCACCGTAAAGTATAGGCCAGAATCAAACAAA
CATTTTCGAAAAGGTAACCGCGCCATCCGGTA
CACTCCAGCTCCGTGGACAGCGCCCGTCAGCG
GAATTGAGGAGGTGAGCAGAGATAATCCAGAA
GGCTCATTACGTTAATATACTGCGCAAATGCT
AGTGTAGCGTCCATCACTGAGTAGGTGGCACA
AACATAAACTGAACACTTAGCAAATATAAAAG
CATAAGGTCATTAAACCCGGAATCGGAACG
TAACAACCAATAAACAGCCGTTGCGAACCT
GAGTAACAGCCTGTAGCCATGTACCGTAACAC
AATTTACCCTGTTTAGGAATCATCCTTGAA
ATACATATTCATTGACTTAATTTAGACGGG
ACAAATTCACAAGAAAGTCTTTCCCCAGCTAC

7[152]
22[151]
3[216]
16[231]
0[39]
13[72]
11[88]
18[55]
24[231]
15[280]
19[120]
26[247]
8[39]
1[32]
18[279]
22[87]
27[152]
1[264]
23[280]
9[200]
17]296]
13[200]
6[55]
23[88]
17]232]
27[184]
22[215]
9[264]
22[183]
24[135]
23[120]
5[40]
1[168]
14[183]
16[39]
21[232]
5[136]
26[279]
10[183]
3[152]
14[215]
3[280]
13[296]
8[167]
14[279]

6[152]
19[151]
1[231]
21[231]
5[39]
16[72]
6[88]
15[55]
26[216]
10[280]
21[135]
23[247]
13[39]
4[40]
15[279]
19[87]
26[152]
4[264]
18[280]
12[200]
20[296]
16[200]
3[55]
18[88]
20[232]
22[184]
19[215]
12[264]
19[183]
22[120]
25[135]
8[40]
4[168]
11[183]
21[39]
24[232]
8[136]
23[279]
7[183]
2[152]
11[215]
1[295]
16[296]
9[167]
11[279]
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CTGCCAGCTGAAATGTAAAGCAGCGCTTTC
AATCAAAATCCAATAATCTGGAAGTAATGCCG
CATCCTCAAGCGGTGCGTTCAGCAGTGTAAAG
TTCTAAGAGCAGTATGCCTGAACAGAAACCAT
AAATGAATGAGCGCTGCATGATAGTTTATT
GCCGCCAGATCAATAGAGCACCATAGAGATAA
AATGCCAAGGTTTCTTGTGTCACTGGTCATAG
ACGGAAAACAGTATCCGCCATTACAGGAAG
ACCGATTGCGCCACCCAGCCACCAATTCTGAA
CAGTTTGGTCGAATTCTCACTGCCGCTGGTAA
CTCAGAAAGGCGGATCGTTCCAGAGGCAGG
ATTGTATAAGTCAAATTATTTTAAGAGCTGAA
AAGAGAAGACCACCCTACGATCTAAAGTTTTG
TTTAGAAGAACGCCACCCAAAACAGGCTGC
TTGCCGTTTGTGGTGCGCCCTGCGCGCTTTCC
TTAGGTTGTTCATCAAAATTATTCAATCAATA
ATAAAACAGAAGGTTACCTTTGCCAAGGGTTA
AATTTTATCAGATAGCAATAGCAATATCACCG
CCTGAGTATTGTTAAATTTAAATTCCGGAAAC
TACTTAGCCGGAACGACAGAGGCTTAAGAACT
CATAGGCTAGGGGGTAGTAGAAAGGAGTACCT
GTTGAAAAGAAATCCGGAGGAAGTTTTAATCA
AAGGAAAAGTTGCTATTATTTAAATAGATA
TCAGAGCCGATTAGGATGATACAGCCAGAGCC
AAGAGTCCCATATCAAGAAACATATCTTTA
CCTGGGGTCACGCTGGCCCTTATAAATCAAAA
CAACTCGGAAAGCGTAACCACCCCGAGTAA
AACATAGCATAAAGAAGAATATACGAGCCGTC
CTCATAGAAGTTTTAAGGCTGACATAATCA
TTAAAAATAACAACTATTTACAAATGCACGTA
GACGACGAAGAGACGATAACCTACCGCAAG
ACCAGCGGCCACCAGATCTTTTGACTCCTC
CGTGGACTCCAACGTCAGGGTGGTTTTTCTTT
TAAATCCGAACCGAACAGGACGGCGACAGA
CAAAGAATTAGCAAAACATGTTTTATCTACAA
CCAAGAAGACCGTGTATAAAGCGTGAATAA
TAATGCTGGCTTAGAGATCCCCCTGAATCGTC
TAGTCAGCATCAATTCCCAATTAATATGAT
CAGTACAAACTACAACGTGCCCGTAACCTATTCCGGAACC
AAAATAAAAACAATGACGAACAAAGACATTCA
GTTTCAGCGGAGTGAGACAGCATAGGTGTA
AGTCGGGTGAGACGGTCCACTATTAAAGAA
GAATAGCCTGTGTGAAGTGAGCCATAAACA
GGAGCACTACCGAACGAAGAATACAAGAACTC
AAACTAGTAGCTATTAATACTTAGGCAAGG

23[152]
8[103]
20[39]
11[184]
10[215]
4[231]
21[72]
19[56]
7[280]
27[88]
1[200]
14[55]
2[247]
12[71]
20[103]
16[199]
22[247]
11[280]
12[39]
3[120]
4[103]
0[103]
8[263]
1[232]
16[263]
25[40]
20[263]
16[295]
0[263]
22[279]
16[71]
7[248]
27[120]
4[167]
11[120]
12[263]
10[151]
8[71]
0[303]
10[279]
0[167]
25[104]
27[56]
21[264]
14[119]

22[152]
13[103]
25[39]
6[184]
7[215]
9[231]
24[72]
14[56]
2[280]
22[88]
4[200]
11[55]
0[232]
17[71]
25[103]
21[199]
19[247]
6[280]
17[39]
5[135]
9[103]
5[103]
13[263]
4[232]
21[263]
27[55]
25[263]
21[295]
5[263]
19[279]
21[71]
2[248]
26[120]
5[167]
13[135]
17[263]
7[151]
13[71]
5[295]
71279
11167]
27[119]
22[56]
24[264]
11[119]
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TCTGGTCCAACAGTGCGACCAGACAGGAAA
GGAATTAAAAAAAGCATTGCAGTCACCTTG
TTTAGAAGTTTTGAATCCCTAAAAAACCGTTG
ATTGTGTCTCTCCAAAGTCGCTGAGGCTTGCA
TAGCAATGGAGCGGGGAAAGGA
CCGGAGACAGCAAATATCAGCTCAGAAGATCG
AACAGTAGCGCCTGTTAAACCAAGCCTTAAAT
ATTTCATCAACAAGCAAACATGTTAACGTCAA
TTTTGCGGCAGTCACACCACGCTGGGATTTTA
GAAGCCTTTCCTGTAGTCATATGTTGCGGGCC
AAACTATCGATTTAGTGCGCGTAACCACCA
AACGCTCAAATCAAGTTTTGACGAGCACGTAT
TTGCGTATGCCAACGCCCTGTTCTGGGGGTTT
ATCAAGAACAAAAGAATTCCTGATGAAGGAGC
CTTATTACACGCGAGGCCTTTACACTGTCCAG
GCAAGGCATCGGCATGGAGGTTGTAAGCGT
AGCCGGGAACCAGCTGTTAAACCGCCAGCA
TTGGATTAAGACTACCCTTTTTTAGCCATATT
CAACGTAACGTTTACCCAAAAGGACGTTTTAA
TAATAACACGTGGCGACGCTAGGGCGCTGGCA
GCGTACTACGGTACGCATTGCATAATAAAA
GAGCCTTGAGATTTGAATGCCAGTAAATTG
CCCGACTTAAGAACTGAATATCAGTACCATTA
CCCACGCTCACTGTTTGCGGCCTCCCCGGG
CCCACAAGAAACGATTTTTTGAAGTACCGCAC
GAGGACAGATGAACGGTGCGATTTTTGAGGAC
CAGCATCATCCGCCGGGTCATACCTCGCGTCC
AAAAATCTATACCAGTCTGACCAACGGTCAAT
CTGTATGGGAATTTACAAGTGCCGCTGTAGCG
CTGTTTCCCGAGATATGAGAGAGTTGCAGC
AGGCTATCGAGAATCGTAACAACCTTGACCGT
GAACCTAAATAGTGATATGTGACAACGCTC
TGAGTTTTATTTCGGATAAACACCGCCACC
TTACCGATCCAGAGCTTACCAAGTAGAAAC
GCCTCCCTTCATTAAAAGGTAATTTTAAGA
GCAGAACGGGCTTAATTAAATTTAAAATCATA-Biotin
AACGGGTATATATTCGAAAAAGGCTCCAAAAG-Biotin
ATTAATTGCCTGGCCCGGGTTGAGTGTTGTTC-Biotin
ACATGAAAATAGGAACCATTCCACAGACAGCC-Biotin
GCAAACAAAGGTCATTAATCGGTTTAAAGCCT-Biotin
AAGAGTCTGGTCACGCAGCTTGACGGGGAAAG-Biotin

21[200]
20[167]
20[295]
3[88]
25[296]
13[40]
14[247]
15[216]
20[199]
12[103]
24[263]
24[199]
26[151]
17[168]
8[199]
6[215]
22[119]
19[216]
4[39]
24[295]
26[215]
0[71]
11[216]
21[104]
9[232]
4[135]
21[136]
6[151]
0[199]
24[71]
13[136]
19[248]
1[296]
9[296]
5[296]
13[232]
2[87]
25[72]
2[279]
14[151]
25[264]

24[200]
21[167]
25[295]
1[103]
27[303]
16[40]
11[247]
10[216]
25[199]
17[103]
26[248]
26[184]
23[151]
20[168]
13[199]
3[215]
19[119]
14[216]
9[39]
26[280]
23[215]
5[71]
6[216]
24[104]
12[232]
2[120]
24[136]
3[151]
5[199]
26[56]
16[136]
14[248]
4[296]
12[296]
8[296]
16[232]
0[72]
27[87]
0[264]
11[151]
27[279]
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Table S14. Staple strands of the 12HB DNA origami. Sequences are denoted from 5'- to 3’-end. The numbers for the 5'- end 3'-end
of the staples represent the helix number in the corresponding caDNAno file. Number in brackets represent the starting and ending
position of the staple in the corresponding helix. Six biotin modified staple strands for surface immobilization are marked with biotin.

Sequence (5" to 37) 5-end ~ 3'-end]
AAAGGGCGCTGGCAAGTATTGGC 11[681]  10[668]
GCGCCTGAATGCCAACGGCCCAGCCTCCCGCGTGCCTGTTCTTCTTTTT  7[42] 8[25]
TTGACGGGGAAAGCTTCACCAGAAATGGCATCACT 11[651] 6[658]
CATTCAACCCAAAATGTAGAACCCTCATGAATTAGTACAACC 9[147] 5[160]
TCAGAGGTGTGTCGGCCAGAATGAGTGCACTCTGTGGT 4[60] 7[62]
GGCATAAGCGTCTTCGAGGAAACGCA 8[466] 9[482]
TACATAAATTCTGGGCACTAACAACT 8[634] 9[650]
CAATCCAAAATACTGAACAGTAG 3[457] 10[458]
CATAGTTAATTTGTAAATGTCGC 3[541] 10[542]
GAACAAGAGTCCACCAATTTTTTAGTTGTCGTAGG 11[483]  6[490]
TTGAAGCCCTTTTTAAGAAAAGT 7[441] 7[463]
AAGCACAGAGCCTAATTATTGTTAGCGATTAAGACTCCTT 7[464] 8[448]
GATGTTTTTCTTTTCACCA 10[289] 11[302]
GGTCACGCCAGCACAGGAGTTAG 3[373] 10[374]
TGAACAGCTTGATACCGATAGTT 8[363] 8[341]
AAAATTCCATTCAGGCTTTTGCAAAA 8[256] 9[272]
TCCCATCCTAATGAGAATAACAT 0[496] 0[474]
ATCAGCGGGGTCAGCTTTCAGAG 3[56] 3[78]
TTCGCTATTCGCAAGACAAAGTTAATTTCATCTTC 5[539] 4[546]
TTGAGAATATCTTTCCTTATCACTCATCGAGAACA 5[497] 4[504]
GGGCGTGAAATATTAGCGCCATTCGC 8[130] 9[146]
GGCGCCCCGCCGAATCCTGAGAAGTGAGGCCGATTAAAGG 3[667] 0[665]
TTTTTTGTTTAATAAAGTAATTC 3[476] 3[498]
AAATCAGCCAGTAATAACACTATTTTTGAAGCCTTAAATC 7[506] 8[490]
AGCACTAAATCGGATCGTATTTAGACTTATATCTG 11[609] 6[616]
GGTGCCGTCGAGAGGGTTGATAT 8[405] 8[383]
GTCAGAATCAGGCAGGATTCGCG 3[205] 10[206]
TTTTTTATAACGTGCTTTCCTCTTTATAACAGTACTAT 2[698] 3[678]
AGACGGGAGAATTGACGGAAATT 0[454] 0[432]
TAAGCCAGAGAGCCAGAAGGAAACTCGATAGCCGAACAAA 4[480] 7[482]
CGCCTGACGGTAGAAAGATTCTAATGCAGATACAT 5[245]  4[252]
CAGTCTTGATTTTAAGAACTCAACGTTGCGTAT 0[263] 11[272]
CATAGAATTTGCGGTTTGAAAGAGGA 8[298] 9[314]
GCGCAGCGACCAGCGATTATATATCATCGCCTGAT 5[287] 4[294]
TTTTTAAAAACGCTCATGGAAATA 8[698] 8[679]
AATCAGTTAAAACGTGGGAGAAA 3[121] 10[122]
AGACAACCTGAACAGTATTCGAC 3[625] 10[626]
TTTGCAACCAGCTTACGGCGGTGGTGAGGTTTCAGTTGAGGATCCTTTTT  3[25] 10[29]
TGCAACACTATCATAACCCTCGT 712311  7[253]
AACGAACCTCCCGACTTGCGGGA 8[531] 8[509]
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CCGAACGGTGTACAGACCAGGCG
ATTCAAGGGGAAGGTAAATGTGGCAAATAAATC
GTCACCAGTACAAGGTTGAGGCA
TAAATCGGTTGGTGCACATCAAAAATAA
AGACGGCGAACGTGGCGAG
CCCTTCATATAAAAGAACGTAGAGCCTTAAAGGTGAATTA
AACTTTAATCATGGGTAGCAACG
ACCATCACCCAAATAAACAGTTCATTTGATTCGCC
TGCCTAATGAGTGAGAAAAGCTCATATGTAGCTGA
TTTTTTGGTAATGGGTAACCATCCCACTTTTT
GGAGCAGCCACCACCCTTCGCATAACGACAATGACAACAA
AAAAGTGTCAGCAACAATTGCAGGCGCT
GGTTTGCGCATTTTAACGCGAGGCGT
AAAAGAATAGCCCGATACATACGCAGTAAGCTATC
TTTCACGAGAATGACCATTTTCATTTGGTCAATAACCTGT
TCGGTCATACCGGGGGTTTCTGC
CCTCCGAAATCGGCAAAAT
TTCCATTGACCCAAAGAGGCTTTGAGGA
ACGCGTCGGCTGTAAGACGACGACAATA
GTCCGTCCTGCAAGATCGTCGGATTCTCTTCGCATTGGACGA
GTCAGTCGTTTAACGAGATGGCAATTCA
GAGCTTAAGAGGTCCCAATTCTGCAATTCCATATAACAGT

GCAGCACTTTGCTCTGAGCCGGGTCACTGTTGCCCTGCGGCTTTTT

TACCTGGTTTGCCCCAGCA
AATGCTGTAGCTGAGAAAGGCCG
CTATATTAAAGAACGTGGA
CGGTAGTACTCAATCCGCTGCTGGTCATGGTC
CTTGAAAACACCCTAACGGCATA
AAGTAAGAGCCGCCAGTACCAGGCGG
AAAAGATAGGGTTGAGTGT
TTCGCCATAAACTCTGGAGGTGTCCAGC
AGGGCGAAAAACCGATTTAACGTAGGGCAAATACC
CCCACATGTGAGTGAATAACTGATGCTTTTAACCTCCGGC
TTTTTAGGAGCGGGCGCTAGGAAGGGAAGAAAGCGAATTTTT
TGCCATACATAAAGATTAACTGAACACCAACAGCCGGAATAG
TTTTTCCGGTGCAGCACCGATCCCTTACACTTGCC
ACAGCTGATTGCCCGTCGCTGCGCCCACACGTTGA
ATTAAAATAAGTGCGACGATTGGCCTTG
AAAACGAAAGAGGCTCATTATAC
TGTCCAAGTACCAGAAACCCCAG
TTACCAATAAGGCTTGCAGTGCGGAAGTTTAGACTGGATA
TTAGTGTGAATCCCTCTAATAAAACGAAAGAACGATGAATTA
ATCAGAGCCTTTAACGGGGTCTTAATGCCCCCTGC
TTACCTCTTAGCAAATTTCAACCGATTG

8[321]
0[431]
3[350]
6[153]
10[667]
11[429]
3[266]
11[567]
11[147]
121]
7[338]
6[69]
8[508]
11[441]
7[212]
8[69]
10[415]
2[307]
2[517]
9[105]
6[615]
4[228]
10[48]
10[373]
4[209]
10[499]
0[53]
3[247]
8[382]
10[457]
2[55]
11[525]
11[555]
10[702]
o[441]
5[29]
11[315]
2[391]
0[286]
3[499]
7[254]
9[231]
5[371]
6[447]

8[299]
11[440]
3[372]
2[140]
11[680]
0[413]
3[288]
6[574]
6[154]
2[25]
8[322]
2[56]
9[524]
6[448]
8[196]
8[47]
11[428]
3[307]
3[517]
5[118]
2[602]
7[230]
0[21]
11[386]
4[187]
11[512]
11[62]
10[248]
9[398]
11[470]
3[55]
6[532]
0[539]
11[702]
5[454]
4[52]
6[322]
3[391]
0[264]
10[500]
8[238]
5[244]
4[378]
2[434]
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AAAACGGAATACCCAAAAGAACT
GTCCACGCGCCACCTCACCGTTGAAACA
TTTTTATCCAGCGCAGTGTCACTGC
GATGAATAAATCCTGTAGGTGAGGCGGTAGCGTAAGTCCTCA
GCTAAATCGGTTTGACTATTATA
CAGCTTTGAATACCAAGTTACAA
GGTTGCTTTGACGAGCACGTTTTT
CATGCCAGTGAGCGCTAATATCCAATAATAAGAGC
TATGCATTACAGAGGATGGTTTAATTTC
ACTGCCCGCTTTCCTGAAAAGCTATATTTTAAATA
TGATTTAGAAAACTCAAGAGTCAATAGT
TGGGCGCCAGGGTGATTCATTAGAGTAACCTGCTC
TGCAACTCAAAAGGCCGTACCAAAAACA
AAATAGGTAATTTACAAATAAGAAACGA
TGTTCCAACGCTAACGAACAAGTCAGCAGGGAAGCGCATT
GTGCCTGCTTTAAACAGGGAGAGAGTTTCAAAGCGAACCA
GTTTGATGGTGGTTCAGAACCCCGCCTCACAGAAT
TCACCGTCACCGGCGCAGTCTCT
AGACGTCGTCACCCTCAGATCTTGACGCTGGCTGACCTTC
TTTAGCAAACGCCACAATATAACTATATTCCCTTATAAATGG
AGCGTATCATTCCACAGACCCGCCACAGTTGCAGCAAGCG
GTATGTGAAATTGTTATCC
CCGAACTTTAATAAAAGCAAAGCGGATT
GTGAGTTAAAGGCCGCTGACACTCATGAAGGCACCAACCT
GCGCCCGCACCCTCTCGAGGTGAATT
ACAGTTTTTCAGATTTCAATTACCGTCGCAGAGGCGAATT
TTTAGAACGCGAATTACTAGAAAACTATAAACACCGGAAT
TGACCTAAATTTTTAAACCAAGT
TAAAGAGGCAAAATATTTTATAA
GTTTACCGCGCCCAATAGCAAGC
TACCGGGATAGCAATGAATATAT
AAATTGTGTCGAGAATACCACAT
AAATGCGTTATACAAATTCTTAC
CAGATATAGGCTTGAACAGACGTTAGTAAAGCCCAAAAATTT
TAAGATCTGTAAATCGTTGTTAATTGTAAAGCCAACGCTC
CATTCTATCAGGGCGATGG
CTCCAATTTAGGCAGAGACAATCAATCAAGAAAAATAATA
GAGACAAAGATTATCAGGTCATTGACGAGAGATCTACAAA
AGGGACAAAATCTTCCAGCGCCAAAGAC
AAAATTTTTTAAAATGAGCAAAAGAA
CATCGGGAGAAATTCAAATATAT
ATCATTTACATAAAAGTATCAAAATTATAAGAAACTTCAATA
GCTACGACAGCAACTAAAAACCG
TTAGGTTGGGTTATAGATAAGTC

8[489]
11[364]
7[21]
9[609]
3[182]
7[567]
3[679]
5[455]
2[265]
11[189]
6[573]
11[273]
6[195]
2[475]
11[471]
11[219]
11[399]
0[412]
7[296]
9[525]
0[347]
10[79]
2[223]
11[303]
8[340]
4[606]
4[564]
4[545]
3[163]
7[483]
3[331]
4[293]
8[573]
9[315]
7[548]
10[541]
11[513]
4[186]
2[433]
8[592]
4[587]
9[567]
3[289]
0[538]

8[467]
6[364]
7[41]
5[622]
3[204]
7[589]
3[698]
4[462]
3[265]
6[196]
2[560]
6[280]
2[182]
3[475]
0[455]
0[203]
6[406]
0[390]
8[280]
5[538]
11[363]
11[92]
3[223]
0[287]
9[356]
7[608]
7[566]
4[523]
10[164]
7[505]
10[332]
4[271]
8[551]
5[328]
8[532]
11[554]
0[497]
7[188]
3[433]
9[608]
4[565]
5[580]
10[290]
0[516]
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TATTGCCTTTAGCGTCAGACTGT
TTTTTCCGGGTACCGAGCTCGAATTCGTAATCTGGTCA
CTAAAGACTTTTAGGAACCCATG
GTGGAACGACGGGCTCTCAACTT
TCAGGTGAAATTTCTACGGAAACAATCG
AAGACGCTGAGACCAGAAGGAGC
AGCAGTCGGGAAACCTGTC
AACAACATGTTCATCCTTGAAAA
ATAATGAATCCTGAGATTACGAGCATGTGACAAAAACTTATT
GAGGTAACGTTATTAATTTTAAAACAAATAATGGAAGGGT
ACCGCATTCCAACGGTATTCTAAGCGAGATATAGAAGGCT
CAGCATCAACCGCACGGCGGGCCGTT
GCTCAAGTTGGGTAACGGGCGGAAAAATTTGTGAGAGATA
GGAATCGGAACATTGCACGTTAA
ATAAGAAGCCACCCAAACTTGAGCCATTATCAATACATCAGT
GGCGACACCACCCTCAGGTTGTACTGTACCGTTCCAGTAA
CATGTCAGAGATTTGATGTGAATTACCT
AATAGCTGTCACACGCAACGGTACGCCAGCGCTTAATGTAGTA
GCAGCACCGTAAGTGCCCGTATA
ATGAATCCCAGTCACGATCGAACGTGCCGGCCAGAGCACA
TATGTGATAAATAAGGCGTTAAA
TTAATGAATCGGCCATTCATTCCAATACGCATAGT
ATTCTTTTCATAATCAAAATCAC
AATCGTTGAGTAACATTGGAATTACCTAATTACATTTAAC
ATTTTGCCAGAGGGGGTAATAGT
AGCGCCACCACGGAATACGCCTCAGACCAGAGCCACCACC
AAAAAAGGCAGCCTTTACAATCTTACCAGTTTG
TAATCGTAGCATTACCTGAGAGTCTG
CAAGTGCTGAGTAAGAAAATAAATCCTC
GGCTAAAGTACGGTGTCTGGAAG
CCTACATACGTAGCGGCCAGCCATTGCAACAGGTTTTT
CTATTTCGGAACGAGTGAGAATA
TCAACATCAGTTAAATAGCGAGAGTGAGACGACGATAAAA
AATAACGCGCGGGGAGAGG
AAGAGATTCATTTTGTTTAAGAGGAAGC
CAAATGGTTCAGAAGAACGAGTAGAT
AAAAGGGCGACAATTATTTATCC
ATAGCTGTTTCCTGGAACGTCCATAACGCCGTAAA
TGTAGGGGATTTAGTAACACTGAGTTTC
AAAAATCTACGTGCGTTTTAATT
AGAGTTTATACCAGTAGCACCTGAAACCATCGATA
GTGTATTAAGAGGCTGAGACTCC
GAAGTCAACCCAAATGGCAAAAGAATACTCGGAACAGAATCC
CGGTTAACAAAGCTGCTGTAACAACAAGGACGTTGGGAAG

7[399]
11[29]
3[308]
3[79]
6[111]
3[560]
10[205]
3[518]
o483
11[597]
4[522]
8[46]
11[93]
3[583]
9[399]
11[387]
6[279]
9[651]
4[419]
7[86]
7[525]
11[231]
8[447]
7[590]
8[279]
71422
0[473]
8[172]
6[405]
7[189]
8[678]
4[377]
4[270]
10[247]
6[237]
8[214]
3[434]
11[63]
2[349)
0[244]
5[413]
7[357]
9[273]
11[261]

7[421]
10[49]
3[330]
10[80]
2[98]
3[582]
11218]
3[540]
5[496]
0[581]
7[524]
9[62]
0[77]
10[584]
5[412]
0[371]
2[266]
5[664]
4[397]
8[70]
7[547]
6[238]
8[425]
8[574]
8[257]
8[406]
11[482]
o[188]
2[392]
7[211]
9[698]
4[355]
71272
11[260]
2[224]
9[230]
3[456]
6[70]
3[349]
0[222]
4[420]
7[379]
5[286]
0[245]
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ACTACCTTTAAACGGGTAACAGGGAGACGGGCA
AATCCAAAAAAAAGGCTCCAAAA
GAGAGCCTCAGAACCGCATTTTCTGTAACGATCTAAAGTT
AAATCCCCGAAACAATTCATGAGGAAGT
TACCTAATATCAAAATCATTCAATATTACGTGA
GTATACAGGTAATGTGTAGGTAGTCAAATCACCAT
AACGTTGTAGAAACAGCGGATAGTTGGGCGGTTGT
GTTTATGTCACATGGGAATCCAC
ATATTCACAAACAAATTCATATG
GACCGGAAGCAATTGCGGGAGAA
TCAAGCAGAACCACCACTCACTCAGGTAGCCCGGAATAGG
AGCCTCCCCAGGGTCCGGCAAACGCG
TTCATTTTCTGCTAAACAACTGAACAACTAAAGGA
TCGTTCACCGCCTGGCCCT
CGGAAGCACGCAAACTTATTAGCGTT
GAGCAAGGTGGCATTTACTCCAACAGGTTCTTTACGTCAACA
ATTGCGAATAATGTACAACGGAG
CTTTTTTTCGTCTCGTCGCTGGC
GACCGTCGAACGGGGAAGCTAATGCAGA
GCGTCATACATGCCCTCATAGTT
GAAAGTTCAACAATCAGCTTGCTTAGCTTTAATTGTATCG
TGTAAATCATGCTCCTTTTGATAATTGCTGAATAT
TTCACCTAGCGTGGCGGGTGAAGGGATACCAGTGCATAAAAA
ATTTGCCAAGCGGAACTGACCAACGAGTCAATCATAAGGG
TAGAACCTACCAGTCTGAGAGAC
GGGTTACCTGCAGCCAGCGGTGTTTTT
GAATTATCCAATAACGATAGCTTAGATT
TTGTCGTCTTTCTACGTAATGCC
ACTACTTAGCCGGAACGAGGCGC
TTTTTGTCCATCACGCAAATTCCGAGTAAAAGAGTCTTTTTT
TTTTTCGGGAGCTAAACAGGTTGTTAGAATCAGAGTTTTT
AATCATAATAACCCGGCGTCAAAAATGA
AGCAAGCCGTTTAAGAATTGAGT
AACAGAGTGCCTGGGGTTTTGCTCACAGAAGGATTAGGAT
CCAGCCAAACTTCTGATTGCCGTTTTGGGTAAAGTTAAAC
TGAAATTGTTTCAGGGAACTACAACGCC
GCCCGCACAGGCGGCCTTTAGTG
CAGTAAGAACCTTGAGCCTGTTTAGT
ACCAAATTACCAGGTCATAGCCCCGAGTTTTCATCGGCAT
TCTTATACTCAGAAAGGCTTTTGATGATATTGACACGCTATT
GCCTTATACCCTGTAATACCAATTCTTGCGCTC
TTTTTGCGTCCGTGCCTGCATCAGACGTTTTT
TTATGGCCTGAGCACCTCAGAGCATAAA
CGAGCACAGACTTCAAATACCTCAAAAGCTGCA

0[305]
7[315]
11[345]
6[321]
0[557]
5[161]
5[77]
3[415]
3[392]
0[202]
7[380]
8[88]
5[329]
10[331]
8[424]
9[189]
4[335]
8[111]
6[531]
0[370]
4[354]
5[203]
9[63]
4[312]
0[580]
4[51]
2[559]
0[328]
71273
4[702]
0[694]
6[489]
4[503]
4[396]
4[102]
6[363]
7[63]
8[550]
4[438]
9[357]
0[179]
9[25]
2[181]
0[221]

11[314]
7[337]
0[329]
2[308]
11[566]
4[168]
4[84]
10[416]
3[414]
0[180]
8[364]
9[104]
4[336]
11[344]
9[440]
5[202]
4[313]
8[89]
2[518]
0[348]
7[356]
4[210]
5[76]
7[314]
0[558]
4[29]
3[559]
0[306]
7[295]
5[702]
1[694]
2[476]
4[481]
7[398]
7[104]
2[350]
7[85]
9[566]
7[440]
5[370]
11[188]
6[21]
3[181]
11[230]
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GCATCAAAAAGAAGTAAATTGGG
TAAGTAGAAGAACTCAAACTATCG
ATTTGGCAAATCAACAGTTGAAA
GTTGAAACAAACATCAAGAAAAC
GAATTGTAGCCAGAATGGATCAGAGCAAATCCT
GCTTGACCATTAGATACATTTCG
CTGAAAACCTGTTTATCAAACATGTAACGTCAA
GACTTTCTCCGTGGCGCGGTTG
ACACAACATACGAGGGATGTGGCTATTAATCGGCC
TTTTTAACAATATTACCGTCGCTGGTAATATCCAGTTTTT
TGCCTGAACAGCAAATGAATGCGCGAACT
CAAATATCAAACCAGATGAATAT
CAATATGATATTGATGGGCGCAT
TTCTGGAATAATCCTGATTTTGCCCGGCCGTAA
TTAACAAGAGAATCGATGAACGG
GGGCCGGAAGCATAAAGTG
GTTTGAGGGGACCTCATTTGCCG
GTATTAGAGCCGTCAATAGATAA
GCTAATGCCGGAGAGGGTAGCTA
TACTTCTTTGATAAAAATCTAAA
GAAAGATCGCACTCCAGCCAGCT
TCAGGCTGCGCAACTGTTGGGAA
ATACCCTTCGTGCCACGCTGAACCTTGCTGAACCT
CATAATATTCCGTAATGGGATCCGTGCATCTGCCA
TTTTTATCCAATAAATCTCTACCCCGGTAAAACTAGCATG
CCGATAATAAAAGGGACTTAACACCGCGAACCACCAGCAG
CATCAGCGTCTGGCCTTCCACAGGAACCTGGGG
GGAATAACAGAGATAGACATACAAACTTGAGGATTTAGAA
CCGGAAGACGTACAGCGCCGCGATTACAATTCC
TTCGCGGATTGATTGCTCATTTTTTAAC
TAAAGGATTGTATAAGCGCACAAACGACATTAAATGTGAG
GATAAAAATTTTTAGCCAGCTTT
GATAGTGCAACATGATATTTTTGAATGG
GGATAACCTCACAATTTTTGTTA
TCAATAATAAAGTGTATCATCATATTCC
CAATAGGAACGCAAATTAAGCAA
GCGAAAGACGCAAAGCCGCCACGGGAAC
TTCCGAATTGTAAACGTGTCGCCAGCATCGGTGCGGGCCT
ACATCATTTAAATTGCGTAGAAACAGTACCTTTTA
AAGATAAAACAGTTGGATTATAC
AACACCCTAAAGGGAGCCC
GCATCGAGCCAGATATCTTTAGGACCTGAGGAAGGTTATC
CGTAAAGGTCACGAAACCAGGCAATAGCACCGCTTCTGGT
CGAGTAACAACCGTTTACCAGTC

3[224]
7[651]
7[609]
8[615]
0[389]
8[237]
0[515]
0[76]
11[105]
6[694]
6[657]
4[629]
4[167]
0[599]
8[195]
10[121]
4[125]
8[657]
7[147]
4[671]
7[105]
8[153]
5[623]
5[119]
7[170]
11[639]
0[137]
7[632]
0[95]
2[139]
11[135]
0[160]
2[643]
3[98]
2[601]
3[140]
2[97]
7[128]
5[581]
0[622]
10[625]
4[648]
4[144]
0[118]

3[246]
7[673]
7[631]
8[593]
11[398]
8[215]
11[524]
0[54]
6[112]
7[694]
2[644]
4[607]
4[145]
11[608]
8[173]
11[134]
4[103]
8[635]
7[169]
4[649]
7[127]
8[131]
4[630]
4[126]
8[154]
0[623]
11[146]
8[616]
11[104]
3[139]
0[119]
0[138]
3[643]
3[120]
3[601]
3[162]
3[97]
8[112]
4[588]
0[600]
11[638]
7[650]
7[146]
0[96]
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GCCTTACGCTGCGCGTAAAATTATTTTTTGACGCTCAATC
CCGAACCCCCTAAAACATCGACCAGTTTAGAGC
TGCGTACTAATAGTAGTTGAAATGCATATTTCAACGCAAG
GATTTTAGACAGGCATTAAAAATA
TGATTATCAGATATACGTGGCAC
TGGCAAGTTTTTTGGGGTC

TCAGCTAACTCACATTAAT
CTATTAGTCTTTCGCCGCTACAG
AACGCCAAAAGGCGGATGGCTTA
AAGAAACAATGACCGGAAACGTC

GTACATCGACATCGTTAACGGCA
ATACCACCATCAGTGAGGCCAAACCGTTGTAGCAA
AACGCCAAAAGGCGGATGGCTTA-Biotin

AAGAAACAATGACCGGAAACGTC-Biotin
GTACATCGACATCGTTAACGGCA-Biotin
ATACCACCATCAGTGAGGCCAAACCGTTGTAGCAA-Biotin

7[674]
0[641]
11[177]
0[664]
3[602]
10[583]
10[163]
3[644]
4[251]
4[461]
4[83]
5[665]
4[251]
4[461]
4[83]
5[665]

8[658]
11[650]
0[161]
0[642]
3[624]
11[596]
11[176]
3[666]
4[229]
4[439)
4[61]
4[672]
4[229]
4[439)
4[61]
4[672]
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«‘ Self-Regeneration and Self-Healing in DNA Origami Nanostructures
\ Michael Scheckenbach, Tom Schubert, Carsten Forthmann, Viktorija Glembockyte,* and

~ Philip Tinnefeld*

Abstract: DNA nanotechnology and advances in the DNA
origami technique have enabled facile design and synthesis of
complex and functional nanostructures. Molecular devices are,
however, prone to rapid functional and structural degradation
due to the high proportion of surface atoms at the nanoscale
and due to complex working environments. Besides stabilizing
mechanisms, approaches for the self-repair of functional
molecular devices are desirable. Here we exploit the self-
assembly and reconfigurability of DNA origami nanostruc-
tures to induce the self-repair of defects of photoinduced and
enzymatic damage. We provide examples of repair in DNA
nanostructures showing the difference between unspecific self-
regeneration and damage specific self-healing mechanisms.
Using DNA origami nanorulers studied by atomic force and
superresolution DNA PAINT microscopy, quantitative pres-
ervation of fluorescence properties is demonstrated with direct
potential for improving nanoscale calibration samples.

Introduction

A molecular machine after Stoddart is defined as the
assembly of a controlled number of molecular building units,
that is designed to perform controlled motions as the output
for an external stimulation (input).'! In the last two decades,
a variety of nanoscale devices acting as molecular motors,
switches, pumps or ratchets has been established.'*! Such
nanodevices exhibit high functionality and increasing com-
plexity driven by progress in different fields.*"®! Especially,
DNA nanotechnology and progress in DNA origami assem-
blies have enabled easy design and synthesis of unprecedent-
ed complex nanostructures with high yields.””! With DNA
nanotechnology, the integration and the exact arrangement of

[*] Dr. V. Glembockyte, Prof. Dr. P. Tinnefeld
Department of Chemistry and Center for NanoScience,
Ludwig-Maximilians-Universitdt Minchen
Butenandtstr. 5-13, 81377 Miinchen (Germany)
E-mail: viktorija.glembockyte@cup.uni-muenchen.de

philip.tinnefeld@cup.Imu.de

M. Scheckenbach, T. Schubert, Dr. C. Forthmann
Department of Chemistry and Center for NanoScience,
Ludwig-Maximilians-Universitdt Miinchen
Butenandtstr. 5-13, 81377 Miinchen (Germany)

@ Supporting information and the ORCID identification number(s) for
® the author(s) of this article can be found under:
https://doi.org/10.1002/anie.202012986.

@ © 2020 The Authors. Angewandte Chemie International Edition
published by Wiley-VCH GmbH. This is an open access article under
the terms of the Creative Commons Attribution License, which
permits use, distribution and reproduction in any medium, provided
the original work is properly cited.

Angew. Chem. Int. Ed. 2021, 6o, 4931—4938

© 2020 The Authors. Angewandte Chemie International Edition published by Wiley-VCH GmbH

a manifold of new functionalities are creating emerging
potentials for drug delivery,"™'"l nanophotonics™ and bio-
sensing."”! These developments are reviving the dreams of
early molecular nanotechnology including medical nano-
robots that autonomously swarm through our bodies to detect
and eliminate disease factors and sources of pain. One aspect
that has yet caught little attention but will become increas-
ingly important is the maintenance of autonomously working
self-assembled nanomachines and devices. Can we develop
strategies to maintain the activity and functionality under
conditions of wear, for example, in complex chemical
environments, in the presence of degrading enzymes or under
the influence of photodamage in light-driven devices?

Fundamentally, molecular devices are prone to rapid
degradation and loss of functionality due to the high
proportion of surface atoms and molecules.'"¥! The impor-
tance of self-repair is underscored by the sophistication and
complexity of nature’s molecular machineries and their
accompanying self-healing abilities and self-repairing sys-
tems. Almost every atom in our body is frequently replaced
and the biomolecules in our cells undergo constant self-
regeneration. On the molecular level, chemical stress and
unintended side reactions need to be contained and repaired.
DNA repair systems, for example, constantly deal with the
repair of thousands of lesions, abasic sites and oxidized
guanosines.*) During photosynthesis, Photosystem II calls
for immediate response to oxidative side reactions requiring
recognition of damaged D1 subunits and their replace-
ment.[”1¥ These and many other examples from nature teach
us, that in our strive for artificial molecular machines with
sustainability and similar functionalities as their natural
counterparts we should also consider dynamic strategies of
how to compensate for loss of functionality.

For applications of functional DNA nanotechnology,
research has focused mainly on the improvement of stabiliza-
tion of DNA nanostructures in complex environments, for
example, by coating or encapsulation of the structure or
strengthening the backbone by covalent cross-linking.['*?
The demand of self-repairing functional nanostructures is
just emerging. Recently, the stabilization of artificial DNA
nanotubes in degrading conditions could be shown by
incubation with intact DNA tiles forming the nanotubes.!
Self-assembling nanostructures could simply be stabilized by
the excess of intact building units. Another recent example is
the design of a stable fluorescence single-particle tracking
label by exchanging transient labels in the form of short
fluorescently labeled oligonucleotides.*"

Here, we propose to exploit the self-assembly and
reconfiguration abilities of DNA origami technique to
introduce general mechanisms for self-repair within defective
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Scheme 1. A) Schematic representation of a self-assembling molecular
nanodevice as cogwheel with molecular building units represented by
cogs. Intact building units are highlighted in green, defective building
units in red. Principle of self-regenerating (B) and self-healing (C)
nanodevices. Steady-state exchange of random building units (intact
and defective) with intact building units is defined as “self-regenerat-
ing”, while specific exchange of defective building units is defined as
“self-healing”.

or externally damaged nanostructures.”*?"l We classify self-
repair mechanisms in two categories, that is, self-regenerating
and self-healing systems as explained in the following.
Scheme 1 shows a functional molecular nanodevice repre-
sented by a force transmission system using cogwheels. Intact
molecular building units are illustrated as green cogs while
defective building units are shown as broken red cogs.
Damage under wear conditions leads to loss of intact building
units until a critical number of defective building units is
reached so that the functionality of the nanodevice breaks
down (Scheme 1 A). We imagine two possibilities to maintain
the functional force transmission system. First, the building
blocks that are outwearing are constantly exchanged by new
building blocks (referred to as self-regenerating, Scheme 1B),
or alternatively, only the defective pieces are exchanged
specifically (referred to as self-healing, Scheme 1 C). Follow-
ing this classification, we present self-repair of DNA origami
devices and demonstrate them on selected examples showing
how emulated as well as random and unknown enzymatic and
light-induced damages can be reversed. The different self-
repair systems are demonstrated using atomic force micros-
copy (AFM) and single-device fluorescence experiments.
Among others, we show the ability to recover DNA origami
nanorulers used in superresolution microscopy and DNA
origamis with defined brightness which can become nanoscale
calibration references. This work represents a starting point
for developing more comprehensive and sustainable ap-
proaches towards functional, self-repairing molecular devices.

Results and Discussion
To establish exemplary self-repair mechanisms within

functional nanodevices, we focused on DNA origami nano-
structures with a controlled number and position of fluores-

www.angewandte.org © 2020 The Authors. Angewandte Chemie International Edition published by Wiley-VCH GmbH
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cent labels acting as nanorulers. Such nanorulers can serve as
distance reference structures for emerging super-resolution
microscopy applications as well as brightness reference
standards to determine, for example, the sensitivity of
a smartphone microscope.’® While bright point light
sources are highly desired for calibration purposes,**! nano-
scale brightness references suffer from molecular device
degradation under wear conditions, for example, by photo-
bleaching of the labels and photoinduced damage to the
nanostructure during the measurement so that a brightness
reference is only providing reliable data for a short period of
time. First, we studied the possibility to maintain the DNA
device by regenerating the brightness functionality by re-
freshing with non-bleached units. The 12-helix bundle (12HB)
DNA origami shown in Figure 1 A was labeled with fluores-
cent dyes by hybridizing protruding single-stranded DNA
extensions (called docking strands) with an excess of com-
plementary dye-labeled strands (called imager strands) in
solution (experimental procedures, methods and materials
are provided in Supporting Information).””) For the 12HB
shown in Figure 1 A, labeling of 100 docking sites was ensured
by saturating the docking sites with a 5nM solution of
20 nucleotide (nt) long complementary fluorescent imager
strands (Figure 1B). DNA origamis were immobilized via
incorporated biotin modified DNA strands on neutravidin-
biotin-BSA passivated coverslips and imaged via total
internal reflection fluorescence (TIRF) microscopy so that
only fluorescent dyes at the surface were excited and affected
by photobleaching (see image in Figure 1 C). Upon continu-
ous illumination (3 min with 75 Wcem2), the DNA origamis
photobleach (Figure 1 C, middle). Thus, each area can only be
imaged once and pre-illuminated areas will not contain DNA
origamis with the expected brightness. We used time-lapse
imaging avoiding photobleaching (640 nm with 75 Wem 2,
100 ms every 60 s) of the same imaging area to see whether
the brightness rulers recover in the presence of the 5nM
solution of imager strands but only observed a small recovery
of the fluorescence (Figure 1C, right image). For quantifica-
tion, we identified the locations of the brightness nanorulers
and plotted their average brightness against recovery time
(Figure 1D, red graph). The recovery of up to 15 % is ascribed
to post-labeling of previously inaccessible docking strands®®*!
as it was shown that not all docking strands of DNA origami
are always accessible (see Figure S2 and discussion). An
orthogonal imager strand with non-complementary sequence
was used as a control and did not yield any fluorescence
recovery (Figure 1D, gray). To induce self-regeneration, we
rationalized that the binding interaction between the docking
and imager strands has to be weakened to allow for strand
exchange exploiting the ambient thermal energy. Using 13 nt
long imager strands, the labeling is transient with binding
times on the order of minutes (Figure 1 E) while the bright-
ness nanorulers are also efficiently labeled (Figure 1F).
Photobleaching still yielded dark areas (Figure 1F, middle)
which recovered over the course of three hours (Figure 1F
right). The intensity of the spots, however, did not recover
completely but saturated at 20-60% of the initial fluores-
cence intensity (see Figure 1D, blue). Besides the fluorophore
photobleaching, generation of reactive oxygen species (ROS)
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Figure 1. A) Scheme of a 12HB brightness ruler with 5x 20 docking sites for external labeling. B) Scheme of conventional permanent external
brightness labeling with 20 nt imager strands. C) Exemplary TIRF images of initial, bleached and recovered (180 min) immobilized 12HB
brightness rulers with permanent label (20 nt). D) Extracted averaged and normalized DNA origami intensity transients after photobleaching

(75 Wem™?) for different imager strands. The permanent 20 nt label (ATTO655) is highlighted in red, an orthogonal imager strand reference
(ATTOG655, 20 nt) is highlighted in grey, the self-regenerating label (ATTO655, 13 nt) is highlighted in blue, respectively. The photostabilized self-
regenerating label (ATTO542, 13 nt) is highlighted in green (higher bleaching power of 0.5 kWcm™). Data represent average of three experiments,
highlighted areas represent the standard deviation. E) Scheme of dynamic and regenerating external labeling with 13 nt imager strands.

F) Exemplary TIRF images of initial, bleached and recovered (180 min) immobilized 12HB brightness rulers with self-regenerating label (13 nt).
G) Scheme of dynamic and regenerating external labeling with 13 nt imager strands and photostabilization. H) Exemplary TIRF images of initial,
bleached and recovered (180 min) immobilized 12HB brightness rulers with photostabilized self-regenerating label (13 nt, ATTO542). ) Exemplary
brightness histograms for immobilized 12HB brightness rulers with permanent label (red) and self-regenerating label (blue). Scale bars are 2 um.

under constant illumination conditions can also lead to
photodamage of the DNA scaffold and the staple strands.™
Hence, full recovery cannot be reached in line to what has
been observed for binding site bleaching in DNA PAINT
experiments.’*"] To suppress the damage to the docking sites
by ROS and to photostabilize the fluorescent labels, we
removed oxygen enzymatically and quenched reactive triplet
and radical states by a reducing and oxidizing system (ROXS)
(Figure 1G).P**! The dye was changed to ATTO542 as
ATTO655 shows pronounced blinking when using ROXS.1!
Interestingly, under these conditions, the self-regenerating
label recovered completely to 100 % of its initial brightness
(Figure 1H,and D green) although higher bleaching powers
(0.5kWcem™ at 532 nm) had to be applied to achieve the
complete bleaching of the self-regenerating labels (Figure 1 H
and Figure S3). We also investigated the ability to recover the
self-regenerating label over multiple bleaching events with
and without photostabilization (Figure S4). While the self-
regenerating label without photostabilization revealed de-
creasing recovery over every bleaching cycle, the photo-
stabilized self-regenerating label showed a stable recovery of
over 60 % of initial brightness even after 5 bleaching cycles.

The successful self-regeneration of the brightness rulers
with higher bleaching powers indicates that the nucleic acid
structure is protected by the photoprotection buffer even
more efficiently than the fluorescent dyes. The self-regener-
ation of brightness nanorulers might be of immediate

Angew. Chem. Int. Ed. 2021, 6o, 4931—4938
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importance for the development of nanoscale reference
structures. Importantly, self-regeneration could be achieved
without significantly compromising the brightness of the
structures (Figure 11) as the binding equilibrium is on the side
of bound imager strands and the binding/unbinding kinetics
might be further optimized by adapting concentrations and
the length of imager strands.

In the self-repair by self-assembly mechanisms shown
here for DNA brightness standards, thermal energy is
exploited to drive the dynamic equilibrium reaction. As the
labeling units are constantly exchanged, independent of
whether they are photobleached or not, we refer to this self-
repair mechanism as self-regeneration (as defined in Sche-
me 1B).

Next, we studied self-healing of a structural damage
within a DNA origami nanostructure via AFM and DNA
PAINT imaging. In our definition of self-repair processes,
self-healing implies that the repairing reaction only occurs in
the presence of a damage (see Scheme 1C). We synthesized
a DNA origami 12-helix bundle (12HB) and emulated
a structural damage by leaving out 9 staple strands in the
center of the structure (Figure 2A). AFM images on mica
showed that a large fraction of damaged DNA origamis
contained kinks and lower heights in the region of missing
staple strands (Figure 2B). DNA PAINT imaging on BSA-
coated coverslips revealed a large fraction of defective,
collapsed nanorulers (Figure 2B). In order to test whether
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Figure 2. A) Scheme of a defective and kinked 12HB nanoruler missing
9 staple strands in the central region. Incorporation of the missing
staples recovers the designed linear structure. B) Exemplary AFM (left)
and DNA PAINT (right) images of defective 12HB sample missing 9
staples (top) and repaired 12HB sample after incubation with the set
of missing staple strands (bottom). AFM scale bars 100 nm. DNA
PAINT scale bars 200 nm. C) Cumulative angular distributions extract-
ed from AFM images for defective (red), repaired (dark blue) and
intact reference (black) 12HB nanorulers. Fraction of defective/kinked
nanorulers (angle below 160°) decreased from 63 % to 32% during
repair. D) Number of localizations per nanoruler extracted from DNA
PAINT images for repaired 12HB sample. Defective fraction (red) were
identified as monomer and dimer populations and decreased from
72% to 38 % during repair.

the missing staple strands can be incorporated into the
already existing DNA origami and whether the linear
conformation can be restored, we incubated the solution of
damaged 12HB DNA origami structures with a 300 x excess
of the missing staple strands starting at 50°C (i.e. below the
denaturation temperature of the 12HB) and slowly cooling to
room temperature (see Table S3). Imaging of immobilized
12HB origami nanostructures by AFM and DNA PAINT
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illustrates the successful repair of a significant fraction
(Figure 2B). The majority of repaired 12HB exhibited
a stretched linear structure and constant height along the
whole 200 nm axis of the nanostructure. DNA PAINT
imaging confirmed the stretched contour of intact 12HB for
the majority of the structures. AFM image quantification
(Figure 2C and Figure S5) showed that the resulting angle
distribution of the repaired 12HB nanorulers is similar to the
distribution of intact reference 12HB structures, while the
damaged sample showed a broad distribution ranging be-
tween 0° to 180°. Assigning 12HB nanostructures with an
angle over 160° as linear and intact resulted in a decrease of
the defective fraction from initially 63 % to only 32 % after
incorporation of the missing staple strands. DNA PAINT
image quantification (Figure 2D and Figure S6) by picking
defective, collapsed vs. intact, linear nanorulers with the
Picasso softwarel*!! exhibited a similar decrease of the
defective fraction from initially 72% to 38%. To further
validate the repair of defective 12HB nanorulers, we extract-
ed the number of DNA PAINT localizations per picked
nanoruler for intact and defective fractions within the
repaired 12HB sample. The histograms in Figure 2D reveal
similar numbers of localizations for defective (888) and intact
(931) nanoruler monomers but also nanoruler dimers (1699)
within the set of defective nanorulers. Dimer formation is
ascribed to sticking of two defective 12HB nanorulers in the
single-stranded region of the damage. The comparable
number of localizations for defective and intact monomers
indicates that the repair recovered structural features without
influencing the designed docking sites for DNA PAINT.
Successful incorporation of at least a sub-set of the 9 missing
staple strands was additionally proven by co-localized wide-
field-DNA PAINT imaging by incorporation of Cy5 labeled
staple strands (Figure S7). While previous studies showed the
removal of incorporated staple strands from DNA origami
nanostructures using staple strand toeholds and complemen-
tary external catching strands,*®*! the repair of the kinked
12HB exhibits that staple strands can also be incorporated
into existing DNA origami nanostructures and that the
structural integrity can be restored. Nevertheless, these
experiments do not finally prove a self-healing mechanism
as it is conceivable that also intact staple strands within the
DNA origami could be constantly exchanged by staple
strands in solution.

To assess whether a damage is required for the exchange
between DNA nanostructure and free staples in solution, we
designed a rectangular DNA origami (new rectangular
origami, NRO) containing two spots with three docking
strands per spot for DNA PAINT imaging experiments
(Figure S8). We then added staple strands with DNA PAINT
docking strand extensions that would form a third spot on the
DNA origami for DNA PAINT binding studies when
incorporated. Efficient incorporation of the added staples
could only be observed when the NRO nanorulers were
previously assembled with shorter staple strands so that
a toehold of 4 or 8 nucleotides was formed within the scaffold
strand (Figure S8 and S9) confirming the notion that a toehold
is required for efficient strand displacement reactions also
within an intact DNA origami.*”! This observation suggests,
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that the exchange of a defective staple strand within a DNA
origami is kinetically and thermodynamically feasible due to
the incomplete hybridization to the scaffold, while intact
staple strands are not replaced. Hence we concluded, that
a self-healing mechanism can stabilize DNA origami struc-
tures when a toehold is formed as part of the damage. We
aimed to find out if this self-healing strategy could increase
the stability of DNA origami nanorulers when the damage is
random and unknown. In the experiments with the kinked
12HB and the reconfigurable NRO nanostructures, the
damage was artificially inserted. In a more realistic setting,
DNA origamis have to function in complex environment with
various factors, including degrading enzymes, posing a risk to
their stability. To study this, we assessed the stability of DNA
nanostructures in a complex medium such as fetal bovine
serum (FBS) containing typically a set of various endo- and
exonucleases.
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Previous work showed the rapid degradation of unmodi-
fied DNA nanostructures in 10% FBS solution within
24 h.* Therefore, to monitor the structural stability of
DNA nanostructure over time, we designed a 12HB nanor-
uler equipped with three marks each containing ten docking
sites for DNA PAINT (see Figure 3A for Scheme and
superresolution DNA PAINT image with inter-mark distan-
ces of 70 nm and 102 nm). We incubated immobilized 12HB
nanorulers with FBS (diluted to 0.2%) and checked the
integrity of the structures over several days. We reasoned that
damage to the staple strands yields toeholds in the DNA
origami scaffold that could be repaired by intact staple strands
in solution via strand displacement reactions (Figure 3 B, right
Scheme). We carried out three parallel experiments. First,
12HB nanorulers were incubated with degrading FBS solu-
tion only. In the second experiment, we also added a full set of
matching staple strands of the 12HB DNA origami at an
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Figure 3. A) Left: Scheme of the 12HB nanoruler containing three DNA PAINT binding spots. Right: Exemplary DNA PAINT image of triple-spot
nanoruler with exemplary distance histogram. B) Scheme of 12HB nanoruler degradation incubated in FBS solution. Damaged staple strands are
repaired by intact staple strands in solution via self-healing. C-E) Exemplary DNA PAINT images of 12HB triple spot nanorulers in 0.2% FBS
solution, with a mix of non-matching DNA strands and with a mix of matching staple strands over 11 days, respectively. Triple-spot nanorulers are
highlighted by green, double-spot nanorulers by yellow and single-spot nanorulers by red circles. Bar plots (right) summarize the extracted
fractions of triple, double and single spot nanorulers after immobilization and after 11 days of incubation. Scale bars represent 200 nm.

F) Corresponding extracted, averaged and normalized number of localizations per nanoruler. G) Corresponding extracted, averaged and
normalized off-times per nanoruler. Each line represents the average of three different measured samples, error bars represent standard deviation.
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overall staple concentration of 5uM (i.e. 22.5nM per
individual staple strand). In a third experiment, we added
the same concentration of non-matching DNA staples, that is,
a set of oligonucleotides showing no relevant overlap with the
scaffold. In FBS, the 12HB nanorulers were strongly degraded
after 11 days and the number of DNA origami structures with
three marks in DNA PAINT decreased from 87 % to 12 % of
all structures (Figure 3C, more exemplary data in Fig-
ure S10). We observed that the degradation of 12HBs was
retarded in the presence of non-matching DNA strands and
that the number of structures still exhibiting 3 marks in the
DNA PAINT image of Figure 3D decreased from 83% to
56 % . We ascribed this stabilizing effect by the non-matching
DNA to the sacrificial degradation of the added DNA strands
slowing down the degradation rate of the immobilized
nanorulers. Interestingly, the 12HBs were even further
stabilized and protected in the presence of the specific staple
strands and 76% (starting at 85%) of nanorulers still
exhibited 3 fluorescent marks after 11 days of incubation in
FBS (Figure 3E). Besides manual counting of the fluorescent
spots in picked nanorulers, the degradation was also visual-
ized by the decreasing number of localizations (Figure 3F)
and increasing off-time (time between two binding events,
Figure 3G) per nanoruler in the DNA PAINT experiments.
Quantitative analysis of the number of localizations and off-
times supported the results from manual counting: the 12HB
origami in FBS solution revealed a strong decrease of
localizations per nanoruler after 11 days to under 20 %, while
the mean off-time increased almost 4-fold. The sample
incubated in non-matching DNA strands revealed a medium
decrease for the number of localizations and a small increase
of the mean off-time, while the 12HB incubated with the set
of specific staples showed stable localization counts and off-
times almost over the whole 11-day period. We interpret the
stabilization of the 12HB nanorulers by the set of matching
staple strands as autonomous self-healing as the displacement
of staple strands within the structure is only kinetically and
thermodynamically favored for the sites containing a toehold
as a result of a previous damage (see discussion in SI and
Figure S8 and S9). We also studied the stability of immobi-
lized 12ZHB DNA PAINT nanorulers in 10% FBS solution
(Figure S11 and S12). With the higher concentrations of
nucleases present in the 10% FBS solution fast structural
degradation of the 12 HB was observed. The addition of the
DNA staples in solution allowed to preserve the stability of 12
HB nanostructures even over 2 h in 10 % FBS. Here we found
a comparable stabilization of nanorulers by the matching and
non-matching DNA staples, suggesting that fast degradation
under these conditions cannot be compensated by self-healing
as shown for 0.2 % FBS incubation over days. Self-healing of
DNA origami is thus limited to lower damage rates, while the
sacrificial degradation of added DNA can stabilize the
nanorulers even at high FBS concentration.

Finally, to show that both self-healing and self-regener-
ations mechanisms can be combined within one DNA nano-
structure, we designed robust brightness labels consisting of
a 6HB DNA origami with two spots each containing ten
binding sites at a contour length distance of 290 nm (Fig-
ure 4 A). The binding sites were labeled with a 20 nt long

www.angewandte.org © 2020 The Authors. Angewandte Chemie International Edition published by Wiley-VCH GmbH
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imager strand carrying the fluorescent dye ATTO655. Our
analysis of fluorescence intensity of the immobilized nanor-
ulers showed that external labeling occurred with 60 %
labeling efficiency (Figure S13A). We then added the nicking
enzyme ND.BtsI to the labeled nanorulers that specifically
hydrolyses the imager strand exactly in the middle when it is
hybridized to the docking site so that single-stranded imager
strands in solution stay intact. The resulting two 10 nt
fragments are not stably bound to the DNA origami and
dissociate rapidly leaving a brightness ruler with strongly
reduced fluorescence signal (Figure 4B). After washing the
nicking enzyme away and adding intact imager strands, the
labels recovered back to almost 100 % of the initial labeling
brightness (Figure S13B and C). Next, we compared three
different labeling conditions to visualize the concepts of
a self-healing and self-regenerating label within one system
(see Figure 4C-E). Figure 4 shows exemplary time-lapse
TIRF images of immobilized 6HB brightness rulers incubated
with a 5 nM solution of imager strands (F), with a solution of
Nb.BtsI (G) and with a solution of 5 nM imager strands and
Nb.BtsI (H) (additional TIRF images given in Figure S14).
Extracted averaged intensity transients over hundreds of
nanorulers under time-lapse imaging (640 nm at 75 Wem 2,
100 ms every 10 minutes) are given in Figure 41. Photo-
bleaching led to slow degradation to 70 % after 8 h (Figure 4F
and Figure 41, red graph). Addition of Nb.BtsI to externally
labeled 6HB brightness ruler led to accelerated loss of
brightness due to enzymatic cleavage. After about 2h
a plateau below 20% of the initial fluorescence intensity
was reached. When the Nb.Bts/ and a 5nM imager strand
solution were added simultaneously, no degradation was
visible over 1200 min of time-lapse imaging showing that self-
repair mechanisms can quantitatively compensate mecha-
nisms of wear out (Figure 4 and Figure S14). Here, the repair
of brightness function of the DNA origami nanorulers can be
considered as self-healing with respect to the enzymatic
damage to the attached imager strands, as only those strands
exchange that were cleaved by the enzyme. With respect to
the fluorescent dye, the photobleaching damage is repaired in
a self-regenerating mechanism as dyes are exchanged inde-
pendent of whether they are photodamaged or not. Hence,
the self-repair in this example shows that self-regeneration
and self-healing can occur simultaneously within one system
when different sources of damage are present.

Differently from enzymatic repair approaches where the
prior knowledge of the damage site is required to evoke the
repair (e.g. DNA ligases require sequence specificity while
DNA polymerase also require specific primers), active self-
healing and self-regeneration mechanisms outlined here
provide general strategies to address random and unknown
damage. This is best illustrated by drastic improvement in the
stability of DNA nanostructures in a complex and chemically
demanding FBS environment shown in Figure 3. On the other
hand, it is important to mention that the approach of
exchanging the damaged building blocks with intact ones in
solution also has its limitations. With respect to DNA origami
nanostructures, only staple strands can be repaired via this
approach, while damages to the long DNA scaffold strand
cannot be addressed—under high stress conditions cumula-
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Figure 4. A) Scheme of 6HB brightness ruler with 2x20 nt docking sites for permanent labeling. B) Scheme of label cleavage by restriction
enzyme Nb.Bts| cutting the double-stranded 20 nt imager strands into two 10 nt fragments. C) Scheme of conventional permanent external
brightness label and slow loss of signal due to photobleaching. D) Scheme of enzymatic damage to brightness label by Nb.Btsl and fast loss of
brightness signal. E) Scheme of self-healing label by simultaneous addition of imager strands and Nb.Btsl. F-H) Exemplary time-lapse TIRF

images (75 Wcm™2 for 100 ms every 10 min). Scale bars are 2 um. F) Photobleaching of permanent label in 5 nM imager solution leads to loss of
brightness signal. G) Enzymatic damage induced by Nb.Bts! leads to rapid loss of brightness signal. H) Simultaneous addition of Nb.Btsl and

5 nM imager strand solution establishes self-healing label and leads to stable brightness signal over time. I) Extracted normalized and averaged
single nanoruler intensity transients for the three labeling conditions. The graphs represent the averages of three different experiments. Error bars

represent the standard deviation.

tive and prolonged damages to the scaffold strand may indeed
provide the breakdown of the function of the DNA nano-
structure. Furthermore, elevated temperatures used to restore
the structural stability of kinked 12 HB DNA nanostructure,
as shown in Figure 2, might also not be suitable for all
applications. Nevertheless, we think that the self-repair
strategies introduced in this work provide a complementary
tool to the existing enzymatic” " and chemical ap-
proaches!”?? to stabilize and manipulate DNA nanostruc-
tures and can be combined together to obtained even more
robust and “smart” designs on the nanoscale.

Conclusion

In the development of materials and molecular machines
with increasing complexity, their robustness and their resist-
ance against wear as well as their ability to prevail in complex
environments call for new approaches of protection. In this
context, self-repair mechanisms that are common in nature

Angew. Chem. Int. Ed. 2021, 6o, 4931—4938
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also become more important to be implemented in artificial
systems. As DNA nanotechnology enables self-assembling
nanostructures and molecular functional devices of highest
complexity, we exploit self-assembling and reconfiguration
properties to implement self-repair mechanisms. These in-
clude self-regeneration by a pool of intact building blocks and
exchange under conditions of thermal equilibration as well as
more specific self-healing that only allows exchange of
building blocks upon occurrence of a damage. We showed
that such mechanisms can already be implemented in existing
applications of DNA origami nanorulers and brightness
references. Self-repair strategies might become a crucial area
of research when pursuing our visions of sustainable, long-
lasting molecular nanorobots.
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1. Experimental Procedures
1.1. General materials

For folding, purification and storage of DNA origami nanostructures, a 1x TAE buffer consisting of 20 mM acetic acid, 1 mM EDTA, and
50 mM Tris was used. The 1x PBS buffer used for fluorescence imaging consisted of 2.7 mM KCI, 137 mM NacCl, 1.8 mM KH,PO,, and
10 mM NazHPO,. Individual concentrations of Mg?* used for every DNA origami nanostructure are given in Table S1.

The scaffold strands were extracted from M13mpl18 bacteriophages. Unmodified staple strands were purchased from Eurofins
Genomics GmbH and Integrated Device Technology Inc. Dye labeled oligonucleotides for DNA PAINT imaging or brightness labeling
were purchased from Eurofins Genomics GmbH (Germany).

The restriction enzyme Nb.Btsl together with the 1X CutSmart® buffer (20 mM Tris-acetate, 10 mM magnesium acetate, 50 mM
potassium acetate, 100 pg/ml BSA) were purchased from New England Biolabs (NEB, USA).
Specific materials used for individual experiments are described in the sections below.

1.2. DNA Origami folding

6HB origami 12HB origami NRO origami

R e S g ol O ¢
Figure S1. Schemes of the DNA origami nanorulers used in this study. The 6 helix bundle (6HB) and the 12 helix bundle (12HB) are ulers for
modern fluorescence microscopy. The new rectangular origami (NRO) can be used as a 2D breadboard for the positioning of various modifications. Corresponding
exemplary AFM images obtained after folding and purification shown in the lower panel illustrate the successful self-assembly of predicted structures.

All investigated DNA origami nanostructures (depicted in Figure S1) were synthesized using the corresponding scaffold strands and
temperature programs given in Table S1. Modifications of the nanorulers were realized using caDNAnNo (version 2.2.0). A full list of the
unmodified staple strands and sequences of the 12HB DNA origami!l is given in Table S15. A full list of the unmodified staple strands
and sequences of the NRO DNA origami? is given in Table S16. A full list of the unmodified staple strands and sequences of the 6HB
DNA origami® is given in Table S17.

Table S1 Corresponding scaffold strands, folding programs, folding buffers and magnesium chloride concentrations used for the folding of the DNA origami
nanorulers 12HB, 6HB, and NRO shown in Figure S1.

DNA origami nanoruler Scaffold Folding program Folding buffer MgCl2 concentration
12HB P8064 1 1XTAE 16 mM
6HB P7560 1 1XTE 14 mM
NRO P7249 2 1XTE 12.5 mM
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For the folding of the DNA origami nanostructures, the scaffold strand and the staple strands were mixed as given in Table S2 in the
corresponding 1x folding buffer containing MgCl, concentration as listed in Table S1. Unmodified core staple strands, which are
completely incorporated in the origami structure, were used in 10-fold excess with respect to the scaffold strand. Staple strands with
protruding 5’-ends, which act as docking sites for DNA PAINT or labeling experiments, were used in 30-fold excess with respect to the
scaffold strand. Biotinylated staple strands, which were incorporated for enabling surface immobilization of the DNA origami structures,
were used in a 30-fold excess with respect to the scaffold strand.

Table S2 Final concentrations and relative equivalents of scaffold strand, unmodified staple strands (core staple strands) and modified staple strands (e.qg.
biotinylated staple strands for immobilization and DNA PAINT docking site staple strands for superresolution imaging) used within this study.

Reagent Final concentration [nM]  Equivalents
Scaffold strand 13 1
Core staple strands 130 10
PAINT dockina strands 390 30
Biotinylated staple strands 390 30

Folding of the 12HB and 6HB origami was realized with a non-linear thermal annealing ramp over 16 hours (Table S3)¥, while the NRO
was folded during a linear annealing ramp over 75 min (Table S4).

Table S3 Folding Program 1 used for the folding of thelD nanorulers 12HB and 6HB.

Temperature (°C) Time per °C (min) Temperature (°C) Time per °C (min)
65 2 44 75
64 — 61 3 43 60
60 — 59 15 42 45
58 30 41-39 30
57 45 38-37 15
56 60 36-30 8
55 75 29-25 2
54-45 90 4 storage

Folding mixes had a total volume of 100 pl with final concentrations of scaffold strand, core staple strands and modified staple
strands (biotinylated, DNA PAINT docking sites) as given in Table S4.

Table S4 Folding Program 2 used for the folding of the 2D NRO nanorulers.

Temperature (°C) Time per °C (min)
90 15
80 -20 1
4 storage

1.3. Purification of DNA origami nanostructures
Purification of folded DNA origami nanostructures was realized either by gel electrophoresis or by filter purification.

For gel electrophoresis, a 1 w% aqueous solution of agarose in a 1x TAE buffer with 12 mM MgClI, was homogenized in a microwave.
The solution was cooled down to ca. 50°C and stained with peqGreen (VWR International GmbH, Germany) and solidified by creating
the wells for sample loading. The solidified gel was placed within a gel electrophoresis chamber filled with 1x TAE buffer containing 12
mM MgCl,. The whole chamber was placed in an ice bed to prevent melting of the gel. Five parts of sample solution were mixed with
one part of 6x BlueJuice loading dye (Thermo Fisher Scientific, USA) and loaded in the wells. The gel was run at 60 V for ca. 2 h.
Bands of interest were identified using blue light and cut out with a scalpel. Purified DNA solution was extracted by squeezing the cut
gel bands. Alternatively, sample purification was realized by filtration using Amicon Ultra filters (100 K, Merck, Germany). The filter was
first centrifuged with folding buffer for 7 minutes at 6000 g. The sample solution was then loaded into the filter and centrifuged for 15
minutes at 6000 g. 500 uL of folding buffer was loaded into the filter and centrifuged for 15 minutes at 6000 g, which was repeated.
After three washing steps, the filter was inverted and placed into a new collection tube. The purified sample could then be collected by
centrifugation for 2 minutes at 1000 g.

Concentrations of purified sample solution were measured via UV/vis spectroscopy (NanoDrop, Fischer Scientific, USA).

1.4. Surface-Immobilization of DNA origami nanorulers
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For optical microscopy experiments, the DNA origami sample was immobilized on Nunc™ LabTek™ Il chambers (Thermo Fisher, USA).
The chambers were first cleaned with 400 pL of 1 M KOH solution and washed three times with 1x PBS buffer. Then the surfaces were
passivated with 100 pL BSA-biotin (0.5 mg/mL in PBS, Sigma Aldrich, USA) for 30 minutes and washed three times with 1x PBS buffer.
The passivated surfaces were incubated with 100 pL neutravidin (0.25 mg mL-1 in PBS, Sigma Aldrich, USA) for 15 minutes and
washed three times with 1x PBS buffer. The sample solution with DNA origami featuring several staple strands with biotin modifications
on the base was diluted to approximately 50 pM in 1x PBS buffer containing 12.5 mM MgCl, and incubated in the chambers for 5 to 15
minutes. Sufficient surface density was probed with a TIRF microscope.

1.5. Photostabilization of fluorescent labels

Optical measurements with ATTO542 or Cy5 as imager fluorophores were carried out under photostabilizing conditions.®® A 2.5x TAE
buffer with 1 % (wt/v) D-(+)-glucose (Sigma Aldrich, USA), 165 units/mL glucose oxidase (G2133, Sigma Aldrich, USA), 2170 units/mL
catalase (C3155, Sigma Aldrich, USA), 1 mM Trolox and 2 M NaCl was used. The sample chamber with surface immobilized origami
sample was completely filled with imaging buffer and sealed to prevent oxygen solvation. The first measurements were carried out at
least 20 minutes after introducing the oxygen removal system to allow the equilibration of the oxygen concentration in the sample
solution.

1.6. Fluorescence imaging of DNA origami nanorulers used as brightness standards

Automated long-term experiments with brightness nanorulers (12HB with self-regenerating label and 6HB with Nb.BtslI cleaved labels)
were carried out on a commercial Nanoimager S (ONI Ltd., UK). Red excitation at 638 nm was realized with a 1100 mW laser, green
excitation at 532 nm with a 1000 mW laser, respectively. The microscope was set to TIRF illumination. In order to not corrupt the first
frames of the acquired intensity transients by the photobleaching of single nanorulers, the objective was first focused into the sample
plane on a random section of the glass surface and the auto focus was activated. Subsequently the imaging lasers were shut off. Before
starting time lapse measurements, the sample slide was moved to a new region of interest while still being kept in focus by the auto
focus. The data acquisition was initialized by activating the lasers and taking frames of 100 ms over a user defined acquisition protocol
(e.g. a frame of 100 ms taken every 10 min).

Throughout this study, fluorescence brightness imaging was realized with different imager strands but same imager concentration of 5
nM in 1x PBS buffer containing 12.5 mM MgCl,. Brightness data processing including background subtraction and data analysis were
performed with ImageJ 1.52n (version 1.8.0_172). For drift correction the linear stack alignment with SIFT plugin in ImageJ was used.
Spot detection was realized using a custom written algorithm in ImageJ.

1.7. DNA PAINT imaging

Super-resolution measurements using the DNA PAINT techniqgue were carried out on a custom-built total internal reflection
fluorescence (TIRF) microscope, based on an inverted microscope (1X71, Olympus). Red excitation at 644 nm was realized with a
150 mW laser (iBeam smart, Toptica Photonics) spectrally filtered with a clean-up filter (Brightline HC 650/13, Semrock). For yellow
excitation, an additional 560 nm/1 W fiber laser (MPB Communications) also filtered with a clean-up filter (Brightline HC 561/4, Semrock)
was used. The red and the yellow beams are combined with a dichroic mirror (T612Ipxr, Chroma). To expand the beam profile, the
laser passed through lenses (Bi-convex f50, Thorlabs; AC f120, Linos). The laser beam was coupled into the microscope with a triple-
color beam splitter (Chroma z476-488/568/647, AHF Analysentechnik) and focused on the backfocal plane of an oil-immersion objective
(100 x, NA =1.4, UPlanSApo, Olympus) aligned for TIRF illumination. To avoid drift the objective was mounted on a nosepiece (IX-
2NPS, Olympus). The fluorescence light is guided through an additional 1.6x optical magnification lens, an emission filter (ET 700/75,
Chroma for red excitation or ET 605/70m, Chroma for yellow excitation) and finally focused on an scientific Complementary metal-
oxide-semiconductor (SCMOS) camera (pco.panda 4.2, 2048x2048 px, PCO AG) for detection. The calibrated pixel size was
42 nm/pixel. For data acquisition, a pixel binning of 2 was used resulting in an acquisition pixel size of 84 nm. Data acquisition was
controlled with the software Micro-Manager 1.4.17-

The two used DNA PAINT imager strands (8 nt in length) with their corresponding sequences and fluorescent labels on the 3"end are
given in Table S5. In general, DNA PAINT imaging was realized with the ATTO655 imager strand and imager concentrations of 1 to 5
nM in 1x PBS buffer containing 12.5 mM MgCl,. Typically, a frame time of 50 ms over an experiment time of 20 min was used with 640
nm laser excitation at 30 mW. For two color incorporation studies on the repair of kinked 12 HB nanorulers (Figure S7), DNA PAINT
images were obtained with Cy3B imager strands and excitation with the 560 nm laser.

Stabilization studies of 12HB DNA PAINT nanorulers after 2 hours incubation in 10% fetal bovine serum (FBS) solution were carried
out on a commercial Nanoimager S (ONI Ltd., UK) using a 10 nM solution of the 6 nt ATTO655 imager strand (Table S5) in an 1x PBS
buffer containing 12.5 mM MgCl,. A frame time of 25 ms over an experiment time of 10 min was used with excitation at 638 nm set to
160 mW output power.
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Table S5 DNA PAINT imager strands and fluorescent labels used for DNA PAINT measurements. DNA PAINT imaging in red channel was realized with
ATTOG655 labelled imager strands, while imaging in green channel with Cy3B labelled imager strands, respectively.

Sequence (5" to 37) Fluorophore label on 3’
CGGGCATT ATTO655
CGGGCATT Cy3B

CGGGCA ATTO655

1.8. Analysis of DNA PAINT data
Acquired DNA PAINT raw data were analyzed using the Picasso software package.®

The obtained tiff-movies were first analyzed with the “localize” software from Picasso. Centroid position information of single imager
strand binding events was localized with a minimal net gradient of 10000 and a box size of 9 for data acquired with the custom-built
TIRF setup and with a minimal net gradient of 2500 and a box size of 5 for data obtained on the Nanoimager S, respectively. The fitted
localizations were further analyzed with the “render” software from Picasso. X-y-drift correction of the localizations was corrected with
the RCC drift correction. DNA origami nanorulers were picked with the Render software and corresponding mean off-times and number
of localizations per picked nanorulers were extracted for further analysis.

For quantitative distance analysis, the localization events of the picked nanorulers were exported from Render as csv. files for further
examination with the software GATTAnalysis from GATTAguant GmbH, Germany.

1.9. AFM imaging with JPK Nanowizard

For probing correct folding of the origami structures and observing structural properties, AFM images were taken. AFM scans in
aqueous solution (AFM buffer = 40 mM Tris, 2 mM EDTA, 12.5 mM Mg(OAc).-4 H,0) were realized on a NanoWizard® 3 ultra AFM
(JPK Instruments AG). For sample immobilization, a freshly cleaved mica surface (Quality V1, Plano GmbH) was incubated with 10
mM solution of NiCl, for 3 minutes or alternatively with 0.01 % (wt/v) Poly-L-ornithine solution. The mica was washed three times with
ultra-pure water to get rid of unbound Ni?* ions or Poly-L-ornithine and blow-dried with air. The dried mica surface was incubated with
1 nM sample solution for 3 minutes and washed with AFM buffer three times. Measurements were performed in AC mode on a scan
area of 3 x 3 ym with a micro cantilever (vies = 110 KHZ, Kspring= 9 N/m, Olympus Corp.).

1.10. Self-Regenerating brightness label on 12HB brightness ruler

For establishing a self-regenerating brightness label on a 12HB nanoruler, we designed 5x20 docking sites for external labeling into
the 12HB structure (Figure 1 main text). The five labeling spots were equally distributed along the 200 nm axis of the 12HB with 40 nm
inter-spot distances. Therefore, we exchanged 5x20 unmodified core staple strands of the 12HB in caDNAno with the docking site
staple strands given in Table S6. The docking site staple strands exhibit an over 20 nt long overhang at the 3'-ends. The used imager
strands, which are complementary to the sequence of the docking sites, are listed in Table S7. The hybridization of 20 nt imager strands
creates at room temperature thermodynamically stable and permanent labels, which are prone to photobleaching. Using shorter imager
strands of only 13 nt length leads to a transient dynamic label, which can recover after photobleaching events. All used imager strands
were labelled on the 3’-end, including the oxazine dye ATTO655 and the rhodamine dye ATTO542.

Self-regenerating of brightness labels on the 12HB brightness ruler (Figure 1 main text) was investigated with respect to the ability to
recover brightness labels after photodamage, i.e. photobleaching. After initial brightness measurements (100 ms with 3 mW excitation
at 532 or 640 nm), the immobilized nanorulers were photobleached (3 min, 3 mW without photostabilization, 20 mW with
photostabilization) to a complete breakdown of the brightness function. The brightness recovery of the bleached nanorulers was
measured over time via time-lapse imaging (100 ms every min with 3 mW at 532 or 640 nm).

Table S6 Modified staple strands of the 12HB brightness ruler. Sequences are denoted from 5’- to 3’-end. The docking site staple strands exhibit an over 20nt
long docking site, marked in red, on the 3'-end. For immobilization, the biotinylated staple strands are modified with biotin on the 3’-end. The numbers for the 5'-
end 3-end of the staples represent the helix number in the corresponding caDNAnNo file. Number in brackets represent the starting and ending position of the
staple in the corresponding helix.

Docking site staple strands 5'-end 3'-end
CGAGTAACAACCGTTTACCAGTCATATTTCCTCTACCACCTACATCAC 0[118] 0[96]
GCCTTACGCTGCGCGTAAAATTATTTTTTGACGCTCAATCATATTTCCTCTACCACCTACATCAC 0[179] 11[188]
CGAGCACAGACTTCAAATACCTCAAAAGCTGCAATATATTTCCTCTACCACCTACATCAC 0[221] 11[230]
AAAAATCTACGTGCGTTTTAATTATATATTTCCTCTACCACCTACATCAC 0[244] 0[222]



AAAACGAAAGAGGCTCATTATACATATATTTCCTCTACCACCTACATCAC
AGCGTATCATTCCACAGACCCGCCACAGTTGCAGCAAGCGATATTTCCTCTACCACCTACATCAC
GCGTCATACATGCCCTCATAGTTATATTTCCTCTACCACCTACATCAC
TCACCGTCACCGGCGCAGTCTCTATATTTCCTCTACCACCTACATCAC
AAAAAAGGCAGCCTTTACAATCTTACCAGTTTGATATTTCCTCTACCACCTACATCAC
TCCCATCCTAATGAGAATAACATATATTTCCTCTACCACCTACATCAC
CTGAAAACCTGTTTATCAAACATGTAACGTCAAATATTTCCTCTACCACCTACATCAC
CGGTAGTACTCAATCCGCTGCTGGTCATGGTCATATATTTCCTCTACCACCTACATCAC
TTAGGTTGGGTTATAGATAAGTCATATTTCCTCTACCACCTACATCAC
TTCTGGAATAATCCTGATTTTGCCCGGCCGTAAATATTTCCTCTACCACCTACATCAC
AAGATAAAACAGTTGGATTATACATATTTCCTCTACCACCTACATCAC
CCGAACCCCCTAAAACATCGACCAGTTTAGAGCATATTTCCTCTACCACCTACATCAC
GATTTTAGACAGGCATTAAAAATAATATTTCCTCTACCACCTACATCAC
CCGGAAGACGTACAGCGCCGCGATTACAATTCCATATTTCCTCTACCACCTACATCAC
AGCAGTCGGGAAACCTGTCATATATTTCCTCTACCACCTACATCAC
AATAACGCGCGGGGAGAGGATATATTTCCTCTACCACCTACATCAC
TCGTTCACCGCCTGGCCCTATATTTCCTCTACCACCTACATCAC
TACCTGGTTTGCCCCAGCAATATTTCCTCTACCACCTACATCAC
AAAAGATAGGGTTGAGTGTATATTTCCTCTACCACCTACATCAC
CTATATTAAAGAACGTGGAATATTTCCTCTACCACCTACATCAC
TGGCAAGTTTTTTGGGGTCATATTTCCTCTACCACCTACATCAC
AACACCCTAAAGGGAGCCCATATTTCCTCTACCACCTACATCAC
GTATGTGAAATTGTTATCCATATATTTCCTCTACCACCTACATCAC
TAAAGGATTGTATAAGCGCACAAACGACATTAAATGTGAGATATTTCCTCTACCACCTACATCAC
GTGCCTGCTTTAAACAGGGAGAGAGTTTCAAAGCGAACCAATATATTTCCTCTACCACCTACATCAC
CGGTTAACAAAGCTGCTGTAACAACAAGGACGTTGGGAAGATATATTTCCTCTACCACCTACATCAC
GGCGACACCACCCTCAGGTTGTACTGTACCGTTCCAGTAAATATTTCCTCTACCACCTACATCAC
CTCCAATTTAGGCAGAGACAATCAATCAAGAAAAATAATAATATTTCCTCTACCACCTACATCAC
CCGATAATAAAAGGGACTTAACACCGCGAACCACCAGCAGATATTTCCTCTACCACCTACATCAC
GCTCAAGTTGGGTAACGGGCGGAAAAATTTGTGAGAGATAATATATTTCCTCTACCACCTACATCAC
CCGAACTTTAATAAAAGCAAAGCGGATTATATATTTCCTCTACCACCTACATCAC
TGTAGGGGATTTAGTAACACTGAGTTTCATATTTCCTCTACCACCTACATCAC
ATTAAAATAAGTGCGACGATTGGCCTTGATATTTCCTCTACCACCTACATCAC
AAATAGGTAATTTACAAATAAGAAACGAATATTTCCTCTACCACCTACATCAC
ACGCGTCGGCTGTAAGACGACGACAATAATATTTCCTCTACCACCTACATCAC
TCAATAATAAAGTGTATCATCATATTCCATATTTCCTCTACCACCTACATCAC
GATAGTGCAACATGATATTTTTGAATGGATATTTCCTCTACCACCTACATCAC
GCCTTATACCCTGTAATACCAATTCTTGCGCTCATATATTTCCTCTACCACCTACATCAC
GCTAAATCGGTTTGACTATTATAATATATTTCCTCTACCACCTACATCAC
GCATCAAAAAGAAGTAAATTGGGATATATTTCCTCTACCACCTACATCAC
CTAAAGACTTTTAGGAACCCATGATATTTCCTCTACCACCTACATCAC
GTCACCAGTACAAGGTTGAGGCAATATTTCCTCTACCACCTACATCAC
TTTTTTGTTTAATAAAGTAATTCATATTTCCTCTACCACCTACATCAC
ATCAGCGGGGTCAGCTTTCAGAGATATATTTCCTCTACCACCTACATCAC
TGATTATCAGATATACGTGGCACATATTTCCTCTACCACCTACATCAC
GGCGCCCCGCCGAATCCTGAGAAGTGAGGCCGATTAAAGGATATATTTCCTCTACCACCTACATCAC
GGATAACCTCACAATTTTTGTTAATATTTCCTCTACCACCTACATCAC
CCAGCCAAACTTCTGATTGCCGTTTTGGGTAAAGTTAAACATATATTTCCTCTACCACCTACATCAC
GTTTGAGGGGACCTCATTTGCCGATATTTCCTCTACCACCTACATCAC
GAGCTTAAGAGGTCCCAATTCTGCAATTCCATATAACAGTATATATTTCCTCTACCACCTACATCAC

0[286]
0[347]
0[370]
0[412]
0[473]
0[496]
0[515]
0[53]
0[538]
0[599]
0[622]
0[641]
0[664]
0[95]
10[205]
10[247]
10[331]
10[373]
10[457]
10[499]
10[583]
10[625]
10[79]
11[135]
11[219]
11[261]
11[387]
11[513]
11[639]
11[93]
2[223]
2[349]
2[391]
2[475]
2[517]
2[601]
2[643]
2[97]
3[182]
3[224]
3[308]
3[350]
3[476]
3[56]
3[602]
3[667]
3[98]
4[102]
4[125]
4[228]

0[264]
11[363]
0[348]
0[390]
11[482]
0[474]
11[524]
11[62]
0[516]
11[608]
0[600]
11[650]
0[642]
11[104]
11[218]
11[260]
11[344]
11[386]
11[470]
11[512]
11[596]
11[638]
11[92]
0[119]
0[203]
0[245]
0[371]
0[497]
0[623]
0[77]
3[223]
3[349]
3[391]
3[475]
3[517]
3[601]
3[643]
3[97]
3[204]
3[246]
3[330]
3[372]
3[498]
3[78]
3[624]
0[665]
3[120]
7[104]
4[103]
7[230]
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GAAAGTTCAACAATCAGCTTGCTTAGCTTTAATTGTATCGATATTTCCTCTACCACCTACATCAC 4[354]  7[356]
CTATTTCGGAACGAGTGAGAATAATATATTTCCTCTACCACCTACATCAC 4[377]  4[355]
GCAGCACCGTAAGTGCCCGTATAATATATTTCCTCTACCACCTACATCAC 4[419]  4[397]
TAAGCCAGAGAGCCAGAAGGAAACTCGATAGCCGAACAAAATATTTCCTCTACCACCTACATCAC 4[480]  7[482]
AGCAAGCCGTTTAAGAATTGAGTATATTTCCTCTACCACCTACATCAC 4[503]  4[481]
ACCGCATTCCAACGGTATTCTAAGCGAGATATAGAAGGCTATATTTCCTCTACCACCTACATCAC 4[522]  7[524]
TGACCTAAATTTTTAAACCAAGTATATTTCCTCTACCACCTACATCAC 4[545]  4[523]
TCAGAGGTGTGTCGGCCAGAATGAGTGCACTCTGTGGTATATATTTCCTCTACCACCTACATCAC 4[60] 7162

ACAGTTTTTCAGATTTCAATTACCGTCGCAGAGGCGAATTATATATTTCCTCTACCACCTACATCAC 4[606]  7[608]
CAAATATCAAACCAGATGAATATATATTTCCTCTACCACCTACATCAC 4[629]  4[607]
GCATCGAGCCAGATATCTTTAGGACCTGAGGAAGGTTATCATATTTCCTCTACCACCTACATCAC 4[648]  7[650]
TACTTCTTTGATAAAAATCTAAAATATTTCCTCTACCACCTACATCAC 4[671]  4[649]
CATAATATTCCGTAATGGGATCCGTGCATCTGCCAATATTTCCTCTACCACCTACATCAC 5[119]  4[126]
TGTAAATCATGCTCCTTTTGATAATTGCTGAATATATATATTTCCTCTACCACCTACATCAC 5[203]  4[210]
CGCCTGACGGTAGAAAGATTCTAATGCAGATACATATATATTTCCTCTACCACCTACATCAC 5[245]  4[252]
GCGAAAGACGCAAAGCCGCCACGGGAACATATTTCCTCTACCACCTACATCAC 5[287]  4[294]
TTCATTTTCTGCTAAACAACTGAACAACTAAAGGAATATTTCCTCTACCACCTACATCAC 5[329]  4[336]
ATCAGAGCCTTTAACGGGGTCTTAATGCCCCCTGCATATATTTCCTCTACCACCTACATCAC 5[371]  4[378]
TTGAGAATATCTTTCCTTATCACTCATCGAGAACAATATTTCCTCTACCACCTACATCAC 5[497]  4[504]
ATACCCTTCGTGCCACGCTGAACCTTGCTGAACCTATATTTCCTCTACCACCTACATCAC 5[623]  4[630]
AACGTTGTAGAAACAGCGGATAGTTGGGCGGTTGTATATATTTCCTCTACCACCTACATCAC 5[77] 4[84]

GAAAGATCGCACTCCAGCCAGCTATATTTCCTCTACCACCTACATCAC 7[105]  7[127]
TTCCGAATTGTAAACGTGTCGCCAGCATCGGTGCGGGCCTATATTTCCTCTACCACCTACATCAC 70128  8[112]
GGCTAAAGTACGGTGTCTGGAAGATATATTTCCTCTACCACCTACATCAC 70189]  7[211]
TTTCACGAGAATGACCATTTTCATTTGGTCAATAACCTGTATATATTTCCTCTACCACCTACATCAC 70212  8[196]
TGCAACACTATCATAACCCTCGTATATATTTCCTCTACCACCTACATCAC 7[231]  7[253]
TTACCAATAAGGCTTGCAGTGCGGAAGTTTAGACTGGATAATATATTTCCTCTACCACCTACATCAC 7[254]  8[238]
AATCCAAAAAAAAGGCTCCAAAAATATATTTCCTCTACCACCTACATCAC 7[315]  7[337]
GTGTATTAAGAGGCTGAGACTCCATATATTTCCTCTACCACCTACATCAC 71357)  7[379]
TCAAGCAGAACCACCACTCACTCAGGTAGCCCGGAATAGGATATTTCCTCTACCACCTACATCAC 7[380]  8[364]
TTGAAGCCCTTTTTAAGAAAAGTATATTTCCTCTACCACCTACATCAC 7[441)  7[463]
GTTTACCGCGCCCAATAGCAAGCATATTTCCTCTACCACCTACATCAC 71483]  7[505]
AAATCAGCCAGTAATAACACTATTTTTGAAGCCTTAAATCATATTTCCTCTACCACCTACATCAC 7[506]  8[490]
ATTTGGCAAATCAACAGTTGAAAATATTTCCTCTACCACCTACATCAC 7[609]  7[631]
GGAATAACAGAGATAGACATACAAACTTGAGGATTTAGAAATATTTCCTCTACCACCTACATCAC 7[632]  8[616]
GCCCGCACAGGCGGCCTTTAGTGATATATTTCCTCTACCACCTACATCAC 7[674]  8[658]
ATGAATCCCAGTCACGATCGAACGTGCCGGCCAGAGCACAATATATTTCCTCTACCACCTACATCAC  7[86] 8[70]

CTTTTTTTCGTCTCGTCGCTGGCATATATTTCCTCTACCACCTACATCAC 8[111]  8[89)

TCAGGCTGCGCAACTGTTGGGAAATATTTCCTCTACCACCTACATCAC 8[153]  8[131]
GCTTGACCATTAGATACATTTCGATATATTTCCTCTACCACCTACATCAC 8[237]  8[215]
ATTTTGCCAGAGGGGGTAATAGTATATATTTCCTCTACCACCTACATCAC 8[279]  8[257]
TGAACAGCTTGATACCGATAGTTATATATTTCCTCTACCACCTACATCAC 8[363]  8[341]
GGTGCCGTCGAGAGGGTTGATATATATTTCCTCTACCACCTACATCAC 8[405]  8[383]
AAAACGGAATACCCAAAAGAACTATATTTCCTCTACCACCTACATCAC 8[489]  8[467]
AACGAACCTCCCGACTTGCGGGAATATTTCCTCTACCACCTACATCAC 8[531]  8[509]
GTATTAGAGCCGTCAATAGATAAATATTTCCTCTACCACCTACATCAC 8[657]  8[635]
Biotinylated staple strands 5'-end 3'-end
AACGCCAAAAGGCGGATGGCTTA 4[251]  4[229]
AAGAAACAATGACCGGAAACGTC 4[461]  4[439)
GTACATCGACATCGTTAACGGCA 4[83] 4[61]
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ATACCACCATCAGTGAGGCCAAACCGTTGTAGCAA 5[665] 4[672]

Table S7 Imager strands used for external labelling of the 12HB brightness nanoruler. All imager strands are modified on the 3’-end with different fluorophores.
Docking sequences of the imager strands are marked in red.

Sequence (5" to 37) Fluorophore label on 3° Docking length [nt]

GGTGGTAGAGGAATT ATTOB55 13

GGTGGTAGAGGAATT ATTO542 13
GTGATGTAGGTGGTAGAGGAA ATTOB55 20

1.11. Repair of kinked 12HB nanoruler

To emulate a structural damage in a 12HB nanoruler, we folded the DNA origami while leaving out 9 staple strands (Table S9) in the
central region of the linear nanostructure resulting in a single stranded scaffold strand across all 12 helices (Figure 2 main text). To
investigate the resulting 12HB nanoruler via DNA PAINT, we exchanged 60 staple strands with DNA PAINT staple strands given in
Table S8. The DNA PAINT staple strands that were used exhibit the docking site sequence complementary to the 8 nt DNA PAINT
imagers in Table S5. The docking sites were equally distributed on two sides along the 200 nm axis of the 12HB in ca. 7 nm distances
to visualize the overall contour shape of the 12HB nanorulers.

In a first folding process using the folding Program 1 in Table S3, the 12HB was folded while leaving out the nine staple strands given
in Table S9. After purification, one part of the sample solution was examined with AFM and DNA PAINT. The other part of the sample
solution was folded in a second step with a mix of the 9 missing staple strands in 300x excess using the folding program 1, but starting
from T=50°C to accelerate the incorporation of the missing staples but also to not degrade the already folded 12HB nanorulers. After
purification the repaired sample solution could be analysed using AFM and DNA PAINT. Additionally, incorporation studies were
performed. Therefore, three of the nine later added staple strands were labelled with Cy5. Via widefield imaging of the same field of
view in red channel (incorporated Cy5 staple strands) and subsequent DNA PAINT imaging in yellow channel (Cy3B imager strand)
quantitative incorporation of the missing staple strands could be probed. For DNA PAINT experiments, 1 nM solution of the 8 nt
ATTO655 or Cy3B imager strands was used.

Table S8 DNA PAINT staples for the visualization of the contour of the kinked 12HB nanoruler with 9 missing staple strands. All DNA PAINT staples exhibit at their
3’-ends the 8 nt docking site sequence for the 8 nt imager strands in Table S5. The numbers for the 5'- end 3’-end of the staples represent the helix number in the
corresponding caDNAnNo file. Number in brackets represents the starting and ending position of the staple in the corresponding helix. For immobilization, the 3'-
biotinylated staple strands are used.

DNA PAINT staple strands 5'-end 3'-end
ATCAGCGGGGTCAGCTTTCAGAGTTAAATGCCCG 3[56] 3[78]

TTTTTTGTTTAATAAAGTAATTCTTAAATGCCCG 3[476] 3[498]
GTCACCAGTACAAGGTTGAGGCATTAAATGCCCG 3[350] 3[372]
AACTTTAATCATGGGTAGCAACGTTAAATGCCCG 3[266] 3[288]
TTCCATTGACCCAAAGAGGCTTTGAGGATTAAATGCCCG 2[307] 3[307]
ACGCGTCGGCTGTAAGACGACGACAATATTAAATGCCCG 2[517] 3[517]
TTCGCCATAAACTCTGGAGGTGTCCAGCTTAAATGCCCG 2[55] 3[55]

ATTAAAATAAGTGCGACGATTGGCCTTGTTAAATGCCCG 2[391] 3[391]
GCTAAATCGGTTTGACTATTATATTAAATGCCCG 3[182] 3[204]
TATGCATTACAGAGGATGGTTTAATTTCTTAAATGCCCG 2[265] 3[265]
AAATAGGTAATTTACAAATAAGAAACGATTAAATGCCCG 2[475] 3[475]
CCGAACTTTAATAAAAGCAAAGCGGATTTTAAATGCCCG 2[223] 3[223]
AGGGACAAAATCTTCCAGCGCCAAAGACTTAAATGCCCG 2[433] 3[433]
CTAAAGACTTTTAGGAACCCATGTTAAATGCCCG 3[308] 3[330]
AAGACGCTGAGACCAGAAGGAGCTTAAATGCCCG 3[560] 3[582]
AACAACATGTTCATCCTTGAAAATTAAATGCCCG 3[518] 3[540]
AAAAGGGCGACAATTATTTATCCTTAAATGCCCG 3[434] 3[456]
TGTAGGGGATTTAGTAACACTGAGTTTCTTAAATGCCCG 2[349] 3[349]
ATATTCACAAACAAATTCATATGTTAAATGCCCG 3[392] 3[414]
GAATTATCCAATAACGATAGCTTAGATTTTAAATGCCCG 2[559] 3[559]
TTATGGCCTGAGCACCTCAGAGCATAAATTAAATGCCCG 2[181] 3[181]
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GCATCAAAAAGAAGTAAATTGGGTTAAATGCCCG 3[224] 3[246]
TTCGCGGATTGATTGCTCATTTTTTAACTTAAATGCCCG 2[139] 3[139]
GATAGTGCAACATGATATTTTTGAATGGTTAAATGCCCG 2[643] 3[643]
GGATAACCTCACAATTTTTGTTATTAAATGCCCG 3[98] 3[120]
TCAATAATAAAGTGTATCATCATATTCCTTAAATGCCCG 2[601] 3[601]
CAATAGGAACGCAAATTAAGCAATTAAATGCCCG 3[140] 3[162]
GCGAAAGACGCAAAGCCGCCACGGGAACTTAAATGCCCG 2[97] 3[97]

TGATTATCAGATATACGTGGCACTTAAATGCCCG 3[602] 3[624]
CTATTAGTCTTTCGCCGCTACAGTTAAATGCCCG 3[644] 3[666]
AAGCACAGAGCCTAATTATTGTTAGCGATTAAGACTCCTTTTAAATGCCCG 7[464] 8[448]
TGAACAGCTTGATACCGATAGTTTTAAATGCCCG 8[363] 8[341]
AAATCAGCCAGTAATAACACTATTTTTGAAGCCTTAAATCTTAAATGCCCG 7[506] 8[490]
GGTGCCGTCGAGAGGGTTGATATTTAAATGCCCG 8[405] 8[383]
AACGAACCTCCCGACTTGCGGGATTAAATGCCCG 8[531] 8[509]
CCGAACGGTGTACAGACCAGGCGTTAAATGCCCG 8[321] 8[299]
GGAGCAGCCACCACCCTTCGCATAACGACAATGACAACAATTAAATGCCCG 7[338] 8[322]
TTTCACGAGAATGACCATTTTCATTTGGTCAATAACCTGTTTAAATGCCCG 7[212] 8[196]
TCGGTCATACCGGGGGTTTCTGCTTAAATGCCCG 8[69] 8[47]

TTACCAATAAGGCTTGCAGTGCGGAAGTTTAGACTGGATATTAAATGCCCG 7[254] 8[238]
AAAACGGAATACCCAAAAGAACTTTAAATGCCCG 8[489] 8[467]
AGACGTCGTCACCCTCAGATCTTGACGCTGGCTGACCTTCTTAAATGCCCG 7[296] 8[280]
AAATGCGTTATACAAATTCTTACTTAAATGCCCG 8[573] 8[551]
TAAGATCTGTAAATCGTTGTTAATTGTAAAGCCAACGCTCTTAAATGCCCG 7[548] 8[532]
ATGAATCCCAGTCACGATCGAACGTGCCGGCCAGAGCACATTAAATGCCCG 7[86] 8[70]

ATTCTTTTCATAATCAAAATCACTTAAATGCCCG 8[447] 8[425]
AATCGTTGAGTAACATTGGAATTACCTAATTACATTTAACTTAAATGCCCG 7[590] 8[574]
ATTTTGCCAGAGGGGGTAATAGTTTAAATGCCCG 8[279] 8[257]
AGCGCCACCACGGAATACGCCTCAGACCAGAGCCACCACCTTAAATGCCCG 7[422] 8[406]
TCAAGCAGAACCACCACTCACTCAGGTAGCCCGGAATAGGTTAAATGCCCG 7[380] 8[364]
CTTTTTTTCGTCTCGTCGCTGGCTTAAATGCCCG 8[111] 8[89]

GTTGAAACAAACATCAAGAAAACTTAAATGCCCG 8[615] 8[593]
GCTTGACCATTAGATACATTTCGTTAAATGCCCG 8[237] 8[215]
TTAACAAGAGAATCGATGAACGGTTAAATGCCCG 8[195] 8[173]
GTATTAGAGCCGTCAATAGATAATTAAATGCCCG 8[657] 8[635]
TCAGGCTGCGCAACTGTTGGGAATTAAATGCCCG 8[153] 8[131]
TTTTTATCCAATAAATCTCTACCCCGGTAAAACTAGCATGTTAAATGCCCG 7[170] 8[154]
GGAATAACAGAGATAGACATACAAACTTGAGGATTTAGAATTAAATGCCCG 7[632] 8[616]
TTCCGAATTGTAAACGTGTCGCCAGCATCGGTGCGGGCCTTTAAATGCCCG 7[128] 8[112]
GCCTTACGCTGCGCGTAAAATTATTTTTTGACGCTCAATCTTAAATGCCCG 7[674] 8[658]
Biotinylated staple strands 5'-end 3'-end
AACGCCAAAAGGCGGATGGCTTA 4[251] 4[229]
AAGAAACAATGACCGGAAACGTC 4[461] 4[439]
GTACATCGACATCGTTAACGGCA 4[83] 4[61]

ATACCACCATCAGTGAGGCCAAACCGTTGTAGCAA 5[665] 4[672]

Table S9 Left out staples to emulate a structural damage in a 12HB nanoruler. For incorporation studies, three staples were labelled with Cy5 on their 5’-end
(marked in red). The numbers for the 5'- end 3’-end of the staples represent the helix number in the corresponding caDNAno file, while the numbers in brackets

represent the starting and ending position of the staple in the corresponding helix.

Missing staple strands 5-end 3'-end
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(Cy5)-GGTGCCGTCGAGAGGGTTGATAT 8[405]  8[383]
TACCTGGTTTGCCCCAGCA 10[373] 11[386]
AAGTAAGAGCCGCCAGTACCAGGCGG 8[382]  9[398]
(Cy5)-ATTAAAATAAGTGCGACGATTGGCCTTG 2[391]  3[391]
ATCAGAGCCTTTAACGGGGTCTTAATGCCCCCTGC 5[371]  4[378]

GGCGACACCACCCTCAGGTTGTACTGTACCGTTCCAGTAA  11[387] 0[371]
TCAAGCAGAACCACCACTCACTCAGGTAGCCCGGAATAGG  7[380]  8[364]
AACAGAGTGCCTGGGGTTTTGCTCACAGAAGGATTAGGAT  4[396]  7[398]
(Cy5)-GAATTGTAGCCAGAATGGATCAGAGCAAATCCT 0[389]  11[398]

1.12. Staple strand exchange from dual spot to triple spot in NRO nanoruler

To probe potential exchange of staple strands within a DNA origami with staple strands from solution, we designed an NRO DNA
PAINT nanoruler with initially two DNA PAINT labelling spots, each consisting of 3 docking sites, with a distance of 40 nm. Therefore,
we exchanged the 6 unmodified staple strands with the DNA PAINT staple strands given in Table S10. After folding and purification,
the dual spot NRO could be imaged with the DNA PAINT imagers from Table S5.

For probing the exchange of staple strands within the DNA origami with staples from solution, we incubated the dual spot NRO with a
mix of three DNA PAINT staple strands, which are selected to form a third label spot for DNA PAINT in 40 and 70 nm distance to the
initial two spots, resulting in a triangle-shaped triple spot. To accelerate the incorporation, we used an 300x excess of the invasive DNA
PAINT staple strands with respect to the dual spot NRO in the corresponding folding buffer (Table S1) and put the sample solution into
the NRO folding program (Table S4) starting from just T= 50°C to prevent melting of the already folded dual spot NRO. In order to also
emulate partially damaged staple strands, we folded the initial dual spot NRO with shorter unmodified staple strands, which are to be
displaced by the invasive DNA PAINT staple strands. We used 3 initial staple strands, which are in one case 4 nt too short, in a second
case 8 nt too short, resulting in a 4 nt and 8 nt toehold on the scaffold strand. For all three cases of initial staple strands (0, 4, 8 nt
scaffold toeholds), the initial dual spot NROs were incubated with the invasive DNA PAINT staple strands as mentioned above.

To examine the invasion of the DNA PAINT staple strands, DNA PAINT experiments with 5 nM solution of the 8 nt ATTO655 imager
strands were conducted.

Table S10 DNA PAINT staples for a double spot NRO nanoruler (2x3 docking sites) and invasive staple strands forming a third labelling spot. The three initial staple
strands designed to be displaced by invasive third label spot staple strands exhibited O to 8 nt shortened sequences to establish toeholds in the scaffold strand (left
out sequences highlighted in green and blue). All DNA PAINT staples exhibit at their 3’-ends the 8 nt docking site sequence for the 8 nt imager strands in Table S5
(highlighted in red). The numbers for the 5’- end 3’-end of the staples represent the helix number in the corresponding caDNAno file. Number in brackets represents
the starting and ending position of the staple in the corresponding helix. For immobilization, the 3'-biotinylated staple strands are used.

Dual spot DNA PAINT staple strands 5-end 3'-end

TCAATATCGAACCTCAAATATCAATTCCGAAATTAAATGCCCG 21[160] 22[144]
TCGGCAAATCCTGTTTGATGGTGGACCCTCAATTAAATGCCCG 22[143] 21[159]
AACGTGGCGAGAAAGGAAGGGAAACCAGTAATTAAATGCCCG 23[128] 23[159]

GTTTATTTTGTCACAATCTTACCGAAGCCCTTTAATATCATTAAATGCCCG 7[248]  9[255]

GAGAGATAGAGCGTCTTTCCAGAGGTTTTGAATTAAATGCCCG 9[256] 11[255]
GCCTTAAACCAATCAATAATCGGCACGCGCCTTTAAATGCCCG 11[256] 13[255]
Triple spot staple strands 5'-end 3'-end
ACAAACGGAAAAGCCCCAAAAACACTGGAGCA-TTAAATGCCCG 16[47] 14[48]
AACAAGAGGGATAAAAATTTTTAGCATAAAGC-TTAAATGCCCG 14[47] 12[48]
TAAATCGGGATTCCCAATTCTGCGATATAATG-TTAAATGCCCG 12[47]  10[48]
Biotinylated staple strands 5'-end 3'-end
CGGATTCTGACGACAGTATCGGCCGCAAGGCGATTAAGTT 16[63] 18[56]
ATAAGGGAACCGGATATTCATTACGTCAGGACGTTGGGAA 4[63] 6[56]
GAAACGATAGAAGGCTTATCCGGTCTCATCGAGAACAAGC 10[191] 12[184]
TAGAGAGTTATTTTCATTTGGGGATAGTAGTAGCATTA 10[127] 12[120]
AGCCACCACTGTAGCGCGTTTTCAAGGGAGGGAAGGTAAA 4[255]  6[248]
GAGAAGAGATAACCTTGCTTCTGTTCGGGAGAAACAATAA 16[255] 18[248]
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1.13. Self-Healing of 12HB nanoruler in degrading conditions

For probing self-healing processes of a DNA origami nanoruler in degrading conditions, we designed a triple-spot 12HB nanoruler
suitable for DNA PAINT imaging using the 6 or 8 nt imager strands shown in Table S5. We designed three labeling spots on the 12HB
origami with 107 and 70 nm interspot distances, by exchanging 3x10 staple strands by the corresponding DNA PAINT staple strands
in Table S11. The DNA PAINT staple strands exhibit a 10 nt long docking site for DNA PAINT experiments, which show complementary
sequence to the used imager strands.

Self-Healing studies in degrading conditions were performed by incubation of the immobilized DNA PAINT nanorulers in the folding
buffer of 12HB (Table S1) containing additionally 0.2% (vol) or 10% (vol) fetal bovine serum (FBS) from ThermoFisher Scientific. For
testing the stabilizing effect of random additional oligonucleotide sequences, we added a mix of unmodified staples strands from the
6HB origami (Table S17) which do not show any significant overlap to the scaffold strand of the 12HB origami. Therefore, we added
the mix of 146 different oligonucleotides to the incubation buffer in final overall staple concentration of 5 uM, 500 nM or 50 nM (i.e. 34.2
nM, 3.2 nM or 0.3 nM per strand). To test the self-healing effect provided by staple strands, we added in another incubation experiment
a mix of the 222 unmodified 12HB staple strands to the FBS solution. The unmodified 12HB staple strands (Table S15) were added at
5 uM, 500 nM or 50 nM overall staple concentration (i.e. 22.5 nM, 2.2 nM or 0.2 nM per strand). While incubating with the FBS buffer
containing no added DNA, orthogonal staples and the 12HB staples, the samples were stored at room temperature. Before every DNA
PAINT imaging experiment, the incubation solution was taken off the sample and the surface was washed three times with plane
imaging buffer (1x PBS, 12.5 mM MgCl,). After DNA PAINT imaging, the imaging buffer was washed away three times and new
incubation solution was applied. For experiments with 0.2% FBS, a 2 nM solution of the 8 nt ATTO655 imaging strand was used in
DNA PAINT experiments. For studies at higher damage rates in 10% FBS, a 10 nM solution of the 6 nt ATTO655 imager strand was
used in DNA PAINT experiments.

Table S11 Sequences of staple strands used to produce triple-spots in 12HB nanoruler. All DNA PAINT staples exhibit at their 3’-ends the 8 nt docking site sequence
for the 8 nt imager strands in Table S5 (highlighted in red). The numbers for the 5'- end 3’-end of the staples represent the helix number in the corresponding
caDNAno file. Numbers in brackets represent the starting and ending position of the staple in the corresponding helix. For immobilization, the 3’ biotinylated staple
strands are used.

Triple spot DNAPAINT staple strands 5'-end 3'-end
GTATGTGAAATTGTTATCCTTAAATGCCCG 10[79] 11[92]
CTTTTTTTCGTCTCGTCGCTGGCTTAAATGCCCG 8[111] 8[89]

CCAGCCAAACTTCTGATTGCCGTTTTGGGTAAAGTTAAACTTAAATGCCCG  4[102]  7[104]
GCCCGCACAGGCGGCCTTTAGTGTTAAATGCCCG 7[63]  7[85]
CCGGAAGACGTACAGCGCCGCGATTACAATTCCTTAAATGCCCG 0[95]  11[104]
TAAAGGATTGTATAAGCGCACAAACGACATTAAATGTGAGTTAAATGCCCG  11[135] 0[119]
GGATAACCTCACAATTTTTGTTATTAAATGCCCG 3[98]  3[120]
GCGAAAGACGCAAAGCCGCCACGGGAACTTAAATGCCCG 2[97]  3[97]
TTCCGAATTGTAAACGTGTCGCCAGCATCGGTGCGGGCCTTTAAATGCCCG  7[128]  8[112]

CGAGTAACAACCGTTTACCAGTCTTAAATGCCCG 0[118]  0[96]
GATGTTTTTCTTTTCACCATTAAATGCCCG 10[289] 11[302]
CCGAACGGTGTACAGACCAGGCGTTAAATGCCCG 8[321]  8[299]

GGAGCAGCCACCACCCTTCGCATAACGACAATGACAACAATTAAATGCCCG  7[338]  8[322]

TTCCATTGACCCAAAGAGGCTTTGAGGATTAAATGCCCG 2[307]  3[307]
CTAAAGACTTTTAGGAACCCATGTTAAATGCCCG 3[308]  3[330]
ACTACCTTTAAACGGGTAACAGGGAGACGGGCATTAAATGCCCG 0[305]  11[314]

GAGAGCCTCAGAACCGCATTTTCTGTAACGATCTAAAGTTTTAAATGCCCG  11[345] 0[329]
ATTTGCCAAGCGGAACTGACCAACGAGTCAATCATAAGGGTTAAATGCCCG  4[312]  7[314]
TTGTCGTCTTTCTACGTAATGCCTTAAATGCCCG 0[328]  0[306]
ACTACTTAGCCGGAACGAGGCGCTTAAATGCCCG 7[273]  7[295]
ACAGTTTTTCAGATTTCAATTACCGTCGCAGAGGCGAATTTTAAATGCCCG 4[606]  7[608]

ATTTGGCAAATCAACAGTTGAAATTAAATGCCCG 7[609] 7[631]
TTCTGGAATAATCCTGATTTTGCCCGGCCGTAATTAAATGCCCG 0[599] 11[608]
GTATTAGAGCCGTCAATAGATAATTAAATGCCCG 8[657] 8[635]

CCGATAATAAAAGGGACTTAACACCGCGAACCACCAGCAGTTAAATGCCCG 11[639] 0[623]
GGAATAACAGAGATAGACATACAAACTTGAGGATTTAGAATTAAATGCCCG  7[632]  8[616]
GATAGTGCAACATGATATTTTTGAATGGTTAAATGCCCG 2[643] 3[643]
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AACACCCTAAAGGGAGCCCTTAAATGCCCG 10[625] 11[638]
GATTTTAGACAGGCATTAAAAATATTAAATGCCCG 0[664] 0[642]
TGATTATCAGATATACGTGGCACTTAAATGCCCG 3[602] 3[624]
Biotinylated staple strands 5-end 3'-end
AACGCCAAAAGGCGGATGGCTTA 4[251]  4[229]
AAGAAACAATGACCGGAAACGTC 4461]  4[439]
GTACATCGACATCGTTAACGGCA 4[83] 4[61]
ATACCACCATCAGTGAGGCCAAACCGTTGTAGCAA 5[665] 4[672]

1.14. Self-Regeneration and Self-Healing of an enzymatically cleavable brightness label on 6HB brightness
nanoruler

For establishing a self-regenerating brightness label on a 6HB nanoruler by enzymatic cleavage, we designed 2x10 docking sites for
the external labeling of the 6HB structure. The two labeling spots were distributed along the 400 nm axis of the 16HB with a 290 nm
inter-spot distance. Therefore, we exchanged the 2x10 unmodified core staple strands of the 6HB in caDNAno with the docking site
staple strands given in Table S12. The 20 nt ATTO655 imager strand sequence (Table S14) was designed to exhibit the specific Nb.Btsl
binding sequence CACTGC, so that the enzyme could bind to a labeled imager strand and cut it into two 10 nt fragments.

6HB brightness rulers were immobilized and externally labeled in 1x PBS with 12.5 mM MgCl, and 5 nM ATTO655 imager strand (Table
S14) over 1 hour. Excessive imager strands were washed away. Enzymatic cleavage of imager strands bound to the docking sites on
the 6HB was realized in 1x CutSmart® buffer with 12.5 mM MgCl, and 100 units/ml Nb.Btsl. For probing the activity of the restriction
enzyme, internally labeled 6HB brightness rulers were immobilized, externally labeled and imaged. Then the enzyme was added and
the sample was imaged after one night of incubation. After washing the enzyme away, the immobilized brightness rulers were again
externally labeled and imaged. Brightness values were extracted for individual DNA origami, averaged and normalized to initial
brightness.

For a self-healing label by enzymatic cleavage, immobilized 6HB brightness rulers were incubated with 1x CutSmart® buffer with 12.5
mM MgCl,,100 units/ml Nb.Btsl and 5 nM of imager strands simultaneously. After waiting for steady-state conditions for 30 minutes,
the self-healing label could be imaged.

Table S12 The sequences of staple strands used to realize a 6HB brightness ruler for widefield imaging. Dual spot staple strands exhibit a 20 nt docking site
sequence with binding site for Nb.Btsl. The numbers for the 5’- end 3’-end of the staples represent the helix number in the corresponding caDNAno file. Numbers
in brackets represent the starting and ending position of the staple in the corresponding helix. For immobilization, the 3’ biotinylated staple strands are used.

Dual spot staple strands 5-end 3'-end

CAGATTCAGTACCGCATTCCAAGAACGGTTGTAGAAACCAATTTTTTACTAGCAGTGATCTTAGCAT 5[1134] 2[1134]
CAATAATCGGCTAGAATATCCCATCCTAGTCCTGAACATTGGTTTTTACTAGCAGTGATCTTAGCAT 2[1133] 5[1133]
ATAGCAAGCAAAATGAATCATTACCGCGATTTTATTTTCATCTTTTTACTAGCAGTGATCTTAGCAT 3[1106] 1[1119]
ACGTAATTTAGGCAAAAGTACCGACAAAAAAAGGGTAAAGCCTTTTTACTAGCAGTGATCTTAGCAT  1[1162] 4[1162]
AACGCGCCTGTTTAACACGACCAGTAATAGGTAAAGTAATATTTTTTACTAGCAGTGATCTTAGCAT 4[1161] 0[1148]
GCTAATGCAGAACGCAATAAACAACATGGTTCTGTCCAGACGTTTTTACTAGCAGTGATCTTAGCAT  3[1148] 1[1161]
ATGTATCATATGCGGAACCCTTCTGACCATAAGGCGTTAAAGTTTTTACTAGCAGTGATCTTAGCAT 4[1203] 0[1190]
GTGTCTTTCCTTATCACTCATCGAGAACATTATTTACAAGAATTTTTACTAGCAGTGATCTTAGCAT 1[1120] 4[1120]
GGCCAACAGAATATGAGGCATTTTCGAGAGCGCCATATTTAATTTTTACTAGCAGTGATCTTAGCAT 5[1176] 2[1176]
CAACGCCAACATGACTCAACAGTAGGGCACCAGTAACATTCTTTTTTACTAGCAGTGATCTTAGCAT  2[1175] 5[1175]
ATCTCTGACCTCCTAGTCGGGAAACCTGGCACGAATATAGTTTTTTTACTAGCAGTGATCTTAGCAT  4[195] 0[182]
GGTTAAGTTGGGTAAACGACGGCCAGTGGGCGGTTATCGGTGTTTTTACTAGCAGTGATCTTAGCAT 1[238]  4[238]
ACTGCCCGAAATTGTCATGGTCATAGCTAAACGGAGGATCCCTTTTTACTAGCAGTGATCTTAGCAT  5[168]  2[168]
CGCGCACGACTTAAAACGCGCGGGGAGACCAAGCTTTCTCCCTTTTTACTAGCAGTGATCTTAGCAT  4[237]  0[224]
CATTTCTCCGAAGAGACGCATTTCACATGTGGGCCTTGAATCTTTTTACTAGCAGTGATCTTAGCAT 3[182]  1[195]
TTAATGACTGTAAGGATACCGACAGTGCTGTCTAATCTATTTTTTTTACTAGCAGTGATCTTAGCAT 5[210] 2[210]
GGGAGTGACTCTATCAACTCGTCGGTGGTCGTGCCCAACCTTTTTTTACTAGCAGTGATCTTAGCAT  1[196]  4[196]
ACGCTCGCCCTGCTCAATGTCCCGCCAAGAATTGTAGCTGCATTTTTACTAGCAGTGATCTTAGCAT  2[209]  5[209]
GCTGCAAGGCGATGCCTCTTCGCTATTAAAGGGCGTGCGTATTTTTTACTAGCAGTGATCTTAGCAT  2[251]  5[251]

13



WILEY-VCH

TGTGAATTCATGGGGATGTTCTTCTAAGGGAGGAGAAGCCAGTTTTTACTAGCAGTGATCTTAGCAT  3[224]  1[237]

Biotinylated staple strands 5-end 3'-end
AGATTTAAGTCCACTTAATTGCTGAATAAACTAAAGTACGGG 0[475]  3[475]
ATTTTTTCAGGGCGTCTTTCCAGACGTTAACAACTTTCAATA 0[769]  3[769]
TCAGAGGCATTGCAAACGATTTTTTGTTGAGAGAATAACATA 0[1063] 3[1063]
CCTGTGTGCTTTCCGGTTGGTGTAATGAACCTCGATAAAGAT 0[181] 3[181]
ATCGCGCACCACCAAATTGCGTAGATTTAGTACCTTTTACAT 0[1315] 3[1315]

Table S13 Internally labelled staple strands for colocalization experiments probing enzymatic activity of Nb.Btsl. The numbers for the 5'- end 3’-end of the staples
represent the helix number in the corresponding caDNAnNo file. Numbers in brackets represent the starting and ending position of the staple in the corresponding
helix. For immobilization, the 3’ biotinylated staple strands are used.

Internally labeled staple strands (ATTO532) 5-end 3'-end

ATTO532-GGAATTATCATCACTTATCATTTTGCGGTTAAAAGAGGCGGT  2[1343] 5[1343]
ATTO532-ACGCTCGCCCTGCTCAATGTCCCGCCAAGAATTGTAGCTGCA 2[209]  5[209]

Table S14 Brightness imager strand for 6HB brightness ruler and cleavage site for Nb.Btsl. Docking sequence is highlighted in red, Nb.Btsl binding sequence in
blue, position of cleavage by Nb.Btsl is indicated by a slash, respectively.

Sequence (5" to 37) Fluorophore label on 3° Docking length (nt)

ATGCTAAGAT/CACTGCTAGTTT ATTO655 20
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2. Results and Discussion

2.1. Self-Regenerating brightness label on 12HB brightness nanoruler
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Figure S2. (A) Exemplary TIRF images of gradual bleaching and recovery (initial, bleached, recovered after 180 min) of orthogonal permanent imager strand,
permanent label and self-regenerating label with ATTO655 (without photostabilization). Samples were bleached over 3 min with 75 W/cm? excitation at 640 nm.
Scale bars represent 2 um. (B) Corresponding extracted averaged and normalized single DNA origami intensity transients after photobleaching. Self-regenerating
labels (blue) show a recovery of around 40%. The permanent label exhibits a small recovery due to post labelling (15%), while an orthogonal imager strand reference
shows no significant recovery of brightness. Data represent average of three experiments, highlighted areas represent the standard deviation.

Exemplary TIRF images with initial, bleached and recovered brightness after 180 min for permanent and dynamic brightness labels
(ATTOG655) are given in Figure S2A. To probe, if a potential recovery is due to unspecific binding of imager strands to the immobilized
DNA origami, we also measured the recovery of an orthogonal imager strand, i.e. an oligonucleotide labeled with ATTO655 but with a
20 nt sequence, which is not complementary to the used docking sites. Corresponding extracted and averaged recovery intensity
transients per single nanoruler are shown in in Figure S2B. While the orthogonal imager strand exhibited only a very slow, insignificant
recovery due to unspecific binding of imager strands to the nanorulers, the permanent label revealed a slightly higher recovery of
around 15%. This low recovery could be explained by post-labeling of initially inaccessible docking sites. Accessibility studies of
externally labeled DNA origami reveal usually accessibilities in the range of 60 to 90%.1% After bleaching of permanent labels and
subsequent ROS induced damage to the docking sites, initially inaccessible docking sites might become more accessible for intact
permanent imager strands from solution. The self-regenerating label though exhibited a significantly improved recovery of around 40%
under identical conditions.
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Figure S3. (A) Exemplary TIRF images of gradual bleaching and recovery (initial, bleached, recovered after 180 min) of self-regenerating labels without
photostabilization (ATTO655 and ATTO542) and self-regenerating label with photostabilization (ATTO542). Samples were bleached over 3 min with 0.5 kW/cm?
excitation power. Scale bars represent 2 um. (B) Corresponding extracted averaged and normalized single DNA origami intensity transients after photobleaching.
Self-regenerating labels without photostabilization (red and grey) show a limited recovery of around 50 to 60%. The photostabilized (GODCAT, Trolox) ATTO542

label exhibits complete recovery of up to 100% of its initial brightness. Data represent average of three experiments, highlighted areas represent the standard
deviation.

To overcome limitations by photoinduced damage, we used an imager strand modified with the rhodamine dye ATTO542, which can
be photostabilized by an enzymatic oxygen scavenging system and ROXSP 1, For oxygen removal, a 2.5x TAE buffer with glucose,
glucose oxidase and catalase was used. To deplete triplet states of the ATTO542 dyes Trolox/Trolox quinone mixture was used as
reducing and oxidizing system (ROXS). Gradual bleaching and recovery of the brightness of self-regenerating labels with and without
photostabilization is given in Figure S3. In order to bleach the photostabilized labels completely, higher bleaching laser powers at 0.5
kw/cm? over 3 min were applied. While the self-regenerating ATTO655 and ATTO542 labels without photostabilization showed again
limited recovery of only up to 60 %, the photostabilized ATTO542 label revealed a complete recovery of up to 100% of initial brightness.
Under the used time lapse imaging conditions and the applied photostabilization, complete repair of the photoinduced damage to the
brightness functionality could be realized by self-regenerating labels.
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Figure S4. (A) Exemplary TIRF images of multiple gradual bleaching and recovery of self-regenerating labels (ATTO655) without photostabilization over 4 bleaching
events (3 min bleaching with 75 W/cm? at 640 nm). Scale bars represent 1 um. (B) Corresponding extracted averaged and normalized single DNA origami intensity
transients over 4 bleaching and recovery cycles. (C) Exemplary TIRF images of multiple gradual bleaching and recovery of self-regenerating label (ATTO542) with
photostabilization over 5 bleaching events (3 min bleaching with 0.5 kw/cm? at 532 nm). Scale bars represent 1 um. (D) Corresponding extracted averaged and
normalized single DNA origami intensity transients over 5 bleaching and recovery cycles. Data represent average of one experiment, highlighted areas represent

the standard deviation.

To probe self-regeneration of the labels over multiple damaging events, we bleached the same field of view multiple times and
measured the time lapse recovery of the brightness after every bleaching event. Exemplary TIRF images after every bleaching and
recovery cycle of the self-regenerating label without photostabilization (Figure S4A) and corresponding extracted average single
nanoruler intensity transients in (Figure S4B) revealed that even after 4 bleaching events the self-regenerating labels were able to
recover back to over 20% of initial brightness. The photoinduced damage to docking sites by ROS is still clearly visible, since the
recovery decreases over every bleaching event from initial ca. 60% to ca. 20%. Analogous multiple bleaching and recovery of the
ATTO542 self-regenerating brightness label with photostabilization (Figure S4C) revealed a strongly increased recovery over multiple
bleaching events. Under the used imaging parameters (120 min for recovery), the photostabilized self-regenerating label recovered to
over 80% for the first three recovery cycles. Only after the fourth bleaching, a decreased recovery of around 70% and 60% after fifth
bleaching and hence an increasing damage to the docking sites was visible. Results from Figure S3 indicate a full recovery of the
photostabilized self-regenerating label after 180 min. To minimize the chance of defocusing or too much sample drift during data
acquisition, the recovery for multiple bleaching events was investigated over 120 min (i.e. before full exchanged had occurred) until

next bleaching cycle was initialized.

17



WILEY-VCH

2.2. Repair of kinked 12HB nanoruler
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Figure S5. A) Exemplary AFM images of 12HB DNA origami folded leaving out 9 staple strands in the central region using folding program 1, repaired 12HB DNA
origami with incorporated missing staples after a second folding with folding program 1 for T<50°C and an intact reference 12HB folded with complete set of staple
strands, respectively. Scale bars represent 500 nm. B) Corresponding angular distribution histograms obtained by manual angle measurement of AFM images over
N picked molecules. Lines indicate cumulative distributions.

Exemplary AFM images in Figure S5A revealed a large population of defective 12HB DNA origami when leaving out 9 staple strands
in the central region of the nanoruler during the first DNA origami folding. The defective structures were mostly kinked and showed a
decreased height in the region of single stranded scaffold. To accelerate incorporation of the 9 missing staples into the already folded
defective 12HB nanorulers, we used a temperature ramp according to folding Program 1 in Table S3, but with T starting from 50°C,
and a 300x excess of the 9 added staples with respect to the purified 12HB. The lower starting T was chosen to prevent melting of the
already folded DNA origami. In a similar approach a scaffold strand was folded with a low number of staple strands in a first folding
step with high starting temperature. In a second folding with lower starting temperatures, the set of missing staples could successfully
fold the prescribed scaffold strand into the desired shape.*? After addition of the missing staple strands, the population of defective
12HB was significantly decreased. Quantitative analysis was carried out by manual angular measurements between the two halves of
picked nanorulers using ImageJ. To investigate nanorulers, whose structures were only influenced by the incomplete stapling of the
scaffold strand, only those were analyzed which were immobilized as isolated monomers, while aggregates were dismissed. The
obtained angular distributions in Figure S5B show a broad distribution from 0 to 180° for the defective structures. The 12HB sample
after repair with the 9 missing staples exhibited an improved and narrowed angular distribution, which was shifted close to the angular
distribution of an intact reference 12HB sample, which was folded with the complete set of staple strands. Defining all nanorulers with
an angle under 160° as defective, resulted in a defective population of 63% after first folding with 9 staple strands left out and of only
32% after second folding with addition of the missing staples. The angular distributions indicate that the 9 missing staple strands were
successfully incorporated into the defective 12HB origami and the emulated structural damage was partially repaired resulting in
improved structural integrity of the nanorulers.
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Figure S6. Exemplary contour DNA PAINT images. Left: defective 12HB DNA origami with 9 missing staples. Right: repaired 12HB DNA origami. Scale bars
represent 500 nm.

Additionally, we investigated the defective and repaired 12HB nanorulers using DNA PAINT imaging and a dense docking site labeling
along the whole length of the 12HB. By this labeling strategy, we were able to image and visualize the contour of the nanorulers with
super resolution similar to AFM imaging (Figure S6). DNA PAINT images of the defective 12HB nanorulers showed a large population
(72%) of collapsed or kinked 12HB and a small population of linear nanorulers. The repaired 12HB nanorulers revealed a significantly
increased population of linear, intact nanorulers, while the population of visibly defective nanorulers was decreased to 38%.

It stands out, that the visibly defective 12HB nanorulers in the DNA PAINT images showed more collapsed structures than in
corresponding AFM images. We ascribe this difference to the different immobilization strategies (Poly-L-Ornithine on mica in AFM,
Biotin-NeutrAvidin immobilization on BSA passivated glass surface in DNA PAINT). In AFM imaging, the nanorulers were immobilized
via ionic interactions with the positively charged surface and thus over the whole length of the 12HB. In DNA PAINT, the 12HB were
immobilized via only 4 biotinylated staple strands, two on each site of the emulated damage, and should thus have a higher flexibility.
The collapsed nanorulers could represent defective, flexible structures, which where immobilized via only one site of the emulated
damage.
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Figure S7. (A) Co-localized widefield DNA PAINT image of repaired 12HB, that was incubated with six unmodified missing staples and three Cy5 labelled missing
staples in second folding. Contour DNA PAINT imaging was carried out with an 8 nt Cy3B imager in green. Widefield signals from Cy5 labelled staple strands (grey
PSF) show successful incorporation for a high fraction of 12HB DNA origami. (B) Exemplary extracted single-nanoruler transients reveal bleaching steps for 1 to 3
incorporated Cy5 dyes per repaired DNA nanoruler. Scale bars represent 500 nm.

Besides the conducted AFM and DNA PAINT characterization of the defective and repaired 12HB nanorulers, we carried out a
colocalized widefield DNA PAINT experiment to prove incorporation of the 9 missing staple strands (Figure S7A). Therefore, we
exchanged 3 of the 9 missing staple strands with Cy5 labeled staple strands. After repair with the partially Cy5 labeled set of staple
strands, we acquired diffraction limited Cy5 signals in red (640 nm) and corresponding DNA PAINT images of same regions with a
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Cy3B labeled 8 nt DNA PAINT imager strand. The colocalized image of diffraction limited Cy5 signals and DNA PAINT information
revealed a successful incorporation of Cy5 labeled staple strands into most of the 12HB nanorulers measured with DNA PAINT,
considering that only one third of the nine missing staples were labeled with Cy5. While the DNA PAINT images revealed the structure
of the nanorulers, the diffraction limited single spots could be further investigated by extracting their corresponding time transients until
bleaching. While most of the transients exhibited one incorporated Cy5 labeled staple, a minority also exhibited two or even three
incorporated Cy5 labeled staple strand (see exemplary transients in Figure S7B). The colocalized images indicate significant
incorporation of at least a subset of the nine missing staples, so that the above-mentioned changes in AFM and DNA PAINT
experiments during repair indeed can be assigned to the incorporation of missing staple strands.

The results from AFM imaging and DNA PAINT experiments showed consistent results. The incomplete set of staple strands in the first
folding resulted in a defective DNA origami population which could partially be repaired and improved in its structural integrity.
Comparison with an intact reference structure showed that the repair could not remove the emulated damage in the whole nanoruler
population but lead to a significant improvement of the structural distribution.
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2.3. Staple strand exchange from dual spot to triple spot in NRO nanoruler
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Figure S8. (A) Scheme of the reconfigurable NRO nanoruler. By addition of DNA PAINT staple strands in a second folding, a double spot nanoruler (40 nm) can
be transformed into a triple spot nanoruler. (B) Scheme of accelerated exchange of staple strands by toehold on the scaffold strand. Exemplary DNA PAINT images
of 0 nt and 8 nt toehold nanorulers before and after addition of triple spot staple strands in a second folding reveal double spots (red circles) before and partially
triple spots (blue circles) after incubation. Exemplary magnifications show double spot nanorulers (0 nt toehold) and triple spot nanorulers (8 nt toehold) after second
folding. Scale bars represent 200 nm (C) Relative fractions of double and triple spot nanorulers for 0, 4 and 8 nt toehold samples after second folding revealing
increasing triple spot population with increasing toehold length. Exemplary extracted localizations from DNA PAINT experiments for the 8 nt toehold sample after
second folding indicate a 34% increase of docking sites by incorporation of invasive staple strands.

The previous experiment with the kinked 12HB nanoruler shows that DNA strands can be incorporated into existing DNA origami
nanostructures but it does not prove a self-healing mechanism as it is conceivable that staple strands would also constantly exchange
in intact DNA origami structures. To this end, we designed a rectangular DNA origami with two spots (40 nm distance) consisting of
docking strands for DNA PAINT measurements (Figure S8). We then added staple strands with DNA PAINT docking strands extensions
that would form a third spot on the DNA origami when incorporated. To increase the exchange kinetics, we incubated the double spot
NROs with a 300x excess of the invasive docking strands in solution using the temperature range of the NRO folding program but
starting at T=50°C, i.e. below the denaturing temperature (Table S4). Interestingly, only a vanishingly small number of triple-spot DNA
origamis was observed indicating that staple exchange was kinetically blocked. If, however, the DNA origami was previously
synthesized with shorter staple strands in the region of the third mark so that a toehold of 4 or 8 nucleotides was formed in the scaffold,
the extended staple strands could invade and replace the existing staple strands more efficiently (see scheme and images in Figure
S8). After incubation with the extended staple strands, between 20 and 40% of DNA origamis exhibited the triple mark pattern as
displayed in Figure S8B and Figure S8C confirming the notion that a toehold is required for efficient strand displacement reactions also
within an intact DNA origami.l*2*4 Successful incorporation of the staple strands forming the third labeling spot could also be probed
by looking at the number of localizations per DNA origami nanostructure. The number of docking sites is increased during incorporation
of the third labeling spot, which should also lead to an increase of localizations per DNA PAINT experiment. For the 8 nt toehold sample,
the picked triple-spot nanorulers revealed an average number of localizations of around 354, compared to only 264 localizations for the
picked double spots nanorulers within the same sample. For quantitative exchange and incorporation 150% of the localizations of the
double spot nanorulers are expected for the triple spot population (since 6 docking sites are increased to 9 docking sites theoretically).
The observed increase of localizations to 134% indicates, that on average around two out of the three docking sites are efficiently
incorporated under the used conditions.
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Figure S9. (A) Exemplary DNA PAINT images of 0 nt, 4 nt and 8 nt toehold nanorulers before and after addition of triple-spot staple strands in a second folding
reveal double-spots (red circles) before and partially triple-spots after (blue circles). Exemplary DNA PAINT image of 8 nt toehold sample after second folding
program without addition of triple spot staple strands reveal only double-spot nanorulers. Scale bars represent 200 nm. Relative fractions of double and triple-spot
nanorulers for 0 to 8 nt toehold samples and reference after second folding reveal increasing triple-spot populations with increasing toehold length but no significant
triple-spot population without addition of invasive staple strands (B). Extracted localizations from DNA PAINT experiments for the O to 8 nt toehold samples and 8
nt toehold reference after second folding indicate increase numbers of docking sites by incorporation of invasive staple strands.

A further comparison of exemplary DNA PAINT images of O to 8 nt toehold samples and corresponding extracted pick numbers and
number of localizations are given in Figure S9. During manual picking of dual and triple-spot nanorulers in the obtained DNA PAINT
images, we observed a small fraction of pseudo triple-spots in the samples even before adding the third labeling spot staple strands.
Picking of the 0 nt toehold sample before addition of the invasive staple strands revealed e.g. a small fraction of around 5% of such
pseudo triple-spots. We ascribe this population to NRO dimers, which accidently form triple spots by superposition of two individual
double spot nanorulers. While the addition of the invasive staple strands led to no significant increase of the triple spot fraction for the
0 nt toehold sample, a significant higher fraction of around 20% could be found for 4 nt toehold and around 40% for the 8 nt toehold
sample. According to toehold mediated strand displacement kinetics, the exchange is accelerated for increasing toehold lengths. To
probe, if the increasing number of triple spots NROs was primarily due to the formation of more pseudo triple spots by unspecific
dimerization of the DNA origami during the second folding, we made a reference sample for the second folding. An 8 nt toehold double
spot NRO sample was treated with the same buffer and temperature ramp from NRO folding (starting at T= 50°C) but without addition
of the invasive staple strands forming the third labelling spot. DNA PAINT images revealed no significant increase of the pseudo triple-
spot population (Figure S9), indicating that the picked triple-spot populations after addition of the invasive staple strands can be
attributed to successful incorporation into the existing DNA origami nanostructures.
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2.4. Self-Healing of 12HB nanorulers in degrading conditions
0 days 1 days 2 days 3 days 11 days

0.2% FBS/ no staples

non-matching staples

matching staples

Figure S10. Exemplary DNA PAINT images of 12HB triple-spot nanorulers in 0.2% FBS solution (top), with added non-matching DNA strands (middle) and matching
staple strands of the nanoruler (bottom) after immobilization, and 1 to 11 days of incubation, respectively. Triple-spot nanorulers are highlighted by green, double-
spot nanorulers by yellow and single-spot nanorulers by red circles. Scale bars represent 200 nm.

Exemplary DNA PAINT images of immobilized triple-spot nanorulers (107 and 70 nm inter-mark distance) in the three different
incubation conditions are given in Figure S10A. While the sample incubated in 0.2% FBS solution showed rapid degradation, i.e. loss
of labeling spots and decreasing surface density, the addition of non-matching oligonucleotides led to a visible stabilization over the
investigated time of 11 days. The addition of a set of matching unmodified staple strands stabilized the nanorulers significantly in the
degrading environment so that even after 11 days, a majority of the nanorulers still exhibited a double or triple spot. For a more
quantitative analysis of the induced structural damage, we extracted the number of localizations and off-times per picked nanoruler.
For a degradation of the DNA PAINT nanorulers, a decrease of docking sites over time is expected. Lowered numbers of docking sites
lead to lower numbers of binding events and thus also of localization events of bound imager dyes within a given time. Simultaneously,
a decreasing number of docking sites increases the time between to binding event, i.e. the off-time. To decrease the influence of
systematic fluctuations of the used widefield setup on quantitative analysis of the occurring damage of the DNA PAINT nanorulers, we
conducted the degradations study for each incubation condition three times. Averaging over all three sets of experiments resulted in
the curves given in Figure 3F-G in the main text. The extracted localizations and off-times correspond to the qualitative results from
DNA PAINT images.

Combining the results from the previous NRO studies that only damaged staples with incomplete stapling of the scaffold strand are
exchanged effectively, with the shown stabilization of 12HB nanorulers by presence of intact staple strands, we conclude that the given
example fulfills our definition of self-healing. The applied self/repairing system improved the structural integrity of the nanorulers under
wear significantly and could be applied to realize long lasting super resolution nanorulers.
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Figure S11. (A) Exemplary DNA PAINT images of 12HB triple-spot nanorulers after 2 h incubation in 10% FBS solution without any added DNA strands (left), with
added non-matching DNA strands (middle), and with added specific DNA staple strands (right), respectively. Scale bars represent 200 nm. (B) Corresponding
extracted, averaged and normalized number of DNA PAINT binding events per nanoruler after 2h incubation in 10% FBS solution with and without added DNA
staple strands. Number of binding events were normalized to an intact reference sample. Each column represents the average of three different measured samples,
error bars represent standard deviation.

To investigate potential self-healing at higher damage rates, we carried out DNA PAINT studies of DNA PAINT nanorulers incubated
in 10% FBS solution for 2 hours. To achieve DNA PAINT images faster, we used a 10 nM solution of the 6 nt ATTO655 imager strand
in Table S5 in an 1x PBS buffer containing 12.5 mM MgCl,. With these parameters and a frame time of 25 ms, we were able to achieve
super-resolution images of immobilized 12HB nanorulers within 10 minutes. Exemplary DNA PAINT images of an intact reference and
after 2 h incubation in 10% FBS solution are given in Figure S11A. Incubation with 10% FBS led to fast degradation of immobilized
12HB nanorulers, while addition of intact non-matching or matching DNA staple strands led to significant stabilization so that a majority
of the nanorulers still contained three spot pattern characteristic to an intact structure. To have a more quantitative comparison, we
extracted the number of binding events per DNA origami nanoruler after incubation, averaged and normalized to the number of binding
events of an intact reference structure (Figure S11B). The commercial setup used for these experiments (ONI nanoimager S) is a
closed system. During measurements with continuous excitation such as DNA PAINT imaging, the heat input by the laser illumination
leads to an uncontrolled heating of the whole microscope body. On the other hand, the number of localisations during a DNA PAINT
experiment is the product of binding times (in units of single frame time) and binding events. Since the binding times are highly
dependent on the temperature thus are the number of localisations. The binding events, on the contrary, are more stable for small
temperature variations, since they depend mostly on the concentration of the imager strand in solution. To have a temperature-
independent comparison, we extracted the number of binding events per picked nanorulers and compared the different incubation
conditions (Figure S11B). Two hours incubation with 10% FBS led to a decrease of binding events per nanoruler to under 50%. The
addition of a set of non-matching staple strands and the set of matching staple strands at a total concentration of 5 uM lead to a
significant stabilization resulting in a number of binding events of around 75%. The comparable results for non-matching and matching
DNA staples indicated that the sacrificial degradation of the added DNA is the effective stabilization mechanism at 10% FBS. However,
no self-healing effect could be observed. The high concentration of nucleases in the 10% FBS solution induce fast degradation of the
DNA origami nanostructures, which cannot be compensated by self-healing as shown for 0.2% FBS incubation over days. Self-healing
of DNA origami is thus limited to lower damaging rates, while the sacrificial degradation of added DNA can stabilize the nanorulers
effectively even at fast degradation rates.

To further examine the stabilization of the DNA origami nanoruler in 10% FBS by sacrificial degradation of added DNA staples, we
added different concentrations of DNA staples (total concentration of 5 uM, 500 nM and 50 nM) to the 10% FBS incubation solution.
Exemplary distributions of number of binding events extracted from picked DNA PAINT nanorulers after two hours of incubation
represented as box plots are given in Figure S12. For any of the added concentrations of DNA staples, the non-matching and matching
staples resulted in comparable binding events, showing that no self-healing was stabilizing the nanorulers. Addition of DNA staple
strands with a total concentration of 50 nM led to comparable damage than no addition of DNA, while the addition of staples with 500
nM led to a significant stabilization but lower binding event per nanoruler than addition of 5 uM of DNA staples. The results indicate
that even with 500 nM solution of added DNA, DNA origami structures could be stabilized significantly in highly degrading conditions
such as in 10% FBS via sacrificial degradation.
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Figure S12. Exemplary box plots of number of binding events per single nanoruler. Intact reference sample highlighted in black, sample incubated in 10% FBS in
red, samples incubated with 10% FBS and non-matching DNA staple strands in blue and samples incubated with 10% FBS and matching staple strands in green,
respectively. Squares indicate the average, central lines the median, box lines the 25% and 75% quantiles and whiskers the 1.5 times interquartile range, respectively.
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2.5. Self-regeneration and self-healing of an enzymatically cleavable label on 6HB brightness ruler
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Figure S13. (A) Exemplary TIRF images of immobilized single ATTO655 labeled oligonucleotides (top) and 6HB brightness ruler labeled with 20 nt ATTO655 label
(bottom) for accessibility studies. Scale bars represent 2 um. (B) Two-color colocalized TIRF images of internally labeled (ATTO532) 6HB brightness ruler externally
labeled with ATTOG655 labels, after incubation with Nb.Btsl and after relabeling with intact ATTO655 labels. Scale bars represent 2 um. (C) Extracted brightness
values initially, after addition of Nb.Btsl and after relabeling with intact imager strands. Number of bound imager strands could be estimated from intensity comparison
of single dyes and 6HB brightness rulers in (A). Data represent averaged normalized brightness values of three different experiments, errors represent standard
deviation.

To estimate the external labeling efficiency of the brightness ruler, we compared the intensity of single immobilized ATTO655 labeled
oligonucleotides and the 6HB brightness ruler (Figure S13A). The designed brightness ruler exhibited a labeling number of 11.8 (59%).
Next we probed the enzymatic activity of the used Nb.Btsl by comparing the brightness values before and after the incubation with the
restriction enzyme. Therefore, we internally labeled the 6HB brightness rulers with ATTO532 (labeled staple strands in Table S13) to
localize brightness rulers with complete label cleavage (B). Cleavage by Nb.Btsl overnight led to average brightness loss to below 20%.
After washing and addition of imager strands brightness recovered back to over 90% of initial brightness, indicating that the majority of
the docking sites were not affected by the enzyme (Figure S13C).
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Figure S14. Exemplary TIRF images over time for three different labeling conditions under time lapse imaging (75 W/cm? 100 ms every 10 min). Top: Photobleaching
of permanent label in 5nM imager solution over time. Middle: Enzymatic damage induced by Nb.Btsl leads to rapid loss brightness signal. Bottom: Simultaneous
addition of Nb.Btsl and 5 nM imager strand solution leads to stable brightness signal over time. Transient binding is achieved by a steady-state between enzymatic
cleavage, fast dissociation and association. Scale bars represent 2 pm.

To investigate and emphasize the concepts of self-regeneration and self-healing, we compared three different incubation conditions
via time lapse TIRF imaging (3 mW at 640 nm every 10 min). Figure S14 shows exemplary TIRF images of immobilized 6HB brightness
rulers over time incubated with a 5 nM solution of imager strands (top), with a solution of Nb.Btsl (middle) and a solution containing 5
nM imager strands and Nb.Btsl (bottom). While the addition of the restriction enzyme alone cleaved the labels and led to a rapid loss
of the brightness signal after 1 hour, the incubation in a 5 nM imager strand solution could not recover the slow photobleaching during
time-lapse imaging. Simultaneous addition of the restriction enzyme Nb.Btsl and of imager strands led to a dynamic stable brightness
label showing no photobleaching effects under the used time-lapse imaging conditions even after 20 h.

In summary, the applied system recovers the building units of the brightness function, i.e. the imager strands, unspecifically with respect
to photobleaching, as bleached and photoactive dyes are exchanged. With respect to the enzymatic damage by the restriction enzyme,
only damaged units dissociate fast enough as two 10 nt fragments which can be replaced by an intact imager strand from solution. The
self-repair in this example shows that self-regeneration and self-healing can occur simultaneously within one system when different
sources of damage are present.
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3. Appendix

Table S15. Unmodified staple strands of 12HB DNA origami. Sequences are denoted from 5’- to 3’-end. The numbers for the 5'- end 3'-end of the staples
represent the helix number in the corresponding caDNAnNo file. Number in brackets represent the starting and ending position of the staple in the corresponding
helix.

Unmodified staple strands 5'-end 3'-end
AAAGGGCGCTGGCAAGTATTGGC 11[681] 10[668]
GCGCCTGAATGCCAACGGCCCAGCCTCCCGCGTGCCTGTTCTTCTTTTT 7[42] 8[25]
TTGACGGGGAAAGCTTCACCAGAAATGGCATCACT 11[651] 6[658]
CATTCAACCCAAAATGTAGAACCCTCATGAATTAGTACAACC 9[147] 5[160]
TCAGAGGTGTGTCGGCCAGAATGAGTGCACTCTGTGGT 4[60] 7[62]
GGCATAAGCGTCTTCGAGGAAACGCA 8[466] 9[482]
TACATAAATTCTGGGCACTAACAACT 8[634] 9[650]
CAATCCAAAATACTGAACAGTAG 3[457]  10[458]
CATAGTTAATTTGTAAATGTCGC 3[541] 10[542]
GAACAAGAGTCCACCAATTTTTTAGTTGTCGTAGG 11[483]  6[490]
TTGAAGCCCTTTTTAAGAAAAGT 71441]  7[463]
AAGCACAGAGCCTAATTATTGTTAGCGATTAAGACTCCTT 7[464] 8[448]
GATGTTTTTCTTTTCACCA 10[289]  11[302]
GGTCACGCCAGCACAGGAGTTAG 3[373] 10[374]
TGAACAGCTTGATACCGATAGTT 8[363] 8[341]
AAAATTCCATTCAGGCTTTTGCAAAA 8[256] 9[272]
TCCCATCCTAATGAGAATAACAT 0[496] 0[474]
ATCAGCGGGGTCAGCTTTCAGAG 3[56] 3[78]
TTCGCTATTCGCAAGACAAAGTTAATTTCATCTTC 5[539] 4[546]
TTGAGAATATCTTTCCTTATCACTCATCGAGAACA 5[497] 4[504]
GGGCGTGAAATATTAGCGCCATTCGC 8[130] 9[146]
GGCGCCCCGCCGAATCCTGAGAAGTGAGGCCGATTAAAGG 3[667] 0[665]
TTTTTTGTTTAATAAAGTAATTC 3[476]  3[498]
AAATCAGCCAGTAATAACACTATTTTTGAAGCCTTAAATC 7[506] 8[490]
AGCACTAAATCGGATCGTATTTAGACTTATATCTG 11[609] 6[616]
GGTGCCGTCGAGAGGGTTGATAT 8[405] 8[383]
GTCAGAATCAGGCAGGATTCGCG 3[205] 10[206]
TTTTTTATAACGTGCTTTCCTCTTTATAACAGTACTAT 2[698] 3[678]
AGACGGGAGAATTGACGGAAATT 0[454] 0[432]
TAAGCCAGAGAGCCAGAAGGAAACTCGATAGCCGAACAAA 4[480] 7[482]
CGCCTGACGGTAGAAAGATTCTAATGCAGATACAT 5[245] 4[252]
CAGTCTTGATTTTAAGAACTCAACGTTGCGTAT 0[263] 11[272]
CATAGAATTTGCGGTTTGAAAGAGGA 8[298] 9[314]
GCGCAGCGACCAGCGATTATATATCATCGCCTGAT 5[287] 4[294]
TTTTTAAAAACGCTCATGGAAATA 8[698] 8[679]
AATCAGTTAAAACGTGGGAGAAA 3[121] 10[122]
AGACAACCTGAACAGTATTCGAC 3[625] 10[626]
TTTGCAACCAGCTTACGGCGGTGGTGAGGTTTCAGTTGAGGATCCTTTTT  3[25] 10[29]
TGCAACACTATCATAACCCTCGT 7[231] 7[253]
AACGAACCTCCCGACTTGCGGGA 8[531] 8[509]
CCGAACGGTGTACAGACCAGGCG 8[321] 8[299]
ATTCAAGGGGAAGGTAAATGTGGCAAATAAATC 0[431] 11[440]
GTCACCAGTACAAGGTTGAGGCA 3[350] 3[372]
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TAAATCGGTTGGTGCACATCAAAAATAA
AGACGGCGAACGTGGCGAG
CCCTTCATATAAAAGAACGTAGAGCCTTAAAGGTGAATTA
AACTTTAATCATGGGTAGCAACG
ACCATCACCCAAATAAACAGTTCATTTGATTCGCC
TGCCTAATGAGTGAGAAAAGCTCATATGTAGCTGA
TTTTTTGGTAATGGGTAACCATCCCACTTTTT
GGAGCAGCCACCACCCTTCGCATAACGACAATGACAACAA
AAAAGTGTCAGCAACAATTGCAGGCGCT
GGTTTGCGCATTTTAACGCGAGGCGT
AAAAGAATAGCCCGATACATACGCAGTAAGCTATC
TTTCACGAGAATGACCATTTTCATTTGGTCAATAACCTGT
TCGGTCATACCGGGGGTTTCTGC
CCTCCGAAATCGGCAAAAT
TTCCATTGACCCAAAGAGGCTTTGAGGA
ACGCGTCGGCTGTAAGACGACGACAATA
GTCCGTCCTGCAAGATCGTCGGATTCTCTTCGCATTGGACGA
GTCAGTCGTTTAACGAGATGGCAATTCA
GAGCTTAAGAGGTCCCAATTCTGCAATTCCATATAACAGT

GCAGCACTTTGCTCTGAGCCGGGTCACTGTTGCCCTGCGGCTTTTT

TACCTGGTTTGCCCCAGCA
AATGCTGTAGCTGAGAAAGGCCG
CTATATTAAAGAACGTGGA
CGGTAGTACTCAATCCGCTGCTGGTCATGGTC
CTTGAAAACACCCTAACGGCATA
AAGTAAGAGCCGCCAGTACCAGGCGG
AAAAGATAGGGTTGAGTGT
TTCGCCATAAACTCTGGAGGTGTCCAGC
AGGGCGAAAAACCGATTTAACGTAGGGCAAATACC
CCCACATGTGAGTGAATAACTGATGCTTTTAACCTCCGGC
TTTTTAGGAGCGGGCGCTAGGAAGGGAAGAAAGCGAATTTTT
TGCCATACATAAAGATTAACTGAACACCAACAGCCGGAATAG
TTTTTCCGGTGCAGCACCGATCCCTTACACTTGCC
ACAGCTGATTGCCCGTCGCTGCGCCCACACGTTGA
ATTAAAATAAGTGCGACGATTGGCCTTG
AAAACGAAAGAGGCTCATTATAC
TGTCCAAGTACCAGAAACCCCAG
TTACCAATAAGGCTTGCAGTGCGGAAGTTTAGACTGGATA
TTAGTGTGAATCCCTCTAATAAAACGAAAGAACGATGAATTA
ATCAGAGCCTTTAACGGGGTCTTAATGCCCCCTGC
TTACCTCTTAGCAAATTTCAACCGATTG
AAAACGGAATACCCAAAAGAACT
GTCCACGCGCCACCTCACCGTTGAAACA
TTTTTATCCAGCGCAGTGTCACTGC
GATGAATAAATCCTGTAGGTGAGGCGGTAGCGTAAGTCCTCA
GCTAAATCGGTTTGACTATTATA
CAGCTTTGAATACCAAGTTACAA
GGTTGCTTTGACGAGCACGTTTTT
CATGCCAGTGAGCGCTAATATCCAATAATAAGAGC
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6[153]
10[667]
11[429]
3[266]
11[567]
11[147]
1[21]
7[338]
6[69]
8[508]
11[441]
7[212]
8[69]
10[415]
2[307]
2[517]
9[105]
6[615]
4[228]
10[48]
10[373]
4[209]
10[499]
0[53]
3[247]
8[382]
10[457]
2[55]
11[525]
11[555]
10[702]
9[441]
5[29]
11[315]
2[391]
0[286]
3[499]
7[254]
9[231]
5[371]
6[447]
8[489]
11[364]
7[21]
9[609]
3[182]
7[567]
3[679]
5[455]
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2[140]
11[680]
0[413]
3[288]
6[574]
6[154]
2[25]
8[322]
2[56]
9[524]
6[448]
8[196]
8[47]
11[428]
3[307]
3[517]
5[118]
2[602]
7[230]
0[21]
11[386]
4[187]
11[512]
11[62]
10[248]
9[398]
11[470]
3[55]
6[532]
0[539]
11[702]
5[454]
4[52]
6[322]
3[391]
0[264]
10[500]
8[238]
5[244]
4[378]
2[434]
8[467]
6[364]
741]
5[622]
3[204]
7[589]
3[698]
4[462]



TATGCATTACAGAGGATGGTTTAATTTC
ACTGCCCGCTTTCCTGAAAAGCTATATTTTAAATA
TGATTTAGAAAACTCAAGAGTCAATAGT
TGGGCGCCAGGGTGATTCATTAGAGTAACCTGCTC
TGCAACTCAAAAGGCCGTACCAAAAACA
AAATAGGTAATTTACAAATAAGAAACGA
TGTTCCAACGCTAACGAACAAGTCAGCAGGGAAGCGCATT
GTGCCTGCTTTAAACAGGGAGAGAGTTTCAAAGCGAACCA
GTTTGATGGTGGTTCAGAACCCCGCCTCACAGAAT
TCACCGTCACCGGCGCAGTCTCT
AGACGTCGTCACCCTCAGATCTTGACGCTGGCTGACCTTC
TTTAGCAAACGCCACAATATAACTATATTCCCTTATAAATGG
AGCGTATCATTCCACAGACCCGCCACAGTTGCAGCAAGCG
GTATGTGAAATTGTTATCC
CCGAACTTTAATAAAAGCAAAGCGGATT
GTGAGTTAAAGGCCGCTGACACTCATGAAGGCACCAACCT
GCGCCCGCACCCTCTCGAGGTGAATT
ACAGTTTTTCAGATTTCAATTACCGTCGCAGAGGCGAATT
TTTAGAACGCGAATTACTAGAAAACTATAAACACCGGAAT
TGACCTAAATTTTTAAACCAAGT
TAAAGAGGCAAAATATTTTATAA
GTTTACCGCGCCCAATAGCAAGC
TACCGGGATAGCAATGAATATAT
AAATTGTGTCGAGAATACCACAT
AAATGCGTTATACAAATTCTTAC
CAGATATAGGCTTGAACAGACGTTAGTAAAGCCCAAAAATTT
TAAGATCTGTAAATCGTTGTTAATTGTAAAGCCAACGCTC
CATTCTATCAGGGCGATGG
CTCCAATTTAGGCAGAGACAATCAATCAAGAAAAATAATA
GAGACAAAGATTATCAGGTCATTGACGAGAGATCTACAAA
AGGGACAAAATCTTCCAGCGCCAAAGAC
AAAATTTTTTAAAATGAGCAAAAGAA
CATCGGGAGAAATTCAAATATAT
ATCATTTACATAAAAGTATCAAAATTATAAGAAACTTCAATA
GCTACGACAGCAACTAAAAACCG
TTAGGTTGGGTTATAGATAAGTC
TATTGCCTTTAGCGTCAGACTGT
TTTTTCCGGGTACCGAGCTCGAATTCGTAATCTGGTCA
CTAAAGACTTTTAGGAACCCATG
GTGGAACGACGGGCTCTCAACTT
TCAGGTGAAATTTCTACGGAAACAATCG
AAGACGCTGAGACCAGAAGGAGC
AGCAGTCGGGAAACCTGTC
AACAACATGTTCATCCTTGAAAA
ATAATGAATCCTGAGATTACGAGCATGTGACAAAAACTTATT
GAGGTAACGTTATTAATTTTAAAACAAATAATGGAAGGGT
ACCGCATTCCAACGGTATTCTAAGCGAGATATAGAAGGCT
CAGCATCAACCGCACGGCGGGCCGTT
GCTCAAGTTGGGTAACGGGCGGAAAAATTTGTGAGAGATA
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2[265]
11[189]
6[573]
11[273]
6[195]
2[475]
11[471]
11[219]
11[399]
0[412]
7[296]
9[525]
0[347]
10[79]
2[223]
11[303]
8[340]
4[606]
4[564]
4[545]
3[163]
7[483]
3[331]
4293
8[573]
9[315]
7[548]
10[541]
11[513]
4[186]
2[433]
8[592]
4[587]
9[567]
3[289]
0[538]
7[399]
11[29]
3[308]
3[79]
6[111]
3[560]
10[205]
3[518]
9[483]
11[597]
4[522]
8[46]
11[93]

3[265]
6[196]
2[560]
6[280]
2[182]
3[475]
0[455]
0[203]
6[406]
0[390]
8[280]
5[538]
11[363]
11[92]
3223
0[287]
9[356]
7[608]
7[566]
4[523]
10[164]
7[505]
10[332]
4[271]
8[551]
5[328]
8[532]
11[554]
0[497]
7[188]
3[433]
9[608]
4[565]
5[580]
10[290]
0[516]
71421
10[49]
3[330]
10[80]
2[98]
3[582]
11[218]
3[540]
5[496]
0[581]
7[524]
9[62]
0[77]
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GGAATCGGAACATTGCACGTTAA
ATAAGAAGCCACCCAAACTTGAGCCATTATCAATACATCAGT
GGCGACACCACCCTCAGGTTGTACTGTACCGTTCCAGTAA
CATGTCAGAGATTTGATGTGAATTACCT
AATAGCTGTCACACGCAACGGTACGCCAGCGCTTAATGTAGTA
GCAGCACCGTAAGTGCCCGTATA
ATGAATCCCAGTCACGATCGAACGTGCCGGCCAGAGCACA
TATGTGATAAATAAGGCGTTAAA
TTAATGAATCGGCCATTCATTCCAATACGCATAGT
ATTCTTTTCATAATCAAAATCAC
AATCGTTGAGTAACATTGGAATTACCTAATTACATTTAAC
ATTTTGCCAGAGGGGGTAATAGT
AGCGCCACCACGGAATACGCCTCAGACCAGAGCCACCACC
AAAAAAGGCAGCCTTTACAATCTTACCAGTTTG
TAATCGTAGCATTACCTGAGAGTCTG
CAAGTGCTGAGTAAGAAAATAAATCCTC
GGCTAAAGTACGGTGTCTGGAAG
CCTACATACGTAGCGGCCAGCCATTGCAACAGGTTTTT
CTATTTCGGAACGAGTGAGAATA
TCAACATCAGTTAAATAGCGAGAGTGAGACGACGATAAAA
AATAACGCGCGGGGAGAGG
AAGAGATTCATTTTGTTTAAGAGGAAGC
CAAATGGTTCAGAAGAACGAGTAGAT
AAAAGGGCGACAATTATTTATCC
ATAGCTGTTTCCTGGAACGTCCATAACGCCGTAAA
TGTAGGGGATTTAGTAACACTGAGTTTC
AAAAATCTACGTGCGTTTTAATT
AGAGTTTATACCAGTAGCACCTGAAACCATCGATA
GTGTATTAAGAGGCTGAGACTCC
GAAGTCAACCCAAATGGCAAAAGAATACTCGGAACAGAATCC
CGGTTAACAAAGCTGCTGTAACAACAAGGACGTTGGGAAG
ACTACCTTTAAACGGGTAACAGGGAGACGGGCA
AATCCAAAAAAAAGGCTCCAAAA
GAGAGCCTCAGAACCGCATTTTCTGTAACGATCTAAAGTT
AAATCCCCGAAACAATTCATGAGGAAGT
TACCTAATATCAAAATCATTCAATATTACGTGA
GTATACAGGTAATGTGTAGGTAGTCAAATCACCAT
AACGTTGTAGAAACAGCGGATAGTTGGGCGGTTGT
GTTTATGTCACATGGGAATCCAC
ATATTCACAAACAAATTCATATG
GACCGGAAGCAATTGCGGGAGAA
TCAAGCAGAACCACCACTCACTCAGGTAGCCCGGAATAGG
AGCCTCCCCAGGGTCCGGCAAACGCG
TTCATTTTCTGCTAAACAACTGAACAACTAAAGGA
TCGTTCACCGCCTGGCCCT
CGGAAGCACGCAAACTTATTAGCGTT
GAGCAAGGTGGCATTTACTCCAACAGGTTCTTTACGTCAACA
ATTGCGAATAATGTACAACGGAG
CTTTTTTTCGTCTCGTCGCTGGC
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3[583]
9[399]
11[387]
6279
9[651]
4[419]
7[86]
7[525]
11[231]
8[447]
7[590]
8[279]
7[422]
0[473]
8[172]
6[405]
7[189]
8[678]
4[377)
4[270]
10[247]
6[237]
8[214]
3[434]
11[63]
2[349]
0[244]
5[413]
7[357]
9[273]
11[261]
0[305]
7[315]
11[345]
6[321]
0[557]
5[161]
5[77]
3[415]
3[392]
0[202]
7[380]
8[88]
5[329]
10[331]
8[424]
9[189]
4[335]
8[111]

WILEY-VCH

10[584]
5[412]
0[371]
2[266]
5[664]
4[397]
8[70]
7[547]
6[238]
8[425]
8[574]
8[257]
8[406]
11[482]
9[188]
2[392]
7[211]
9[698]
4[355]
7[272]
11[260]
2[224]
9[230]
3[456]
6[70]
3[349]
0[222]
4[420]
7379
5[286]
0[245]
11[314]
7[337]
0[329]
2[308]
11[566]
4[168]
4[84]
10[416]
3[414]
0[180]
8[364]
9[104]
4[336]
11[344]
9[440]
5[202]
4[313]
8[89]



GACCGTCGAACGGGGAAGCTAATGCAGA
GCGTCATACATGCCCTCATAGTT
GAAAGTTCAACAATCAGCTTGCTTAGCTTTAATTGTATCG
TGTAAATCATGCTCCTTTTGATAATTGCTGAATAT
TTCACCTAGCGTGGCGGGTGAAGGGATACCAGTGCATAAAAA
ATTTGCCAAGCGGAACTGACCAACGAGTCAATCATAAGGG
TAGAACCTACCAGTCTGAGAGAC
GGGTTACCTGCAGCCAGCGGTGTTTTT
GAATTATCCAATAACGATAGCTTAGATT
TTGTCGTCTTTCTACGTAATGCC
ACTACTTAGCCGGAACGAGGCGC
TTTTTGTCCATCACGCAAATTCCGAGTAAAAGAGTCTTTTTT
TTTTTCGGGAGCTAAACAGGTTGTTAGAATCAGAGTTTTT
AATCATAATAACCCGGCGTCAAAAATGA
AGCAAGCCGTTTAAGAATTGAGT
AACAGAGTGCCTGGGGTTTTGCTCACAGAAGGATTAGGAT
CCAGCCAAACTTCTGATTGCCGTTTTGGGTAAAGTTAAAC
TGAAATTGTTTCAGGGAACTACAACGCC
GCCCGCACAGGCGGCCTTTAGTG
CAGTAAGAACCTTGAGCCTGTTTAGT
ACCAAATTACCAGGTCATAGCCCCGAGTTTTCATCGGCAT
TCTTATACTCAGAAAGGCTTTTGATGATATTGACACGCTATT
GCCTTATACCCTGTAATACCAATTCTTGCGCTC
TTTTTGCGTCCGTGCCTGCATCAGACGTTTTT
TTATGGCCTGAGCACCTCAGAGCATAAA
CGAGCACAGACTTCAAATACCTCAAAAGCTGCA
GCATCAAAAAGAAGTAAATTGGG
TAAGTAGAAGAACTCAAACTATCG
ATTTGGCAAATCAACAGTTGAAA
GTTGAAACAAACATCAAGAAAAC
GAATTGTAGCCAGAATGGATCAGAGCAAATCCT
GCTTGACCATTAGATACATTTCG
CTGAAAACCTGTTTATCAAACATGTAACGTCAA
GACTTTCTCCGTGGCGCGGTTG
ACACAACATACGAGGGATGTGGCTATTAATCGGCC
TTTTTAACAATATTACCGTCGCTGGTAATATCCAGTTTTT
TGCCTGAACAGCAAATGAATGCGCGAACT
CAAATATCAAACCAGATGAATAT
CAATATGATATTGATGGGCGCAT
TTCTGGAATAATCCTGATTTTGCCCGGCCGTAA
TTAACAAGAGAATCGATGAACGG
GGGCCGGAAGCATAAAGTG
GTTTGAGGGGACCTCATTTGCCG
GTATTAGAGCCGTCAATAGATAA
GCTAATGCCGGAGAGGGTAGCTA
TACTTCTTTGATAAAAATCTAAA
GAAAGATCGCACTCCAGCCAGCT
TCAGGCTGCGCAACTGTTGGGAA
ATACCCTTCGTGCCACGCTGAACCTTGCTGAACCT
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6[531]
0[370]
4[354]
5[203]
9[63]
4[312)
0[580]
4[51]
2[559]
0[328]
7273
4[702]
0[694]
6[489]
4[503]
4[396]
4[102]
6[363]
7[63]
8[550]
4[438]
9[357]
0[179]
9[25]
2[181]
0[221]
3[224]
7[651]
7[609]
8[615]
0[389]
8[237]
0[515]
0[76]
11[105]
6[694]
6[657]
4629
4[167]
0[599]
8[195]
10[121]
4[125]
8[657]
7[147]
4[671]
7[105]
8[153]
5[623]

2[518]
0[348]
7[356]
4[210]
5[76]
7[314]
0[558]
4[29]
3[559]
0[306]
7[295]
5[702]
1[694]
2[476]
4[481]
7[398]
7[104]
2[350]
7[85]
9[566]
7[440]
5[370]
11[188]
6[21]
3[181]
11[230]
3[246]
71673]
7[631]
8[593]
11[398]
8[215]
11[524]
0[54]
6[112]
71694]
2[644]
4[607]
4[145]
11[608]
8[173]
11[134]
4[103]
8[635]
7[169]
4[649]
7[127]
8[131]
4[630]
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CATAATATTCCGTAATGGGATCCGTGCATCTGCCA
TTTTTATCCAATAAATCTCTACCCCGGTAAAACTAGCATG
CCGATAATAAAAGGGACTTAACACCGCGAACCACCAGCAG
CATCAGCGTCTGGCCTTCCACAGGAACCTGGGG
GGAATAACAGAGATAGACATACAAACTTGAGGATTTAGAA
CCGGAAGACGTACAGCGCCGCGATTACAATTCC
TTCGCGGATTGATTGCTCATTTTTTAAC
TAAAGGATTGTATAAGCGCACAAACGACATTAAATGTGAG
GATAAAAATTTTTAGCCAGCTTT
GATAGTGCAACATGATATTTTTGAATGG
GGATAACCTCACAATTTTTGTTA
TCAATAATAAAGTGTATCATCATATTCC
CAATAGGAACGCAAATTAAGCAA
GCGAAAGACGCAAAGCCGCCACGGGAAC
TTCCGAATTGTAAACGTGTCGCCAGCATCGGTGCGGGCCT
ACATCATTTAAATTGCGTAGAAACAGTACCTTTTA
AAGATAAAACAGTTGGATTATAC
AACACCCTAAAGGGAGCCC
GCATCGAGCCAGATATCTTTAGGACCTGAGGAAGGTTATC
CGTAAAGGTCACGAAACCAGGCAATAGCACCGCTTCTGGT
CGAGTAACAACCGTTTACCAGTC
GCCTTACGCTGCGCGTAAAATTATTTTTTGACGCTCAATC
CCGAACCCCCTAAAACATCGACCAGTTTAGAGC
TGCGTACTAATAGTAGTTGAAATGCATATTTCAACGCAAG
GATTTTAGACAGGCATTAAAAATA
TGATTATCAGATATACGTGGCAC
TGGCAAGTTTTTTGGGGTC

TCAGCTAACTCACATTAAT
CTATTAGTCTTTCGCCGCTACAG
AACGCCAAAAGGCGGATGGCTTA
AAGAAACAATGACCGGAAACGTC

GTACATCGACATCGTTAACGGCA
ATACCACCATCAGTGAGGCCAAACCGTTGTAGCAA

5[119]
7[170]
11[639]
0[137]
7[632]
0[95]
2[139]
11[135]
0[160]
2[643]
3[98]
2[601]
3[140]
2[97]
7[128]
5[581]
0[622]
10[625]
4[648]
4[144)
0[118]
7[674]
o[641]
11[177]
0[664]
3[602]
10[583]
10[163]
3[644]
4[251]
4[461]

4[83]
5[665]
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4[126]
8[154]
0[623]
11[146]
8[616]
11[104]
3[139]
0[119]
0[138]
3[643]
3[120]
3[601]
3[162]
3[97]
8[112]
4[588]
0[600]
11[638]
7[650]
7[146]
0[96]
8[658]
11[650]
0[161]
0[642]
3[624]
11[596]
11[176]
3[666]
4[229]
4[439]

4[61]
4[672]

Table S16. Unmodified staple strands of NRO DNA origami. Sequences are denoted from 5’- to 3’-end. The numbers for the 5’- end 3’-end of the staples
represent the helix number in the corresponding caDNAno file. Number in brackets represent the starting and ending position of the staple in the corresponding

helix.

Unmodified staple strands 5'-end 3'-end
CATAAATCTTTGAATACCAAGTGTTAGAAC 17[224]  19[223]
AAGCCTGGTACGAGCCGGAAGCATAGATGATG 20[143] 19[159]
TCATTCAGATGCGATTTTAAGAACAGGCATAG 5[96] 7[95]
GCCATCAAGCTCATTTTTTAACCACAAATCCA 16[143] 15[159]
TATAACTAACAAAGAACGCGAGAACGCCAA 16[175] 14[176]
TTGCTCCTTTCAAATATCGCGTTTGAGGGGGT 10[111] 8[112]
GTATAGCAAACAGTTAATGCCCAATCCTCA 1[224] 3[223]
AAAGTCACAAAATAAACAGCCAGCGTTTTA 9[224] 11[223]
GGCCTTGAAGAGCCACCACCCTCAGAAACCAT 3[192] 5[191]
TTAACGTCTAACATAAAAACAGGTAACGGA 10[175] 8[176]
AGTATAAAGTTCAGCTAATGCAGATGTCTTTC 14[239]  12[240]
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GATGTGCTTCAGGAAGATCGCACAATGTGA
TCAAATATAACCTCCGGCTTAGGTAACAATTT
TTTCGGAAGTGCCGTCGAGAGGGTGAGTTTCG
GAGGGTAGGATTCAAAAGGGTGAGACATCCAA
TATTAAGAAGCGGGGTTTTGCTCGTAGCAT
GCCCTTCAGAGTCCACTATTAAAGGGTGCCGT
ATGCAGATACATAACGGGAATCGTCATAAATAAAGCAAAG
AGCCAGCAATTGAGGAAGGTTATCATCATTTT
TAAATGAATTTTCTGTATGGGATTAATTTCTT
AAACAGCTTTTTGCGGGATCGTCAACACTAAA
CGGATTCTGACGACAGTATCGGCCGCAAGGCGATTAAGTT
GCAATTCACATATTCCTGATTATCAAAGTGTA
GCGCAGACAAGAGGCAAAAGAATCCCTCAG
AGAGAGAAAAAAATGAAAATAGCAAGCAAACT
GACAAAAGGTAAAGTAATCGCCATATTTAACAAAACTTTT
ACACTCATCCATGTTACTTAGCCGAAAGCTGC
CTACCATAGTTTGAGTAACATTTAAAATAT
TATATTTTGTCATTGCCTGAGAGTGGAAGATTGTATAAGC
CGGATTGCAGAGCTTAATTGCTGAAACGAGTA
TAAATCATATAACCTGTTTAGCTAACCTTTAA
GTACCGCAATTCTAAGAACGCGAGTATTATTT
TCTTCGCTGCACCGCTTCTGGTGCGGCCTTCC
GATTTAGTCAATAAAGCCTCAGAGAACCCTCA
GCAAGGCCTCACCAGTAGCACCATGGGCTTGA
ATTACCTTTGAATAAGGCTTGCCCAAATCCGC
CTTATCATTCCCGACTTGCGGGAGCCTAATTT
TTATACCACCAAATCAACGTAACGAACGAG
GTAATAAGTTAGGCAGAGGCATTTATGATATT
CAACCGTTTCAAATCACCATCAATTCGAGCCA
GATGGTTTGAACGAGTAGTAAATTTACCATTA
GCACAGACAATATTTTTGAATGGGGTCAGTA
AGCAAGCGTAGGGTTGAGTGTTGTAGGGAGCC
TCCACAGACAGCCCTCATAGTTAGCGTAACGA
TCACCAGTACAAACTACAACGCCTAGTACCAG
ATTATACTAAGAAACCACCAGAAGTCAACAGT
TAAGAGCAAATGTTTAGACTGGATAGGAAGCC
ATACATACCGAGGAAACGCAATAAGAAGCGCATTAGACGG
CAACTGTTGCGCCATTCGCCATTCAAACATCA
GATGGCTTATCAAAAAGATTAAGAGCGTCC
TAGGTAAACTATTTTTGAGAGATCAAACGTTA
AGGCAAAGGGAAGGGCGATCGGCAATTCCA
ATTATCATTCAATATAATCCTGACAATTAC
GAAATTATTGCCTTTAGCGTCAGACCGGAACC
AATGGTCAACAGGCAAGGCAAAGAGTAATGTG
CCAATAGCTCATCGTAGGAATCATGGCATCAA
ATACCCAACAGTATGTTAGCAAATTAGAGC
ATAAGGGAACCGGATATTCATTACGTCAGGACGTTGGGAA
CACCAGAAAGGTTGAGGCAGGTCATGAAAG
ATCCCAATGAGAATTAACTGAACAGTTACCAG

18[79]
15[192]
2[207]
14[111]
2[175]
21[64]
7[56]
22[207]
0[111]
1[96]
16[63]
19[160]
4[79]
9[160]
13[184]
3[96]
19[224]
13[64]
9[64]
12[111]
12[207]
18[111]
11[64]
5[160]
6[111]
12[239]
6[79]
13[160]
14[143]
6[143]
23[224]
21[96]
0[175]
0[207]
19[192]
7[96]
7[192]
18[143]
10[79]
13[96]
17[128]
20[175]
6[239]
11[96]
11[160]
8[175]
4[63]
4[175]
10[207]
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CATGTAATAGAATATAAAGTACCAAGCCGT 14[175]  12[176]
CCAACAGGAGCGAACCAGACCGGAGCCTTTAC 10[143]  9[159]
GCTATCAGAAATGCAATGCCTGAATTAGCA 14[79]  12[80]
GACCTGCTCTTTGACCCCCAGCGAGGGAGTTA 4[111]  2[112]
AGGAACCCATGTACCGTAACACTTGATATAA 0[239]  1[223]
CAGCGAAACTTGCTTTCGAGGTGTTGCTAA 2[79] 0[80]
GCTTTCCGATTACGCCAGCTGGCGGCTGTTTC 17[96]  19[95]
ACAACTTTCAACAGTTTCAGCGGATGTATCGG 0[79] 1[63]
CAGCAAAAGGAAACGTCACCAATGAGCCGC 6[175]  4[176]
ACCTTTTTATTTTAGTTAATTTCATAGGGCTT 16[207]  14[208]
CGATAGCATTGAGCCATTTGGGAACGTAGAAA 5[192]  7[191]
GCCCGAGAGTCCACGCTGGTTTGCAGCTAACT 22[111]  20[112]
ATTTTAAAATCAAAATTATTTGCACGGATTCG 20[239]  18[240]
ACCTTGCTTGGTCAGTTGGCAAAGAGCGGA 22[175]  20[176]
CTGAGCAAAAATTAATTACATTTTGGGTTA 18[175]  16[176]
CCTGATTGCAATATATGTGAGTGATCAATAGT 18[239]  16[240]
TCAATATCGAACCTCAAATATCAATTCCGAAA 21[160]  22[144]
AAAGGCCGGAGACAGCTAGCTGATAAATTAATTTTTGT 13[120]  15[127]
CTTTAGGGCCTGCAACAGTGCCAATACGTG 21[224]  23[223]
AATAGTAAACACTATCATAACCCTCATTGTGA 8[111]  6[112]
TCACCGACGCACCGTAATCAGTAGCAGAACCG 6[207]  4[208]
GCCCGTATCCGGAATAGGTGTATCAGCCCAAT 2[239]  0[240]
TGTAGCCATTAAAATTCGCATTAAATGCCGGA 16[111]  14[112]
TCGGCAAATCCTGTTTGATGGTGGACCCTCAA 22[143]  21[159]
TGACAACTCGCTGAGGCTTGCATTATACCA 1128]  3[127]
CCACCCTCTATTCACAAACAAATACCTGCCTA 4[207]  2[208]
CCCGATTTAGAGCTTGACGGGGAAAAAGAATA 23[96]  22[112]
AAGTAAGCAGACACCACGGAATAATATTGACG 8[239]  6[240]
AAATTAAGTTGACCATTAGATACTTTTGCG 12[79]  10[80]
CACATTAAAATTGTTATCCGCTCATGCGGGCC 20[111]  18[112]
TTAAAGCCAGAGCCGCCACCCTCGACAGAA 3[224]  5[223]
ATATTCGGAACCATCGCCCACGCAGAGAAGGA 2[143]  1[159]
TTCTACTACGCGAGCTGAAAAGGTTACCGCGC 12[143]  11[159]
AACGTGGCGAGAAAGGAAGGGAAACCAGTAA 23[128]  23[159]
GAATTTATTTAATGGTTTGAAATATTCTTACC 16[239]  14[240]
AGCGCGATGATAAATTGTGTCGTGACGAGA 3[128]  5[127]
AACGCAAAGATAGCCGAACAAACCCTGAAC 7[224]  9[223]
AGAAAACAAAGAAGATGATGAAACAGGCTGCG 17[160]  18[144]
CGCGCAGATTACCTTTTTTAATGGGAGAGACT 18[207]  16[208]
CACAACAGGTGCCTAATGAGTGCCCAGCAG 19[128]  21[127]
GCGGAACATCTGAATAATGGAAGGTACAAAAT 20[207]  18[208]
TAAAAGGGACATTCTGGCCAACAAAGCATC 23[160]  22[176]
AATTGAGAATTCTGTCCAGACGACTAAACCAA 14[207]  12[208]
GCGAAAAATCCCTTATAAATCAAGCCGGCG 21[128]  23[127]
AACACCAAATTTCAACTTTAATCGTTTACC 5[128]  7[127]
TAAATCAAAATAATTCGCGTCTCGGAAACC 15[128]  17[127]

GAAACGATAGAAGGCTTATCCGGTCTCATCGAGAACAAGC 10[191] 12[184]
GCCTCCCTCAGAATGGAAAGCGCAGTAACAGT 4[239] 2[240]
GCGAACCTCCAAGAACGGGTATGACAATAA 11[224]  13[223]
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TTAGGATTGGCTGAGACTCCTCAATAACCGAT
ATCGCAAGTATGTAAATGCTGATGATAGGAAC
GCGGATAACCTATTATTCTGAAACAGACGATT
AAGGAAACATAAAGGTGGCAACATTATCACCG
ACCCTTCTGACCTGAAAGCGTAAGACGCTGAG
ATATTTTGGCTTTCATCAACATTATCCAGCCA
TCAAGTTTCATTAAAGGTGAATATAAAAGA
TCTAAAGTTTTGTCGTCTTTCCAGCCGACAA
TTCCAGTCGTAATCATGGTCATAAAAGGGG
AAAGCACTAAATCGGAACCCTAATCCAGTT
AATACTGCCCAAAAGGAATTACGTGGCTCA
TTTATCAGGACAGCATCGGAACGACACCAACCTAAAACGA
TTGACAGGCCACCACCAGAGCCGCGATTTGTA
CTGTGTGATTGCGTTGCGCTCACTAGAGTTGC
GCGAGTAAAAATATTTAAATTGTTACAAAG
TAGAGAGTTATTTTCATTTGGGGATAGTAGTAGCATTA
CGAAAGACTTTGATAAGAGGTCATATTTCGCA
TCATCGCCAACAAAGTACAACGGACGCCAGCA
TTAACACCAGCACTAACAACTAATCGTTATTA
TTATTACGAAGAACTGGCATGATTGCGAGAGG
GCCAGTTAGAGGGTAATTGAGCGCTTTAAGAA
ACAACATGCCAACGCTCAACAGTCTTCTGA
CATTTGAAGGCGAATTATTCATTTTTGTTTGG
TGAAAGGAGCAAATGAAAAATCTAGAGATAGA
TGGAACAACCGCCTGGCCCTGAGGCCCGCT
TACCGAGCTCGAATTCGGGAAACCTGTCGTGCAGCTGATT
GTTTATTTTGTCACAATCTTACCGAAGCCCTTTAATATCA
ACAAACGGAAAAGCCCCAAAAACACTGGAGCA
GTTTATCAATATGCGTTATACAAACCGACCGTGTGATAAA
ACGGCTACAAAAGGAGCCTTTAATGTGAGAAT
GACCAACTAATGCCACTACGAAGGGGGTAGCA
AAGGCCGCTGATACCGATAGTTGCGACGTTAG
CTCCAACGCAGTGAGACGGGCAACCAGCTGCA
ACCGATTGTCGGCATTTTCGGTCATAATCA
CAGAAGATTAGATAATACATTTGTCGACAA
TGCATCTTTCCCAGTCACGACGGCCTGCAG
TTAGTATCACAATAGATAAGTCCACGAGCA
GTTTTAACTTAGTACCGCCACCCAGAGCCA
TTAATGAACTAGAGGATCCCCGGGGGGTAACG
CTTTTACAAAATCGTCGCTATTAGCGATAG
ATCCCCCTATACCACATTCAACTAGAAAAATC
AGAAAGGAACAACTAAAGGAATTCAAAAAAA
TTTTATTTAAGCAAATCAGATATTTTTTGT
AGCCACCACTGTAGCGCGTTTTCAAGGGAGGGAAGGTAAA
AACAAGAGGGATAAAAATTTTTAGCATAAAGC
GCCGTCAAAAAACAGAGGTGAGGCCTATTAGT
TGTAGAAATCAAGATTAGTTGCTCTTACCA
GAGAGATAGAGCGTCTTTCCAGAGGTTTTGAA
CCACCCTCATTTTCAGGGATAGCAACCGTACT

1[160]
15[160]
1[192]
8[207]
23[192]
15[96]
5[224]
0[143]
20[79]
23[64]
8[79]
1[64]
3[160]
19[96]
16[79]
10[127]
9[96]
4[143]
22[239]
7[160]
10[239]
13[224]
17[192]
21[192]
22[79]
19[56]
7[248]
16[47]
13[256]
2[47]
4[47]
2[111]
22[47]
6[271]
22[271]
17[32]
14[271]
2[271]
20[47]
18[271]
8[47]
0[47]
12[175]
4[255]
14[47]
21[256]
12[271]
9[256]
0[271]

2[144]
16[144]
3[191]
6[208]
22[208]
17[95]
7[223]
1[127]
18[80]
22[80]
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CTTTAATGCGCGAACTGATAGCCCCACCAG
CCAGGGTTGCCAGTTTGAGGGGACCCGTGGGA
CAAATCAAGTTTTTTGGGGTCGAAACGTGGA
ACGCTAACACCCACAAGAATTGAAAATAGC
CTTTTGCAGATAAAAACCAAAATAAAGACTCC
TACGTTAAAGTAATCTTGACAAGAACCGAACT
TAATCAGCGGATTGACCGTAATCGTAACCG
TTTTCACTCAAAGGGCGAAAAACCATCACC
GCCTTAAACCAATCAATAATCGGCACGCGCCT
AATAGCTATCAATAGAAAATTCAACATTCA
CATCAAGTAAAACGAACTAACGAGTTGAGA
CAGGAGGTGGGGTCAGTGCCTTGAGTCTCTGAATTTACCG
AAATCACCTTCCAGTAAGCGTCAGTAATAA
CTCGTATTAGAAATTGCGTAGATACAGTAC
TTTACCCCAACATGTTTTAAATTTCCATAT
CCTAAATCAAAATCATAGGTCTAAACAGTA
GTCGACTTCGGCCAACGCGCGGGGTTTTTC
CGTAAAACAGAAATAAAAATCCTTTGCCCGAAAGATTAGA
AGGCTCCAGAGGCTTTGAGGACACGGGTAA
GAGAAGAGATAACCTTGCTTCTGTTCGGGAGAAACAATAA
TTTAGGACAAATGCTTTAAACAATCAGGTC
AATACGTTTGAAAGAGGACAGACTGACCTT
CTTAGATTTAAGGCGTTAAATAAAGCCTGT
TAAATCGGGATTCCCAATTCTGCGATATAATG
AACAGTTTTGTACCAAAAACATTTTATTTC
CTGTAGCTTGACTATTATAGTCAGTTCATTGA

AGACGACAAAGAAGTTTTGCCATAATTCGAGCTTCAA
AACGCAAAATCGATGAACGGTACCGGTTGA

23[256]  22[272]

18[47]  16[48]

23[32]  22[48]

10[271]  8[272]

8[143]  7[159]

6[47] 4[48]

15[32]  17[31]

21[32]  23[31]

11[256]  13[255]

8271]  6[272]

5[32] 7[31]

1[256]  3[263]

4271 2[272)

20[271]  18[272]

9[32] 11[31]

15[224]  17[223]

19[32]  21[31]

19[248]  21[255]

1[32] 3[31]

16[255]  18[248]

7[32] 9[31]

3[32] 5[31]

16[271]  14[272]

12[47]  10[48]

11[32]  13[31]

10[47]  8[48]

7[128]  9[135]
13[32]  15[31]
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Table S17. Unmodified staple strands of 6HB DNA origami. Sequences are denoted from 5'- to 3'-end. The numbers for the 5'- end 3’-end of the staples
represent the helix number in the corresponding caDNAno file. Number in brackets represent the starting and ending position of the staple in the corresponding

helix.

Unmodified staple strands 5'-end 3'-end
TACAACGAAAGGAGGTAAAATACGTAATAGGCAAAAGAATTT 0[685] 3[685]
ATCTCTGACCTCCTAGTCGGGAAACCTGGCACGAATATAGTT 4[195] 0[182]
ACCTTTTTAACCCATCATAGGTCTGAGATTAGTGAATTTATC 3[1232] 1[1245]
ACCATCAGCGTCCAAATAGTAAAATGTTTAAGAGGCTTTTGC 5[546] 2[546]
ATCAATATCTGGTCAGTTGGCAAATC 3[1372]  3[1397]
GTGTCTTTCCTTATCACTCATCGAGAACATTATTTACAAGAA 1[1120] 4[1120]
TCAGAGGCATTGCAAACGATTTTTTGTTGAGAGAATAACATA 0[1063]  3[1063]
AACAGTTGAAAGGAATTGAGGAAGAG 2[1397] 2[1372]
CTTTTCTTAAACAGTAACCACCACACCCAAAGGCTCCAAACA 4[741] 0[728]
AACCGTTCTAGCAAAGGCCGGAGACAGTGATTCAAAAATCCT 2[377] 5[377]
TATCCTGACGCTCAGGCTTATCCGGTATCGACTTGCGGGACA 0[1105] 3[1105]
GCTGCAAGGCGATGCCTCTTCGCTATTAAAGGGCGTGCGTAT 2[251] 5[251]
AGATTTAAGTCCACTTAATTGCTGAATAAACTAAAGTACGGG 0[475] 3[475]
GGCCAACAGAATATGAGGCATTTTCGAGAGCGCCATATTTAA 5[1176] 2[1176]
GCGCGTTTTCATCGAGCGACAGAATCAAAGCAGCACCGAGTA 2[923] 5[923]
ATAACGTACACTGAGCCCAATAGGAACCATCCTCAGAGCCAC 5[798] 2[798]
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GGAGGCCAGGATTATAAGAGGCTGAGACTGTATTTCGGAACC
TGCCCAGCGATTATGTATCATCGCCTGAAGAAAGGCGAAGGC
ATGCGCGATAGCTTCCTTAGAATCCTTGACCTTGCTTCTGTA
TACGAGCCGGAAGCTCGAATTCGTAA
AAAGAGTCATCTTTTCATAGCCCCCTTAACCGTCAGACTGTA
AATAATTAATTTTCAGATTAAGACGCTGGCTATTAGAAACAG
TATCCGGCTTAGGTAATATTTTTGAATGAGAAGAGTCAATTA
CAATAATCGGCTAGAATATCCCATCCTAGTCCTGAACATTGG
CAACTCGTATTACAACTTTACAAACAATATGATTTAGAAGTA
AGAATAAGTTTATTATAACATCACTTGCCGTAGAAAATACAG
TAATAAGAGAGATATTATACAAATTCTTTTAATTGAGAATAA
ACGCTGAGAGCCAGCAGCAAATGAAAAATCTAA
CAACGCCAACATGACTCAACAGTAGGGCACCAGTAACATTCT
AAAGCGCCATTCCGTGGTGCCGGAAACCCCTTTCCGGCACCG
TATTATTCTGAACGCGTATAAACAGTTAGCCTTGACTAAACA
TAAACCAACCAGTCTCAACAATAGATAAATTTACGAGCATCA
ATCGCGCACCACCAAATTGCGTAGATTTAGTACCTTTTACAT
TACCGTAGCTTTCCCCGTACTCAGGAGGCAGAACCGCCACAA
TTGTTATCTAAAATATCTTTAGGAGCACTA
ATTATGATAGCCCGTACTAATAGTAGTACAAAGAATTAGCGC
ACCGGCATTTTCGGTCATAATCAAAATCGAGGCCACCGTAAT
AATGGCATCAATTCAGATAGGGTTGAGTCGCAAATGGTCAAC
GTAAACAGGGCTTAAGGAGCTAA
GTAAATTGGGCTGAGAAACACCAGAACGGAAGGCTTGCCCTG
TAAAGCCTCAGAAATCATACAGGCAAGGGCATTAAATAAATC
AAAGCCTGTTTAGCGAATCATAATTACTCCATAAGAATAAAC
ATGGGCGCATCGTCGCGGATTGACCGTATCTCCGTACGGGCA
GAGGCTTGCAGGTTCAACCATCGCCCACTTGCGCCGTGTAGC
AATCAGATATAGAAATCGTCTGAAATGGAAGCAAGCCGTTTT
ATCAATAAACACCGGAACGTTATTAATTAACAAAGAAACCGA
AACATTAAATCGGAATTTCAACTTTAATTGGCTCATTATATA
GCGAACCAAAACCGAAATCAGGTCTTTATGCATCAAAAAGAG
TTGACGGATCAACGCAAGAACCGGATATCGCATAGGCTGGCT
CACCACCCTCAGAGTTTTTATAATCAGTACCGGAACCAGACT
ACAGGAGTGTACCCTACATGGCTTTTGATCGTTCCAGTAAGC
CCTGTGAGCGAGTATTCACCGCCTGGCCCGCCATCAAAAACG
CACCCTCATTTTACAGAACCGCCACCCTTTTAGTAAGCACGT
CCCTCAGCTGCGCGCTTGATACCGATAGGCATAACCGATAGC
AATAACGGATTCAAGAATATACAGTAACTCAGGTTAAAATAC
TAGCATAAAGCTAAATACTTTTGCGGGAATCCCTTCATCCAA
TCGCCAGAGGGGGTATACTGCGGAATCGGGCCCACCCTCGTT
GAGCTGAAAAGGCATATTTTCATTTGGGAAATAACCTGTTTA
GAAAGCGGAGATTTACCAAGCGCGAAACTTACACTAAAACAC
GGTCACGCAGCGAAGCTTTTGCGGGATCTTTATTCGGTCGCT
GGTGCCTAATGAGTCTACGTGGTGCTTGTT
TTTCGAGGTGAAGTATCGGTTTATCAGCGTAGGAGCCTTTAA
CTTAACCGTGCATCCTCAGGAAGATCGCCAGTGAGGGGAACA
TCAAACTATTACGCAGAACTGGCATGATCAAAACCGAGGAAA

CCCGAAAGACTTTTGAAGCAAAGCGGATCCCTGACACGTCAA

5[840]
1[658]
5[1260]
1[142]
5[924]
1[1246]
4[1245)
2[1133]
3[1358]
4[993]
0[1189]
5[1372]
2[1175]
3[266]
2[839]
0[1147]
0[1315]
0[811]
1[1372]
0[433]
1[910]
4[447)
4[167]
3[602]
2[419]
3[1190]
2[293]
2[713]
4[1119]
0[1357]
0[601]
0[517]
5[630]
4[909]
3[854]
4[321]
2[797]
0[727]
2[1301]
1[406]
1[532]
3[434]
5[672]
5[714]
3[138]
3[728]
1[280]
5[1008]
2[503]
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2[840]
4[658]
2[1260]
1[167]
2[924]
4[1246]
0[1232]
5[1133]
1[1371]
0[980]
3[1189]
5[1404]
5[1175]
1[279]
5[839]
3[1147]
3[1315]
3[811]
1[1401]
3[433]
4[910]
0[434]
4[145]
1[615]
5[419]
1[1203]
5[293]
5[713]
0[1106]
3[1357]
3[601]
3[517]
2[630]
0[896]
1[867]
0[308]
5[797]
3[727]
5[1301]
4406
4[532]
1[447]
2672
2[714]
3[167]
1[741]
4[280]
2[1008]
5[503]
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ATGTAAATATTGACTCACCGACTTGAGCCGTTGTATCATATG
TCACGACCAGGGTGGCGCAACTGTTGGGCGCCAGCTGGCGGC
ATAGCAAGCAAAATGAATCATTACCGCGATTTTATTTTCATC
GCTAATGCAGAACGCAATAAACAACATGGTTCTGTCCAGACG
CATGAGGAAGTTAAGAGGACTAAAGACTAACGGCTACAGAGG
ACTCCTTATCGGCCCTTACCGAAGCCCTGTTACCAGAAGGAG
ATCAACATTAAACCTTCCTGTAGCCAGCGATAATTCGCGTCT
CCAAAGTTTTGTCGCGTACTATGGTTGCACAAACTACAACTA
TTGGGAAGAAAAAAGCGATTTTAAGAACCATTGTGGCCGTAA
AGTGAGATGGTTTAACCCTAAAGGGAGCATTCAGTGAATAAC
GCACATGAAAGTATGGATTAGCGGGGTTGCGGGAGGTAACAG
AAAGCAATAGCTATTTGCTGGTAATATCAGAGATAACCCAAG
TTGCACGTAAAACACTACCATATCAAAACAATGGAAGGGTTA
TTCTTTGATCACCGGGAAATTATTCATTCGATTCAACCGATT
GTATGGCTTAGAGCTATTAAAGAACGTGAGGTCAGGATTAGT
AGCATCACCTTGCTGAACCTCAAATATCAAACC
CAGATTCAGTACCGCATTCCAAGAACGGTTGTAGAAACCAAT
AGGCATGTCAATCACTGGTTTGCCCCAGTCATTGCCTGAGTA
TCAAATATATTTCGAAATCCAATCGCAAATATGTAGTAAGAA
TGGGCGCGTTGTAAACGCCAGGGTTTTCAGAAAGGGGGATGT
ACCGGTCAATCATACGGCGAACGTGGCGTAAATTGTGTCGAT
GCATCCAAATAAGAACAGGAAAAACGCTCGTCTTTCCAGAAG
CTCACATTAATTGCGTTGCGCTC
ACGCTCGCCCTGCTCAATGTCCCGCCAAGAATTGTAGCTGCA
CGGGTACCGAGCATAAAGTGTAAAGCCTGG
GGGAGTGACTCTATCAACTCGTCGGTGGTCGTGCCCAACCTT
TGTGAATTCATGGGGATGTTCTTCTAAGGGAGGAGAAGCCAG
TAGGGAGAATTAACAGCGCTAATATCAGCAGAACAAAAAATG
GCAACAGTTGATTCCATTAGATACATTTGTTGTTCGTAGCTC
ATCGTAAAACTAAAGAGAATCGATGAACGTAGTCTGGAGCAA
CATTAAAAGAAGTGCCACCACCCTCAGACAGCATTGACAGCA
GTGAAACGTCACCATCACGCAAATTAACCATTTGGGAATTAG
GTTTGATAGATCTAGCCGGAGAGGGTAGTCAATATGATATTC
AGTGAGAATAGAGTATGGGATTTTGCTAAGTAAATTTAATGC
CTGAGTTAAAGGCCAGACAGCATCGGAACTGGCAAGACAATG
AAGACACCACGGCAACATATAAAAGAAAAAATACATAAAGGT
ACGACAGATTGCCCACAACCCGTCGGATATGGGATAGGTCTC
GCCAAAAGGAATATCTAATGCAGATACATAGGAATACCACAT
CGTTTGCCTGTCCAATGAAACCATCGATGTTTGCCTTTAGCA
TTCATTCCATATTATGTTTTAAATATGCTAATGCTCAGTTTG
AATCCTGGCCAGAACACAAACAAATAAAGCGAGGTTGAGGCA
GAGGGAGGGAAGCAACCAGCGCCAAAGAAGAAAATGCAATAC
GCCGCTACACGTTGAAGGAATTGCGAATGTCAGTTTCAGCGG
TAACCATAAATCAATCTATCAGGGCGATTCATAAATATTCAA
CCCTCAGAACCGGTCCTCCCTCAGAGCCTCGCCACCACCGGA
CTGCCATATCGGCCGTGTCCTTAGTGCTAATAACCCCGCTGT
AATTAATTACATATCAAACATCAAGAAAAAAAAGAAGATGAT
TACGTGGGAAATACTCTTCTGACCTAAAGAGAGAAAACTTTT
CATTTTGAATCTTATGCACCCAGCTACACCGGTTTTGAAGCC
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AACAAATATCGCGTAAGCAAACTCCAACGACTCCATATTATA
TGATAGGTGTATCATCGTTAGAATCAGATTGCTCAGTACCTG
GAATATTCCTGATTGATTGTTTGGATTAAGAGGTGTTTGAGT
ACGAGTAATCTTGATAACAAAGCTGCTCCCCCGATTTGAAAG
CGCAATAATAACCAGATAGCCGAACAAATTTTAAGGAAGAAC
AACAGAAATAAAGAGCAGAAGATAAAACTACTTCTGAATAAA
ACAGCTGTATCGGCTGCCAGTTTGAGGGTTACGTTGGTGTAG
CGCGCACGACTTAAAACGCGCGGGGAGACCAAGCTTTCTCCC
AGTAGTTGCTATTTCCAACGCTAACGAGCATGGAAACGCGAG
TTAAGGAACAACTAAAAATCTCCAAAAAGCCGCGCGAATTTT
GCAAGCGTCATTTTCGCATTAAATTTTTGGTATTTAAATTGT
AAACAATGAAATAACCCAATAATAAGAGTACAAGAATTGAGT
TACAATGCCTGAGTCCGAAATCGGCAAAGAAGCCTTTATTAT
ATGGTTTCACAGACTGGGTTATATAACTGACAAAGAACGCCT
ATTTTTTCAGGGCGTCTTTCCAGACGTTAACAACTTTCAATA
AGTTAACAATTTCAAGCCCTAAAACATCATTACCTGAGCAAA
TTAATGACTGTAAGGATACCGACAGTGCTGTCTAATCTATTT
AAAAGAACCCTGTAATCGGTTGTACCAAGCAAAATTAAGCAA
ACTCCATTAAACGGCGGGCGCTAGGGCGCGAGGGTAGCAAAG
CATTTCTCCGAAGAGACGCATTTCACATGTGGGCCTTGAATC
TTTACGAGGCATAGCAAGTTTTTTGGGGAGTTGAGATTTAGA
TTTTGAGGGTGGTTAATGTGTAGGTAAACAAATCACCATCAT
ACTGATAAATTAATCAAAGGCTATCAGGCAGGCGAAAGGGTG
ACGTAATTTAGGCAAAAGTACCGACAAAAAAAGGGTAAAGCC
TACCCAAGGAAAGCAGGGAACCGAACTGACAGACCAGGCGGA
CATGGTAATAAGTTGGGATTTTAGACAGTCTGAATTTACCCT
AGCACTATTACAGGAAAACGAACTAACGAGCCAGTCAGGACG
GTATAGCCCGGACCTCGAGAGGGTTGATCAAGGCGGATAAGT
TCATCTACGTTAATTAGAAAGATTCATCTCGAGGTAATTACC
AATCAGCGTCCACGTATGTACCCCGGTTTGTATAAGCAAATA
GGAATTATCATCACTTATCATTTTGCGGTTAAAAGAGGCGGT
AACGCGCCTGTTTAACACGACCAGTAATAGGTAAAGTAATAT
AAGCCATTCAGGCTGTTTTTCTTTTCACACTCCAGCCAGCAG
TTAGCAAGGCCGTTCCAGTAGCACCATTTTAGAGCCAGCAAA
ACGAGGCGCAGACACCATGTTACTTAGCTCAAATCCGCGACC
CGCCAGCGTAATTGTGAACACCCTGAACCATAAAAACAGGGA
TCATTTTTGCGGCAGCTCCTTTTGATAAGAGAGAGTACCTTT
ACTGCCCGAAATTGTCATGGTCATAGCTAAACGGAGGATCCC
TCATCTTTGACCCTACCTAAAACGAAAGGCCACTAAAGGGAA
GAACAAGGTTTGACCCAATTCTGCGAACGAGTGTCTGGAAGT
CCTGTGTGCTTTCCGGTTGGTGTAATGAACCTCGATAAAGAT
CTGGATACCCAAATTAAGAGCAACACTAACCAAAATAGCGAC
AAACGTTAATATCCAAAAACAGGAAGATGATAATCAGTTGCA
AAAAGAAGTTTTAAAGACGACGATAAAATCATAACTACGTGA
ATGTATCATATGCGGAACCCTTCTGACCATAAGGCGTTAAAG
GGTTAAGTTGGGTAAACGACGGCCAGTGGGCGGTTATCGGTG
CGAACGAAGAGGCGTGAATACCAAGTTATTATCGGGAGAAAC
GGTTTGTTAAAATTTTAACCAATAGGAACTGAGAGAGAAAAG
AATCGTCGCTATAATAAATCAATATATGTTTAATGGTCTTTA
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GTGAATTATTAGTATTGTCACAATCAATCAAAAGGGCGACCA
CATAGCGAACTGATTTTGAATTACCTTTTGAGTGAATAACAA
GAGCCTGATTGCTTAATTATTCATTTCAGCCATTATAACGTC
AAAACGAGAATGCCATGCTTTAAACAGTCAATTGAATCCCCC
GGGGAATACCCAAAAGTATGTTAGCAAACTGAGTAAAAAGTA
ACTAGTTAATTTCACGACCGTGTGATAATGAAAGCAATGCTG
CTAATCCTTTGCCCCCTGCAACAGTGCCAATACATTTGAGTC
CAGTATTTAATCCTATCAGATGATGGCATCACCAGAAGGAGC
GGTCAGACGATTCAACCAGAGCCGCCGCGCCGCCAACGCCAG
ACAACTAATAGATTAGAGCCGTCAATAGAT
CCCAGGGATAGCAAGTTTCGTCACCAGTTTTGACGCCGCCAC
GTGGCCTTGATATTTGGAAAGCGCAGTCGAACGGTCCAGAAC
TTATTTATCCCAGTACAAAATAAACAGCAAGCCTAATTTGCC
TTATCCGCTCACAATTCCACACAACA
GCGTAACGATCTTCAGACAGCCCTCATAAAGCCTGTAGCATT
GACCTTCATCAAGACAGATGAACGGTGTACCAACTTTAGAGC
CAAGAGAGATTAAATTAACGGGGTCAGTATGCCCCCTGCCAT
ATATTTTAAATGAAAATTTTTAGAACCCCTTCAACGCAAGGA
TTAAATCAAGATTTTTTAGCGAACCTCCTCTAAGAATACCTA

AGGGCGAAGACCGGTTTAATTCGAGCTTTCATTAAGAGGAAG
AGCGCATTAGACAGTAGCAGCCTTTACATAACGTCATATTAC
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Abstract:

Photobleaching of fluorescence labels poses a major limitation in single-molecule and super-resolution
microscopy. Conventional photostabilization methods, such as oxygen removal and addition of high
concentrations of photostabilization additives, often require careful fluorophore selection and can disrupt
the biological environment. To address these limitations, we developed a modular and minimally invasive
photostabilization approach that utilizes DNA-mediated delivery of a photostabilizer directly to the imaging
site. Under lower excitation intensities, the DNA-mediated strategy outperformed solution-based
approaches, achieving efficient photostabilization at significantly lower additive concentrations. However,
at higher excitation intensities, the stability of a single photostabilizer molecule became the limiting factor.
To overcome this and reduce the loss of localizations in DNA-PAINT experiments we have also
implemented a recovery scheme where the photostabilizer is continuously replenished at the imaging site.
We further extended the approach to cell imaging, demonstrating improved localization rate and precision
in 3D-DNA PAINT measurements. DNA-mediated photostabilization offers a promising solution for
imaging applications where high additive concentrations are prohibited. Its modularity enables adaptation
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to various imaging schemes and ultimately expands the repertoire of fluorophores suitable for single-
molecule and super-resolution imaging.

Introduction

Single-molecule fluorescence imaging methods have expanded tremendously since the very first
observation of single molecules at ultra-low temperatures' and led to many exciting experiments
investigating biomolecular interactions, tracking them inside of live cells*® and even breaking the
diffraction barrier to resolve nanoscale features’, interactions, or dynamics. Meanwhile one of the main
bottlenecks in most of fluorescence imaging experiments remains the premature photobleaching of
fluorescent labels®. When tracking and monitoring the interactions between individual molecules (e.g. via
fluorescence resonance energy transfer (FRET)), the total number of photons that can be collected from a
fluorescent label determines the end of the observation window, while in localization-based super resolution
imaging techniques it is tightly linked to the localization precision one can achieve’.

To extend the total photon budget of fluorescence labels used for these imaging applications one relies on
photostabilization strategies that act on the photochemical bleaching pathways (Figure 1a). This typically
includes removing molecular oxygen (which can undergo triplet-triplet energy transfer with triplet excited
states of fluorescent labels) to prevent the sensitization of singlet oxygen and downstream reactive oxygen
species (ROS)'™ !'. However, removal of oxygen leads to long-lived and reactive triplet dark states,
therefore, oxygen removal is typically supplemented by addition of triplet state quenchers (TSQs). * '
TSQs can quench the triplet excited states via photophysical mechanisms (krer in Figure 1a), such as energy
transfer (e.g., as is observed for cyclooctatetraene'*'* or Ni*"ions'”?%) or photochemical mechanisms that
rely on reduction (or oxidation) of the triplet excited state with an appropriate reducing (or oxidizing)
additive to generate the radical anion (or cation) species’'?*. The long-lived radical intermediates are
subsequently rescued by the addition of a complementary oxidizing (or reducing) partner, an approach that
is commonly known as ROXS for reducing and oxidizing system (ks and kox in Figure 1a)'?. To circumvent
the need for high concentrations of solution-based additives, the photostabilizers can alternatively be
directly coupled to the fluorophore core to obtain “self-healing” dyes, however, at the price of additional
synthesis and optimization steps.”>* The strategies outlined above have helped to improve the photon
budgets by over hundreds of folds in specific instances. Nonetheless, even with the most photostable
fluorescent labels paired with the most efficient stabilization approaches the total number of photons is
limited to a few millions of photons.

One of the imaging “tricks” used to fundamentally overcome the limits posed by the finite photon budget
of single fluorescent labels involves the continuous replacement of bleached labels via transient binding.
This is nicely exemplified by super-resolution imaging with DNA-PAINT.** DNA-PAINT relies on
transient binding of short fluorescently labelled DNA oligonucleotides (imager strands) to the target of
interest labelled with a complementary DNA sequence (docking sites) to achieve apparent blinking at the
imaging site which is, in turn, used for stochastic super-resolution imaging. Here, each docking site can
bind multiple imager strands over time and the imaging quality and efficiency are no longer limited by the
photobleaching of the single-fluorescent label in contrast to other localization-based super-resolution
imaging methods (e.g., PALM or STORM)***.

In recent years, several other approaches that exploit DNA-mediated dynamic exchange of fluorescent
labels to generate a long lasting and photostable fluorescence signal have been put forward. For example,
in our previous work we have used the dynamic exchange of bleached fluorophore strands with intact ones
from solution to generate self-regenerating DNA origami-based brightness rulers.’® Repetitive DNA
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binding motives to continuously exchange labels in solution have also been successfully exploited to design
a long-lasting fluorescence label for tracking single biological molecules for hours.* Introduction of DNA-
PAINT imager strands into STED microscopy has overcome the photobleaching of permanent fluorescent
labels.* The more recent “REFRESH” and “Dye cycling” approaches used analogous strategies to
continuously exchange both, donor and acceptor labels enabling near-continuous observation of single-
molecules for more than an hour and extending these ideas to FRET imaging studies.*"" ** New imaging
schemes going beyond DNA-mediated transient binding have also been realized, e.g. by engineering
exchangeable HaloTag ligands that can be used for super-resolution imaging.***

These dynamic labelling strategies elegantly overcome the problem of bleaching of single fluorescent
labels. However, they are still limited by the photochemical processes in the excited states. When imaging
is performed in the absence of photostabilization additives, every time the fluorophore enters the triplet
excited state it has a probability to generate singlet oxygen and other ROS. While the ROS-induced
photodamage to the fluorescent label is addressed by recovering it over time, the damage to the target
molecule or binding site is not mitigated (Figure 1b). For example, in DNA-PAINT imaging studies it has
been shown that the photoinduced damage of docking sites leads to loss of localizations over time, setting
a limit on the total number of localizations that can be achieved.*’ Not surprisingly, removal of oxygen and
use of common photostabilization cocktails, such as ROXS, has also been essential in the above-mentioned
studies using DNA-mediated label exchange®™ **" % emphasizing the importance of photostabilization
even if the experiment is no longer limited by the bleaching of the label itself, *% 3 41-42.43

Nevertheless, the need for oxygen removal and addition of photostabilizing agents also limits their use to
applications compatible with the required conditions. On one hand, photostabilization additives at
millimolar concentrations can influence the biomolecular system under study* and the removal of oxygen
by enzymatic scavenging systems can result in acidification of the sample solution*”-*. On the other hand,
efficient removal of oxygen and solution-based photostabilization, which depend on efficient diffusional
collision, simply might not be possible (e.g. crowded and inaccessible cellular compartments®” *°,
correlative measurements®'). Additionally, in applications that rely on the exchange of fluorescent labels in
solution such as DNA-PAINT or dynamic labeling, solution-based photostabilization can lead to an
undesirably high background (unspecific photostabilization). In multi-color imaging schemes, it can also
be difficult to identify one photostabilization additive that allows for optimal performance of multiple
fluorophores.*’

With these limitations in mind, we developed a modular and minimally invasive photostabilization strategy
which relies on the DNA-mediated delivery of a photostabilizer, i.e. a TSQ, directly to the imaging site,
circumventing the need for high concentrations of additives. We first characterize and benchmark this
strategy by comparing it to solution-based photostabilization and then show that it can be successfully
applied to slow down photoinduced depletion of docking sites in DNA-PAINT imaging as well as utilized
for long term imaging studies based on continuous exchange of labels. Finally, we use this
photostabilization strategy to enable 3D DNA-PAINT imaging in cells in the presence of oxygen to mimic
imaging in biological samples, where oxygen removal is not feasible. To illustrate the future modularity of
this approach, we also outline how it can be extended to different imaging schemes.
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Figure 1. a) Jablonski diagram illustrating the photophysical processes involved in photobleaching pathways of
fluorescent labels and common strategies to mitigate them by depopulating the non-emissive and reactive triplet and
radical states. Here one can utilize photophysical triplet state quenchers that operate via triplet energy transfer (TET,
krer) or photochemical quenchers that rely on ping-pong redox reactions (ROXS, kreq, kox); b) Illustration of oxidative
damage that limits the performance of imaging methods based on continuous label exchange: although the
photobleached label is exchanged the photostabilization is necessary to ensure the depopulation of the reactive triplet
states and generation of ROS and consecutive photodamage of the docking site; ¢) Minimally invasive
photostabilization introduced in this work that relies on DNA-mediated delivery of the photostabilizer directly to the
imaging site. The photostabilizer can be attached to the imaging/docking site permanently (left and middle panels) via
stable DNA-DNA interaction or exchanged continuously using transient DNA-DNA interaction (right panel). Lower
panel illustrates time course of the experiment and residence time of the fluorescent label (red) as well as the
photostabilizer (blue) on the docking site.

Results

In DNA-PAINT, the target structure is chemically modified with a nucleic acid sequence. To not only direct
the imager strand but also the photostabilizer to the imaging site, we extended the DNA docking site
sequence. The additional binding site for the photostabilizer strand allows it to locally act at the imaging
site, where most of the photoinduced damage occurs (Figure 1¢). By changing the sequence length one can
design the photostabilizer strand to either permanently bind at the imaging site (Figure 1c¢, left and middle



bioRxiv preprint doi: https://doi.org/10.1101/2025.01.08.631860; this version posted January 10, 2025. The copyright holder for this preprint
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made
available under aCC-BY-NC 4.0 International license.

panels) or continuously exchange analogously to fluorescent labels (Figure 1c, right panel). Differently
from a “self-healing” approach which requires direct coupling of the photostabilizer to the fluorophore, our
strategy relies on coupling the photostabilizer to a DNA oligonucleotide which can later be modularly
reused for different fluorescent labels or imaging schemes. To avoid potential radical intermediates, in this
work, we used cyclooctatetraene (COT) as physical TSQ due to its ability to depopulate the triplet excited
states via a photophysical pathway circumventing possible radical intermediates at the imaging site. COT-
functionalized oligonucleotide photostabilizers were prepared using a previously reported universal linker
molecule by coupling maleimide functionalized COT linker molecules to thiolated DNA oligonucleotides
(Scheme S1, Table S4).>

We first performed single-molecule fluorescence studies to test whether DNA-mediated photostabilization
can be as efficient as solution-based photostabilization. Common additives work at millimolar
concentrations, thereby proving a virtually unlimited pool of photostabilizer molecules. To show the
strength of our photostabilization approach we chose the otherwise photolabile Cy5 dye. As it has been
demonstrated that COT significantly improves photostability of Cy5®°, we expected a distinct contrast
between the bare and photostabilized fluorophore. For this, Cy5-labelled twelve helix bundle DNA origamis
(12HB) were immobilized on a BSA-biotin passivated glass coverslip using neutravidin-biotin interactions
(Figure S2, Figure 2) and imaged on a total internal reflection (TIRF) microscope. The COT photostabilizer
strand (17 nucleotides long) was permanently attached to the imaging site via DNA-hybridization (pCOT,
Figure 2¢). Control samples included a construct carrying an analogous oligonucleotide without the COT
moiety (Figures 2a and 2b). In the absence of oxygen (scavenged with glucose oxidase/catalase) and
photostabilization additives, single-molecule imaging of Cy5 resulted in a characteristic fluorescence
blinking behavior due to the formation of long-lived triplet-born dark states (Figure 2a).'*'"-2%2* This dark
state formation also leads to early saturation of fluorescence signal at excitation intensities as low as 0.3
kW/cm? (Figure 2a and 2d). Subsequent addition of 2 mM of triplet state quencher COT>*>* allowed for
efficient collisional quenching of triplet excited states, consequently leading to a much more stable and
bright fluorescence signal (Figure 2b and 2d).

Aiming for efficient collisional quenching between the photostabilizer (COT) and the fluorophore (Cy5) in
the DNA-mediated strategy', we designed the DNA docking site in a manner that leads to a head-to-head
placement of the two (Figure 2¢)'”. As illustrated in the single-molecule fluorescence trajectories (Figure
2¢), a single photostabilizer delivered to the imaging site via DNA hybridization was sufficient to achieve
a stable fluorescence signal, as bright as the one obtained in the presence of 2 mM COT as a solution
additive (Figure 2d). In fact, further characterization of total photon budget (average number of photons
collected before the photobleaching event) demonstrated that at low illumination intensities (0.3 kW/cm?,
typical for single-molecule studies) a DNA-mediated approach is more efficient leading to an almost two-
fold higher photon budget when compared to the solution-based approach (Figure 2¢). This suggests that
the direct delivery of photostabilizers to the imaging site with the help of DNA hybridization, resulting in
higher local concentration, can be even more efficient than collisional quenching by solution additives.
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Figure 2. Photophysical characterization of the DNA-mediated photostabilization strategy. Single molecule TIRF
images (middle panel) and representative single-molecule trajectories (right panel) obtained for Cy5-labelled DNA
origami in the absence of oxygen and (a) no photostabilization additives, (b) 2 mM COT as a photostabilizer, and (c¢)
DNA-labelled COT photostabilizer attached directly at the imaging site; d) Average brightness of single-molecule
fluorescence signal and (e) average total photon budget obtained at two different illumination intensities; f)
representative single-molecule trajectories obtained imaging the Cy5B-labelled DNA origami in the absence of
oxygen and no photostabilization additives (top) or in the presence of DNA-mediated photostabilization by COT
(bottom). The corresponding average fluorescence autocorrelation functions obtained analyzing single molecule
trajectories are shown on the right and indicate efficient DNA-COT mediated depopulation of the dark states.

To investigate the effectiveness of the DNA-mediated photostabilization approach for applications that
require higher illumination intensities (e.g., single-molecule localization microscopy (SMLM)) we also
carried out single molecule studies at 2.0 kW/cm?. Under these conditions, however, the photostabilization
with a single COT moiety resulted in lower overall photon budget when compared to 2 mM COT in
solution. We hypothesize that this reduced performance could be related to photoinduced degradation of
the COT moiety at increased excitation intensities. In par with this observation, single-molecule
fluorescence trajectories for both a low and a high excitation power density revealed instances of Cy5
fluorescence blinking before bleaching (9% of the traces for 0.3 kW/cm?, 15% of the traces for 2.0 kW/cm?,
Figures S3 and S4). This observation additionally illustrates that the stability of the photostabilizer itself
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can present a bottle-neck in the performance, especially in the photostabilization schemes that rely on only
one photostabilizer moiety, i.e. as in the one studied here or in self-healing dyes. *

To confirm that the improved photostability stems from efficient depopulation of the triplet excited states
and shed light on efficiency of triplet state quenching via the DNA-mediated approach, we performed
analogous single-molecule imaging studies with the rigidified Cy5 analogue Cy5B.>>® For this dye, a dark
state originating from photoisomerization can be excluded. Autocorrelation analysis of single-molecule
fluorescence trajectories of Cy5B in the absence of oxygen revealed analogous blinking due to the
formation of triplet-born dark states (Figure 2f, upper panel). Photostabilization via DNA-mediated strategy
with pCOT, on the other hand, led to a stable and bright fluorescence signal with significant quenching of
the triplet-born dark state intermediates, confirming an efficient collision between the fluorophore and the
photostabilizer.
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Figure 3. DNA-mediated photostabilization for recovering Cy5 imager labels in the absence of oxygen over a long
observation time (60 min) and under low illumination intensity (ca 0.1 kW/cm?). Single molecule TIRF images at 0,
30, and 60 min as well as representative single-molecule trajectories obtained for (a) a permanent Cy5 and a pCOT
on the DNA docking site, (b) a recovering Cy5 and a permanent COT on the DNA docking site, and (¢) a recovering
Cy5 label with 2 mM COT as a photostabilizer in solution, respectively; d) Average brightness of single-molecule
fluorescence signals and average total photon budget obtained for different imaging conditions. Bar plots in (d)
represent average of three measurements, errors represent the standard deviation.

The limitation posed by having only a single photostabilizer that can eventually photodegrade is even more
pronounced in imaging applications that rely on the continuous exchange of fluorescent labels under
continuous illumination, such as DNA-PAINT?"* 4 and recovering labeling.*® ****!4* Over the course of
an experiment, the single photostabilizer molecule has to stabilize multiple fluorophores binding transiently
over time, favorably under a high excitation illumination to ensure a high photon count rate. To investigate
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the applicability and performance of DNA-mediated photostabilization under these conditions, we
implemented a shorter binding sequence (11 nucleotides) for the transient, recovering binding of Cy5
imagers and compared it to the permanent labeling approach (Figures 3, S8-10).*! We performed long-term
single molecule studies over an observation time of 60 min at low illumination intensities of 0.1 kW/cm?
to ensure that photobleaching is slow and not outcompeting transient binding kinetics. Even though
efficiently photostabilized by a single COT moiety on the DNA docking site, the permanent Cy5 label
(Figure 3a) was still limited by irreversible photobleaching yielding an average total photon budget of
around 1x10° photons (Figure 3d) comparable to the one obtained for slightly higher illumination intensity
used before (0.3 kW/cm? Figure 2e). Nevertheless, as observed earlier, the DNA mediated
photostabilization approach with pCOT again outperformed the commonly used solution photostabilization
with 2 mM COT by a factor of ca. 2, while yielding similar photon count rates (Figure 3d blue vs. grey
bars, more data in Figures S8 and S9).

Switching to a dynamic imaging scheme and using 10 nM of the recovering Cy5 imager (Figure 3b and
S10) came at the cost of a slightly increased background but resulted in blinking, pseudo-continuous
trajectories (as observed in previous studies*!**) with comparable brightness values, but a highly improved
imaging time, surpassing the total photon budget of a single Cy5 molecule by approximately four-fold
(Figure 3d and S10). However, we still observed slow photo-induced degradation of the DNA docking site
over time, leading to a loss of around 60% of imaging trajectories after 60 min (Figure S11). Recovering
imaging with solution based photostabilization (Figure 3c¢), resulted in an even higher photon budget (ca.
6x10° photons over 60 min) and almost no label bleaching over the entire duration of the experiment
(Figures 3d, and S11). On one hand, these findings highlight that DNA mediated photostabilization can be
applied to recovering labels resulting in long-lasting single-molecule observation times breaking the
photobleaching limit of a single fluorophore. On the other hand, they also underscore that even under very
low illumination intensities, photoinduced damage to the photostabilizer remains the bottleneck, especially
when the experiment is no longer limited by the bleaching of the fluorescence label and requires long-
observation times.

After successfully applying DNA mediated photostabilization to recovering imager labels under low
illumination intensities applicable for single-molecule imaging routines such as single-particle tracking or
SM-FRET studies, we next aimed to extend our approach to DNA-PAINT super-resolution imaging. In
SMLM techniques such as STORM, PALM or DNA-PAINT, the achieved resolution in the super-resolved
image relies on the photon count rate of the detected blinking events. SMLM experiments are, hence,
commonly performed under high illumination intensities (typically > 1.0 kW/cm?) to obtain a high
spatiotemporal resolution. To test the performance and stability of DNA mediated photostabilization under
these conditions, we equipped a 12HB DNA origami with three DNA docking sites placed at 90 nm
distances (Figure 4). Each docking site consisted of a short DNA-PAINT imager binding sequence (8
nucleotides) and a neighbouring photostabilizer binding sequence of different lengths in order to investigate
permanent (17 nt for pCOT) as well as recovering (10 nt for recovering COT (rCOT)) photostabilization
schemes (Figure 1).
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Figure 4: DNA-mediated photostabilization for DNA-PAINT imaging with Cy35 in the absence of oxygen and under
high illumination intensity (ca 1.0 kW/cm?). Exemplary reconstructed DNA-PAINT images of 12HB nanostructures
with three docking sites and detected localizations per docking site over time obtained with (a) 2 mM COT solution-
based photostabilization, (b) a permanent DNA mediated photostabilization (pCOT, 17 nt binding sequence) and (c¢)
a recovering DNA mediated photostabilization (rCOT, 10 nt binding sequence). Brightness values (d), and DNA-
PAINT bright times (e) and dark times (f) extracted for single DNA docking sites. Coloured curves in (a) to (c)
represent the average of three measurements, errors represent the standard deviation, dark lines represent exponential
fits. Bar plots in (d) to (f) represent the average of three measurements, errors represent the standard deviations.

For this purpose, we performed DNA-PAINT imaging on a total internal reflection (TIRF) microscope with
1 nM of'a Cy5 imager strand in an oxygen depleted imaging buffer at a typical SMLM illumination intensity
of 1.0 kW/cm?. DNA-PAINT imaging in oxygen-depleted buffer without any photostabilization additives
resulted in a poorly resolved image and localizations bearing low photon counts (660 photons/ 100 ms) at
a generally low localization rate over time indicating that the presence of TSQ is crucial for successful
super-resolution measurement (Figure S12). DNA-PAINT measurements with the classical solution-based
stabilization (2 mM COT, Figure 4a), on the other hand, allowed for the successful reconstruction of the
designed three-spot pattern enabling the selection and examination of individual docking sites. To
investigate the stability of the DNA docking sites against triplet state mediated and ROS-induced
photodamage, we extracted the number of localizations of individual docking sites for a defined time unit
(i.e., 1 min). As reported previously, the addition of an unlimited pool of photostabilizer molecules in
solution resulted in an almost constant average localization rate per single docking site over the whole
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observation time indicating a high stability of the DNA docking sites (Figure 4a, right).* Next, we
performed DNA-PAINT imaging on the 12HB nanostructures with a COT functionalized photostabilizer
strand permanently bound to the docking site (pCOT, Figure 4b). While the reconstructed DNA-PAINT
images revealed the designed three-spot pattern accurately and photon count rates similar to solution-based
photostabilization, we also observed a rapid decay of localizations over time and almost complete loss of
docking sites by the end of the 60 min measurement (Figure 4b, right). Due to the high turnover of imager
strands and high illumination intensity, the limited stability of the COT photostabilizer became even more
relevant limiting the meaningful observation times to less than 60 min and potentially preventing a complete
reconstruction of the sample.

Although the intrinsic instability of COT towards photoinduced electron transfer reactions with oxygen can
be improved by the introduction of electron withdrawing groups, this strategy only slows down the
irreversible degradation of the photostabilizing molecule and does not overcome it entirely.’” *” To
circumvent the inevitable loss of docking sites due to limited stability of the COT moiety, we introduced
an imaging scheme that allows for the recovery of the photostabilizer strand as well (rCOT, Figure 1c),
analogously to the recovery of bleached fluorescent labels. To this end, we shortened the binding sequence
of the photostabilizer strand on the DNA docking to 10 nt to ensure a shorter binding time and dynamic
exchange. After determining the concentration of the recovering COT strand needed to saturate the binding
to the DNA docking site (Figure S13), we then carried out the recovering DNA-PAINT photostabilization
with 100 nM rCOT photostabilizer over 60 min (Figure 4c). Photon count rates comparable to pCOT and
solution-based photostabilization (Figure 4d) and reconstruction of the DNA-PAINT images revealing the
designed three-spot pattern suggested an efficient photostabilization for the rCOT strategy despite its
dynamic nature. Moreover, the average localization rates per single docking site showed a significantly
improved stability of the DNA docking sites when compared to pCOT photostabilization which relies on a
single photostabilizer. Therefore, by relying on this recovering exchange of photostabilizer molecules with
the help of DNA, we could achieve photostabilization comparable to the solution-based approach, however,
at seven orders of magnitude lower concentration of additives (Figure 4c, right), also in an oxygenated
environment (Figure S14).

To determine if the binding kinetics of the DNA-PAINT imager are affected by the COT functionalization
on the docking site, we also extracted the average dark- and bright-times of selected docking sites for each
photostabilization approach (Figures 4e, 4f and S15). While we found comparable binding kinetics for the
solution-based approach and the pCOT photostabilization, the dynamic rCOT photostabilization
surprisingly resulted in the decrease of both, bright-times and dark-times, by ca. 50%, in turn, doubling
both the association and dissociation rates of the imager strand to the DNA docking site. The faster blinking
for the sample in the rCOT imaging scheme was also clearly visible in fluorescence time traces (Figure
S16), highlighting the increased binding and dissociation rates.
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Figure 5. Application of DNA-mediated photostabilization to DNA-PAINT imaging in cells. 60-minute DNA-
PAINT experiment under low illumination intensities (ca 0.6 kW/cm?) and with ambient oxygen. a) Overview image
of the sample where the permanent photostabilizer was added at 200 pM (inset shows the labelling strategy); b)
Exemplary zoom-ins on regions in the samples with no photostabilization or pCOT photostabilization (color coded
by photon number); ¢) Accumulation of localizations over the course of the experiment within comparable selected
regions (example highlighted in ROI in white) for pCOT and no photostabilization control. Inset shows localizations
over time for the entire imaged region (isolated region of interest (ROI) at a similar position in the field of view for
both samples). d) Cross-sections of microtubules extracted using the SIMPLER (supercritical illumination microscopy
photometric z-localization with enhanced resolution) algorithm.’® Three exemplary reconstructed images of
microtubules, color coded by position in z-dimension, (top), average of six cross-sections (bottom left), linkage-errors
due to labelling reported in literature, histogram of localizations in dimension r and z of the average microtubule
(bottom right). e¢) Number of photons plotted against the corresponding localization precision for pCOT and no
photostabilization (color coded by kernel density estimation).

To explore whether DNA-mediated photostabilization could be used for imaging applications with more
complex biological samples, we performed DNA-PAINT measurements in fixed fibroblast cells (COS-7)
using the pCOT photostabilization strategy. We chose to image microtubules, as they are an established
model system in the super-resolution microscopy community, allowing for an intuitive and fair comparison
to different labeling and photostabilization techniques. Experiments were performed in ambient oxygen
conditions, to mimic applications where the use of oxygen scavenging systems is prohibited. This way,
COT bound to the docking site directly competes with the high concentrations of oxygen in solution
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(typically ca. 0.3 mM)."" To observe the effect of pCOT stabilization on the performance of Cy5, we imaged
the microtubules for 60 minutes (Figure 5a). Figure 5b shows zoom-ins of reconstructed images from both
conditions with and without DNA mediated photostabilization. Homogenous illumination of the sample
was ensured by including a flat-top beam shaper in the excitation path.*” The photon number per localization
is color coded, illustrating the increased number of photons for DNA-PAINT imaging with pCOT
photostabilization. To quantify this further, we plotted the binned number of localizations over the course
of the experiment (Figure 5c). The inset of Figure 5¢ shows how, during the experiment, localizations
continuously increase in the entire field of view, while the pCOT sample has an overall higher number of
localizations to begin with and accumulates them more quickly. This trend is confirmed when comparing
selected regions of interest (ROIs) of fixed dimensions within several individual microtubules. We
hypothesize that the lower number of localizations is either due to the loss of docking sites when Cy5 is not
photostabilized or an effect of Cy5 bleaching within the binding time leading to an insufficient number of
photons per localization to be detected. With COT, an increased fraction of docking sites is preserved,
leading to the higher number of localizations.

To test whether DNA-PAINT measurements with the photostabilized Cy5 can be used to reconstruct the
three-dimensional position of localizations, we applied the SIMPLER (supercritical illumination
microscopy photometric z-localization with enhanced resolution) algorithm.”® The method by Szalai et al.
converts the number of detected photons to the axial position (z) of single molecules when acquisitions are
performed under total internal reflection (TIR) conditions. SIMPLER strongly relies on the use of stably
emitting dyes, since fluctuations in brightness significantly reduce axial localization precision. Given that
a binding event needs to last at least three camera frames to be considered in the SIMPLER algorithm, it is
crucial that the dye does not undergo fast photobleaching once the imager strand binds to the docking site.
Figure 5d shows cross-sections of three exemplary microtubules, as well as an average over six
microtubules. Considering the size of the primary and secondary antibodies (adding approximately 20-
30 nm®) the achieved peak-to-peak distance of the hollow microtubule (44 nm in r and 45 nm in z) is in
good agreement with literature.®"®* Inherently, the localization precision in DNA-PAINT measurements is
a function of the photon number N (Figure Se). Additional to yielding overall more localizations, the
introduction of DNA-mediated photostabilization increases the number of localizations with higher photon
count. The mean photon count for pCOT amounts to 3082, while without COT this value drops to 1897.
As a result, the ratio of localization precision pCOT/no COT (ox = 5.6 nm/6.0 nm) is 0.91 (ratio of VN =
0.76).

To investigate whether even better performance can be achieved we also performed experiments with the
recovering rCOT strand in the imaging solution (Figure S18). However, no substantial improvement of
brightness or number of localizations was observed when compared to the pCOT stabilization shown in
Figure 5. Since super-resolution experiments in cells were performed at lower excitation intensities
(0.6 kW/cm?), we hypothesize that under this regime we were not limited by bleaching of the photostabilizer
as observed previously (Figure 4). Together, this illustrates, that the choice between permanent or
recovering modality can be based either on sample requirements (e.g., when pCOT would be the least
invasive choice) or imaging conditions (e.g., when higher illumination intensity is necessary, rCOT can
potentially help to circumvent photostabilizer bleaching).
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Figure 6. Comparison of conventional solution based photostabilization, self-healing dyes and DNA mediated
photostabilization and further single-molecule imaging assays. a) Table stating advantages and disadvantages of
common photostabilization techniques compared to the DNA-mediated photostabilization approach introduced here;
b) Schemes showing how DNA-mediated photostabilization could be implemented in different imaging approaches:
I: “mix and match” use of DNA-mediated photostabilization in multicolor imaging when two dyes need different
photostabilizer molecules; II: introducing the photostabilizer molecule via the adapter strand (orange: toehold for
displacement, gray: complementary to ssSDNA on the target, black: for imager and stabilizer binding) used in
multiplexed DNA-PAINT measurements® %; TII: functionalization of biomolecule itself with the photostabilizer to
place it directly at the imaging site (e.g. via DNA origami staple strand); IV: preassembly of photostabilizer and imager
strands to create modular self-healing constructs.

Using DNA interactions to direct the photostabilizer to the imaging site enables the modular combination
of a photostabilizer with different fluorophores (Figure 6a, first row). Within this work, we attached COT
to oligonucleotides of two different lengths (10 and 17 nt) and applied them to various fluorophores and
imager strands on the DNA docking site. While we could show highly efficient photostabilization for
permanent and recovering imager strands with the red-emissive dyes Cy5, Cy5B and Atto647N (Figure
S7), we observed no photostabilization for permanent Cy3 (Figure S5) and Cy3B (Figure S6) imager strands
consistent to inefficient triplet state depopulation of these dyes by COT*2,

The sequence specificity and modularity of our DNA mediated design enables multicolor or multiplex
imaging while circumventing undesired cross-interactions (Figure 6a, second row). Especially when using
multiple fluorophores simultaneously, one is confronted with challenges in choosing the right
photostabilization approach. The DNA-mediated approach, however, is not limited to one TSQ molecule
type. Any photostabilizing moiety that can be coupled to DNA, or to any other site-specific binders (e.g. in
peptide-PAINT®), can be implemented in this approach. Since the individual photostabilizer is directed
only to the specific imaging site, different fluorophores can be optimally stabilized within the same imaging
solution, enabling multicolor measurements optimized for all dyes in the experiment (Figure 6a, 6bl).
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To further increase multiplexing capabilities for imaging several targets in complex biological samples, our
DNA-mediated photostabilization approach can also easily be combined with current adapter-mediated
techniques, that use transient secondary labels for imager binding® ®* (Figure 6blI). It is even conceivable
to incorporate the photostabilizer molecule directly into the sample itself, e.g., by functionalizing a
protruding staple strand in a DNA origami (Figure 6blIl) or coupling a short photostabilizer strand to an
antibody. When designed smartly, the added linkage error can be minimal®” ®2. Since the photostabilizer
acts only locally and specifically at the imaging site of the reporting fluorophore (Figure 6a, fifth row), the
contrast when compared to unspecific signal is additionally enhanced given that the directed
photostabilization approach does not act on non-specifically bound labels.®

Coupling the photostabilizer to DNA not only allows to direct it to the specific imaging site, but also brings
the additional advantage of increasing the solubility of the TSQ entity (Figure 6a, third row). Many TSQs,
like COT, are poorly water-soluble organic molecules, calling for pre-dissolvement in organic solvents like
DMSO'¢ or methanol**. This often leads to precipitation of the organic TSQs in the imaging buffer at high
concentrations (typically mM range of TSQ and ca. 1% organic solvent). In our DNA mediated approach,
TSQs without pre-dissolvement in an organic solvent still resulted in successful photostabilization of the
fluorophore (Figure 5), highlighting the advantage of exploiting DNA as the carrier scaffold of the
photostabilizer molecule and potential platform to test even less water-soluble TSQs.

These findings make the DNA mediated approach an attractive tool for minimally invasive imaging in a
biological context, where the addition of high concentrations of TSQs such as COT*® and of organic co-
solvents like DMSO® can influence the sample of interest (Figure 6a, fourth row). Additionally, carefully
prepared cell samples often undergo multiple imaging rounds under prolonged exposure, either for the sake
of higher resolution or to deduce the interplay of several components. This makes photostabilization
mandatory in most cases, but not always straightforward to implement. In our DNA-mediated approach the
soluble photostabilizer can be added at a fraction (107 less as in Figure 5) of the concentration needed for
the solution-based technique. The stabilizing entity can also bind permanently, reducing the amount of
additive in solution to zero (Figure 2 and 3). While exploiting DNA interactions allows to specifically direct
the photostabilizer to the imaging site (Figure 6a, fifth row), it comes at the cost of increasing the linkage
error of the fluorescent label on the object of interest. Nevertheless, the achieved 3D resolution (Figure 5)
indicates, that the introduced additional linkage error does not affect the achievable resolution of the applied
secondary antibody labeling®” %2, Additionally, for imaging applications such as DNA-PAINT based kinetic
referencing®® or quantitative DNA-PAINT (qPAINT)®, a slightly increased linkage error is irrelevant to the
measure outcome but a high stability of the DNA docking site is a prerequisite. The specificity of DNA-
mediated photostabilization, hence, makes it an attractive tool for these super-resolution imaging
applications requiring a large statistic of binding events over time for a reliable quantification.

In comparison to self-healing dyes that require multiple synthesis steps or come with high associated costs
when obtained commercially, coupling of the photostabilizer to DNA is relatively simple and affordable
(Figure 6a, sixth row) and the same TSQ-coupled oligonucleotide can be reused in multiple imaging
schemes. As it has been shown in our experiments with pCOT (and is also the case for self-healing dyes™?),
a single photostabilizing moiety is not sufficient when higher excitation intensities are needed. In such
situations the performance of the self-healing dyes would be limited by the stability of the photostabilizer.
In contrast, as demonstrated in Figure 4, the DNA-mediated approach can overcome this bottleneck by
photostabilizer recovery (Figure 6a, seventh row). Analogous to self-healing dyes, it is, however, also
conceivable to pre-assemble the photostabilizer and imager strands (Figure 6bIV) in a stable DNA duplex®*
27.28.31 that binds to the imaging site via a single-stranded overhang. As has been recently reported, using
partially double-stranded DNA could also additionally help reduce non-specific binding and, therefore,
undesired background in DNA-PAINT imaging applications®. The pre-assembled geometry could hence
serve as a cost-effective approach to emulate the self-healing dye strategy.
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Currently, the performance of our DNA mediated photostabilization strategy is both restricted by DNA as
the mediating agent, making it susceptible to DNA degrading conditions (e.g., DNAses), and by the
imperfect photostabilizer COT. The rather low energy of its triplet state (ca. 0.8 eV’") only allows for
photostabilization of dyes with low triplet state energies. Quenching a dye’s triplet state via energy transfer,
leads to the formation of the triplet excited state of COT which has a lifetime of up to 100 ps’ introducing
a potentially reactive long-lived intermediate and reducing the duty cycle of triplet state depopulation. An
improved performance, thus, requires a TSQ entity with 1) tunable triplet state energy to extend the
approach to broader range of fluorescence labels; 2) a shorter triplet state lifetime to preclude the formation
of long-lived intermediates and to improve the stability of TSQ itself. We are currently exploring both
avenues to create a library of DNA-mediated photostabilizers that could be applied to broad range of
fluorescence labels in multicolor imaging applications.

Conclusion and Outlook

In conclusion, we have developed a modular DNA-mediated photostabilization approach that relies on
delivery of photostabilizers directly to the imaging site. We demonstrated that the approach allows to
improve photon budgets of permanent dye labels at lower excitation intensities outperforming solution
additives which are used at several orders of magnitude larger concentrations (Figure 2). Nevertheless, at
increased excitation intensities or repetitive binding of multiple fluorophores (Figure 3), the stability of the
photostabilizer itself becomes a limiting factor. To address this, we introduced the recovering
photostabilization scheme (rCOT), where the photostabilizer is continuously exchanged but still acts
directly at the imaging site (Figure 4). rCOT significantly slowed down the loss of DNA-PAINT
localizations, even under high excitation intensities and ambient oxygen conditions. Surprisingly,
introduction of rCOT to DNA-docking sites also reduced association and dissociation rates of the imager
strand.

We further demonstrated the applicability of our approach to complex imaging environments by imaging
microtubules in cells (Figure 5). pCOT photostabilization improved the localization rate and precision of
super-resolution images, even under oxygen-rich conditions. When combined with the SIMPLER
algorithm, we achieved axial resolution and 3D reconstruction capabilities comparable to those obtained
with more stable and brighter dyes expanding the palette of fluorescence labels that are suited for super-
resolution imaging.

Our minimally invasive photostabilization strategy offers a promising solution for challenging imaging
environments where the delivery of high concentrations of additives is prohibited. The modularity of our
approach enables its adaptation to various imaging schemes, facilitating the development of multicolor
imaging techniques, screening of new photostabilizers, and expansion to different fluorescence labels.

Methods

General materials: For folding, purification and storage of 12HB DNA origami nanostructures, a 1x TAE
buffer with 16 mM MgCl, was used. Bleaching of permanent fluorescent labels and DNA-PAINT with
DNA origami were performed in a 2x PBS buffer with 75 mM MgCl,. Bleaching of recovering labels was
performed in a 2x PBS buffer with 500 mM NaCl and 0.05% Tween 20. """

Oxygen-free single-molecule imaging was performed by addition of 1% (wt/v) D-(+)-glucose (Sigma
Aldrich, USA), 165 units/mL glucose oxidase (G2133, Sigma Aldrich, USA), and 2170 units/mL catalase
(C3155, Sigma Aldrich, USA) to the imaging solution.**

The p8064 scaffold strand was extracted from M13mp18 bacteriophages. Unmodified staple strands were
purchased from Eurofins Genomics GmbH and Integrated DNA Technology Inc. Dye labeled
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oligonucleotides for DNA-PAINT imaging or permanent labeling were purchased from Eurofins Genomics
GmbH (Germany).

The activated COT-maleimide linker molecule was synthesized as reported previously.’® Labeling and
purification of the COT-modified oligonucleotides was performed at Ella Biotech GmbH (Germany).

DNA origami folding: All investigated 12HB DNA origami nanostructures (Figure S1) were folded in a
1x TAE buffer containing 16 mM MgCl, using the corresponding p8064 scaffold strand extracted from
M13mpl8 bacteriophages with a non-linear thermal annealing ramp over 16 hours (Table S1).”
Concentrations of scaffold strand, unmodified and modified staple strands in the folding mix are given in
Table S2. Modifications of the DNA Origami were designed using caDNAno (version 2.2.0). A full list of
the unmodified staple strands and sequences of the 122HB DNA origami’® is given in Table S8. Folded DNA
origami nanostructures were purified with 100 kDa MWCO Amicon Ultra filters (Merck, Germany).
Concentrations of purified sample solutions were measured via UV/vis spectroscopy (NanoDrop, Fischer
Scientific, USA). Correct folding of the origami structures was confirmed via AFM imaging (Figure S1)
on a NanoWizard® 3 ultra AFM (JPK Instruments AG).

Sample preparation: High precision 170 pm thick microscope cover glass slides (22x22 mm, Carl Roth
GmbH, Germany) were initially ultrasonicated in a 1% Hellmanex solution. After thoroughly washing with
ultra-pure water, the glass slides were irradiated for 30 min in a UV ozone cleaner (PSD-UV4, Novascan
Technologies, USA). Cleaned glass slides and microscope slides were assembled into an inverted flow
chamber as described previously.”! The assembled chambers were rinsed with 1x PBS, and passivated with
50 uL of BSA-biotin (0.5 mg/mL in PBS, Sigma Aldrich, USA) for 15 minutes and washed with 50 pL 1x
PBS. The passivated surfaces were incubated with 50 pL Neutravidin (0.25 mg/mL in 1x PBS, Sigma
Aldrich, USA) or 50 pL Streptavidin (0.5 mg/mL in 1x PBS, Sigma Aldrich, USA) for 15 minutes and
washed with 50 pL 1x PBS. The sample solution with DNA origami featuring four staple strands with
biotin modifications on the base (Table S8) was diluted to approximately 50 pM in 1x PBS buffer
containing 500 mM NaCl and incubated in the chambers for ca. 5 minutes and stored in a 1x TAE containing
10 mM MgCl,. Sufficient surface density was probed with a TIRF microscope.

Imager and photostabilizer strands: To ensure specific hybridization of the imager (labelled with Cy5)
and photostabilizer (labelled with COT) oligonucleotides on a single DNA docking site, their corresponding
strands were designed to have orthogonal DNA sequences. Fluorescent label strands, so-called imager
strands, were designed of varying lengths (8, 11 and 20 nt) to probe permanent and recovering labeling
(sequences in Table S3). The photostabilizer strands labeled with a COT moiety on the 5’-end were also of
varying lengths (rCOT with 10 nt, pCOT with 17 nt) to compare permanent and recovering
photostabilization (sequences in Table S4). For reference measurements without a COT moiety on the DNA
docking site, a 17 nt strand with the pCOT sequence without a COT label was used. DNA docking sites,
consisting of a combination of complementary sequences of one of the COT strands and one of the imager
strands, were modified to the 3’-ends of selected staple strands on the 12HB nanostructure (for sequences,
see Table S5-7). For more details, see SI section 1.3.

Labeling of DNA docking sites on 12HB origami: Permanent labels, i.e., label strand with lengths of 17
or more nucleotides, were hybridized to immobilized DNA origami nanostructures by incubation of a 10
nM label solution in a 2x PBS buffer with 75 mM MgCl, for 60 minutes. After washing away with 2x PBS
with 500 mM NacCl and 0.05% Tween 20, the labeled DNA origami was stored in a 1x TAE containing 10
mM MgCl,. Recovering and shorter COT and imager oligonucleotides were added to the imaging solution
at different concentrations specified in the manuscript.
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Single-molecule fluorescence imaging. Automated bleaching experiments of permanent and recovering
fluorescent labels and DNA-PAINT measurements of DNA origami nanostructures were performed on a
commercial Nanoimager S (ONI Ltd., UK) with red excitation at 638-nm and green excitation at 532 nm,
respectively. The microscope was set to TIRF illumination and widefield movies were acquired with frames
of 100 ms (bleaching of permanent labels with 0.3 or 2.0 kW/cm?) or 200 ms exposure time (bleaching of
permanent and recovering labels with 0.1 kW/cm?). For more details on bleaching experiments of
permanent and recovering fluorescent labels, see SI sections 1.6 and 1.7. For more details on DNA-PAINT
imaging on DNA origami nanorulers, see SI section 1.8.

Data analysis of single-molecule fluorescence trajectories. Bleaching movies were first background
corrected with ImageJ 1.52n (version 1.8.0_172). Individual spots were picked and corresponding single-
molecule trajectories were extracted with a custom written ImagelJ script. Bleaching trajectories were then
analyzed with a custom written Python script using Hidden Markov Modeling (HMM). For every bleaching
curve, brightness, i.e., photon count per frame, the total number of photons before bleaching and the time
point of bleaching were extracted. Apparent photon numbers were converted in absolute photon numbers
using the specifications of the used sSCMOS camera.

Fluorescence correlation spectroscopy. Autocorrelation FCS studies were performed on immobilized
12HB origami nanostrucurres labeled with a permanent COT oligonucleotide (pCOT) and a permanent
imager strand containing Cy5B in the presence of oxygen scavenging system. Single-molecule fluorescence
trajectories of surface immobilized emitters were acquired on a home-built confocal microscope equipped
with time-correlated single photon counting (TCSPC) capabilities (as described previously”) upon
excitation with 639-nm laser (2 uW excitation intensity, measured at the objective). Single photon counting
data was read into Python using a home-written script and analysed using the pcorrelate function of the
module pycorrelate™. The corresponding analysis script can be found on GitLab. The function uses an
algorithm described in literature’” to calculate the cross-correlation function between two channels at time
lag T via:

n({(i,j) 3T =uj — T})(T )
n{isat; <T- T})n({j du; = T})

CAB () =

where t; is the arrival time of the i™ photon in channel A, u; is the arrival time of the j photon in channel
B, n is the operator for counting the elements in the list and T is the experimental time. We calculated C4p
for the timestamps collected in one channel, (“auto-correlation”, i.e. channel A = channel B). For each
experimental condition, we acquired at least 19 single molecule trajectories for no COT and 43 for pCOT,
calculated C,5 for each trace and averaged the result.

DNA-PAINT measurements of DNA-origami nanostructures. DNA-PAINT measurements on
immobilized DNA origamis were also performed on the commercial Nanoimager S (ONI Ltd., UK). The
microscope was set to TIRF illumination and an excitation power density of ca. 1.0 kW/cm? at 638 nm.
Widefield movies totaling 36000 frames were acquired at 100 ms time binning over 60 min.

TIFF files were analyzed using the Picasso software package.”' For fitting the centroid position information
of single point spread functions (PSF) of individual imager strands, the MLE (Maximum Likelihood
Estimation) analysis was used with a minimal net gradient of 2500 and a box size of 5. The fitted
localizations were further analyzed with the “Render” module from Picasso. X-y-drift correction of the
localizations was performed using RCC drift correction algorithm. Individual docking sites on the 12HB
nanostructures were picked using Picasso’s “Pick tool”, setting the pick diameter to 0.6 camera pixels to
extract the corresponding binding kinetics and photon statistics per docking site. To obtain accurate
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brightness values, the localizations of every picked docking site were filtered in order to remove the
contributions from the first and the last frames of a binding event, using a custom written Python code as
described previously.™

Cell culture. COS-7 cells (ATCC) were cultured in DMEM (Gibco, No. 11965084) medium supplemented
with 10% FBS (Gibco, No. 10500064). Cells were passaged twice a week using 0.05% trypsin EDTA
(Gibco, No. 25300054).

Preparation for microtubule imaging. COS-7 cells were seeded on Ibidi eight-well glass-bottom
chambers (No. 80827) at a density of 25 000 cm™. In preparation for imaging, cells were fixed using the
protocol described by Whelan and Bell®, using 0.4% Glutaraldehyde (Sigma Aldrich, USA) and 0.25%
Triton X-100 (Sigma Aldrich, USA) in CSB (1M NaCl, 100 mM PIPES, 30 mM MgCl,, 10 mM EGTA,
10 mM Sucrose; pH = 6.2) for 90s. After rinsing with 37°C PBS twice, 3 % Glutaraldehyde in CSB were
incubated for 15 min, followed by washing with PBS (30s, 1min, 5min, 10min, 15min). The reductant
NaBH,4 was added at 0.5% (w/v) to quench residual aldehyde, followed by PBS washing steps (30s, 1min,
Smin, 10min, 15min). For blocking, the cells were incubated in antibody incubation buffer (Massive
Photonics) for 45 minutes. Primary rat anti-tubulin antibody (Massive Photonics) was added 1:100 and
incubated overnight, after washing twice with washing buffer (WB, MP) secondary anti-rat Ab (MP) was
added at 1:100 and incubated overnight, washed three times, and then stored in washing buffer. Prior to
imaging, for pCOT samples, the 17 nt COT strand was incubated at 200 pM for 1.5 h at 37°C to ensure
hybridization in WB + 50 mM MgCl,. Directly before imaging, the imager was added to the solution at 200
pM. For rCOT samples, analogously to DNA-origami measurements, the tenfold concentration (2 nM) was
added, together with the 200 pM imager before the measurement.

DNA-PAINT in fixed cells. DNA-PAINT measurements in fixed cells were carried out on a custom-built
total internal reflection fluorescence (TIRF) microscope, based on an inverted microscope (IX71, Olympus)
equipped with a nosepiece (IX2-NPS, Olympus) for drift suppression. For red excitation a 150 mW laser
(iBeam smart, Toptica Photonics) spectrally filtered with a clean-up filter (Brightline HC 650/13, Semrock)
was used. A diffractive beam shaper (piShaper 6 6 VIS, AdlOptica) generated a flat-top laser beam profile,
which guaranteed a homogeneous illumination of the sample across the whole detection plane. For more
details, see SI section 1.5. COS-7 samples, without and with pCOT/rCOT were measured using an
excitation power density of ca. 0.6 kW/cm? for 36000 frames at 100 ms exposure time and EM gain set to
150.

Analysis of DNA-PAINT in fixed cells. From raw data photon counts and x/y coordinates were extracted
using the “Localize” feature of the software Picasso. Therein, PSF fitting was performed using MLE with
minimal net gradient 12000 and box size 5. To correct for drift, RCC was applied in Picasso “Render”. The
drift-corrected data was subjected to filtering using a custom written software.”® With this, first and last
frame were excluded to factor out photon count errors due to incompletely acquired binding events. Only
localizations that were detected for more than three frames within half a camera pixel size (93 nm size,
distance threshold 50 nm) were included in the filtered data. Exemplary rendered images were extracted at
the same zoom and contrast settings for all samples and applying the individual localization precision blur.
Rendered images with 32 color coding according to photon were extracted setting the maximum photon
number to 10000.

To obtain 3D cross sections of microtubules, localizations were picked using the rectangular tool in Render
perpendicular to the microtubules’ length. Subsequently, the previously reported custom-built SIMPLER
software in MATLAB was used to extract the axial positions.”® We used the following parameters: Ny
(photons expected for z = 0) = 7000, 6; (incident angle) = 66°, a (evanescent component) = 0.9, NA = 1.45,
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Ao (excitation wavelength) = 644 nm and Aq (mean detection wavelength) = 700 nm. From this, the
ThunderStorm plugin for Image-J was used to create the z-color coded image rendering, as reported in the
SIMPLER publication, using a pixel size of 3.5 nm in the super-resolved image, where every localization
is rendered as a Gaussian blurred spot with a width of 7 nm. Localization precision was calculated with a
custom software, analysing individual ON-events. Here, also a minimum ON-time of 3 frames is required
before calculating standard deviation in x/y and average number of photons from an event.
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1. Methods and Materials

1.1. General materials

For folding, purification and storage of 12HB DNA origami nanostructures, a 1XTAE buffer with 16 mM
MgCl, was used. Bleaching of permanent fluorescent labels and DNA-PAINT with DNA origami were
performed in a 2x PBS buffer with 75 mM MgCl,. Bleaching of recovering labels was performed in a 2x
PBS buffer with 500 mM NaCl and 0.05% Tween 20."*

Oxygen-free single-molecule was performed by addition of 1% (wt/v) D-(+)-glucose (Sigma Aldrich,
USA), 165 units/mL glucose oxidase (G2133, Sigma Aldrich, USA), and 2170 units/mL catalase (C3155,
Sigma Aldrich, USA) to the imaging solution.’

The p8064 scaffold strand for the folding of the DNA Origami nanostructures were extracted from
M13mp18 bacteriophages. Unmodified staple strands were purchased from Eurofins Genomics GmbH and
Integrated Device Technology Inc. Dye labeled oligonucleotides for DNA-PAINT imaging or permanent
labeling were purchased from Eurofins Genomics GmbH (Germany).

The COT-maleimide compound was synthesized by the Cordes Group as previously reported. Labeling of
the COT-maleimide to thiol modified DNA was performed at Ella Biotech GmbH (Germany).

Specific materials used for individual experiments are described in the sections below.

1.2. DNA Origami folding

12HB origami

<0
%[m nm 0'7/;7

Figure S1. Scheme of the 12HB DNA origami used in this study and exemplary AFM scan of purified 12HB illustrating the successful self-
assembly of the designed structures.




Table S1. Thermal ramp used for the folding of the 12HB origami nanostructures.

Temperature (°C) Time per °C (min) Temperature (°C) Time per °C (min)

65 2 44 75
64 -61 3 43 60
60 —59 15 42 45

58 30 41-39 30

57 45 38-37 15

56 60 36-30 8

55 75 29-25 2

54-45 90 4 storage

Table S2. Final concentrations and relative equivalents of scaffold strand, unmodified staple strands (core staple strands) and modified staple
strands (e.g. biotinylated staple strands for immobilization and DNA-PAINT docking site staple strands for superresolution imaging) used within
this study.

Reagent Final concentration [nM] Equivalents
Scaffold strand 20 1
Core staple strands 200 10
Docking site staple strands 600 30
Biotinylated staple strands 600 30

1.3. Imager and Photostabilizer strands

All used imager strand sequences are given in Table S3. Three different imager strands all labelled with a
fluorophore on the 3’-end, have been employed within this study. To investigate permanent fluorescent
labels, a 20 nt long imager strand was used to label to a hybridize to a 20 nt docking site sequence. To
investigate the photostability of a recovering label, a 11 nt imager sequence was used as reported
previously.” For DNA-PAINT imaging, a 8 nt subsequence of the 20 nt permanent sequence was used.

For permanent labeling, the green fluorophores Cy3 and Cy3B and the red fluorophores Cy5 and Atto647N
were labelled to the plmg strand. For further investigation of a recovering label, the red fluorophore Cy5
was labelled to the rLabel strand. For DNA-PAINT imaging, the red fluorophores Cy5 and Cy5SB were
labelled to the 8 nt long flmg strand.



Table S3. Fluorescently labelled imager strands used within this study. A 20 nt long permanent imager (pImg) and 11 nt long recovering label
(rLabel) were used for bleaching experiments of permanent and recovering labels. DNA-PAINT imaging was performed with a 8 nt long fast imager
strand (flmg). All imager strands were labelled with fluorophores on their 3’-end.

Name Length (nt) Sequence (5" to 3")

plmg 20 TATGAGAAGTTAGGAATGTT-Dye
flmg 8 GGAATGTT-Dye
rLabel 11 TTTCCCTTTTT-Dye

All used COT DNA strands are given in Table S4. To investigate permanent and dynamic COT strands, the
COT-maleimide compound was coupled to the 5’-end of a thiolated DNA oligonucleotide (Scheme S1)
with varying sequence lengths (17 nt for permanent pCOT strand and 10 nt for recovering rCOT strand).

DNA strand

Photostabilizer
strand

Scheme S1. Coupling of maleimide functionalized COT linker molecule to thiolated DNA oligonucleotide resulting in a photostabilizer strand with
the COT entity at the 5” end.

Table S4. COT labelled photostabilizer strands used in this study. For a permanent label, COT was labelled to a 17 nt long permanent strand
(pCOT). For a dynamic labeling, COT was modified to a 10 nt fast exchanging photostabilizer strand (rCOT). All photostabilizer strands were
labelled with COT on their 5°-end.

Name Length (nt) Sequence (5" to 3’)

pCOT 17 COT-ATGATGTAGGTGGTAGA

rCOT 10 COT-ATGATGTAGG

1.4. Widefield TIRF microscopy

Automated bleaching experiments of permanent and recovering fluorescent labels and DNA-PAINT on
DNA origami nanostructures were performed on a commercial Nanoimager S (ONI Ltd., UK). Red
excitation at 638 nm was realized with a 1100 mW laser, green excitation at 532 nm with a 1000 mW laser,
respectively. The microscope was set to TIRF illumination. In order to not corrupt the first frames of the
acquired intensity transients by the photobleaching of single DNA origami nanostructures, the objective
was first focused into the sample plane on a random section of the glass surface and the auto focus was
activated. Subsequently the imaging lasers were shut off. Before starting time lapse measurements, the



sample slide was moved to a new region of interest while still being kept in focus by the auto focus. The
data acquisition was initialized by activating the lasers and taking frames of 100 ms to 200 ms over a user
defined acquisition protocol.

DNA-PAINT measurements in fixed cells were carried out on a custom-built total internal reflection
fluorescence (TIRF) microscope, based on an inverted microscope (IX71, Olympus) equipped with a
nosepiece (IX2-NPS, Olympus) for drift suppression. For yellow excitation, a 560 nm/1 W fiber laser (MPB
Communications) filtered with a clean-up filter (Brightline HC 561/4, Semrock) was used. Red excitation
at 644 nm was realized with a 150 mW laser (iBeam smart, Toptica Photonics) spectrally filtered with a
clean-up filter (Brightline HC 650/13, Semrock). The red and the yellow beams were coupled into
polarization maintaining single mode fibers (P3-488PM-FC-2 for 560 nm, P3-630PM-FC-2 for 644 nm) to
obtain perfect Gaussian beam profiles. Behind the fibers, the excitation beam paths were combined with a
dichroic mirror (T612Ipxr, Chroma). To obtain a homogenous excitation profile across the whole detection
plane, the laser light was guided through a diffractive beam shaper (piShaper 6 6 VIS, AdlOptica) that
changes the Gaussian beam profile to a flat-top beam profile. The laser beam was coupled into the
microscope body with a triple-color beam splitter (Chroma z476-488/568/647, AHF Analysentechnik) and
focused on the back focal plane of an oil-immersion objective (100x, NA = 1.45, UPlanXApo, Olympus)
with a telescope, that could be aligned for TIRF illumination. An additional x1.6 optical magnification lens
was applied to the detection path resulting in an effective pixel size of 92.6 nm. The fluorescence light was
spectrally cleaned up (ET 700/75, Chroma for red excitation or ET 605/70m, Chroma for yellow excitation)
and recorded by an electron multiplying charge-coupled device camera (Ixon X3 DU-897, Andor), which
was controlled with the software Micro-Manager 1.4.%7



1.5. Surface-Immobilization of DNA origami nanorulers

biotinylated DNA
StreptAvidin

BSA-biotin StreptAvidin

and 4 biotins

DNA origami

° s

Figure S2. Scheme of components involved in surface immobilization of DNA origami.

glass

1.6. DNA mediated photostabilization of a permanent single-molecule label

To study the photostabilization of a permanent single-molecule label by DNA mediated collision with a
COT bound to the same DNA docking site, a staple strand in the central region of the 12HB was modified
at the 3’-end (Table S5) with the complementary sequences of the permanent COT strand and permanent
imager strand given in Table S3 and Table S4.

After immobilization of DNA origami on neutravidin functionalized glass slides, 10 nM of the COT strand
and 10 nM of the permanent imager strand were incubated in a 2xPBS with 500 mM NaCl and 0.05% w/w
Tween® 20 for 60 min and excessive label strands were washed away afterwards. For bleaching
experiments, the photostabilization buffer was applied to the sample chambers. Bleaching was performed
under low (0.3 kW/cm?) and high (2.0 kW/cm?) excitation power to investigate photostability in different
excitation regimes. For low excitation powers, 3000 frames of 200 ms were acquired over an overall
observation period of 10 min. For high excitation powers, 600 frames of 100 ms were acquired over an
overall observation period of 1 min.

DNA mediated photostabilization was probed for two permanent green (Cy3, Cy3B) and two permanent
red fluorophore labels (Atto647N, Cy?5).

Table S5. Modified staple strand in the central region of the 12HB for DNA mediated photostabilization of permanent fluorescent labels Sequences
are denoted from 5°- to 3’-end. The docking site staple strand exhibits a 17 nt binding sequence for the pCOT strand, marked in blue, and a 20 nt
binding sequence for a permanent imager strand, marked in red, respectively. The numbers for the 5°- end 3’-end of the staples represent the helix
number in the corresponding caDNAno file. Number in brackets represent the starting and ending position of the staple in the corresponding helix.

Docking Site . . ' Y
Name Length (nt) Sequence (5" to 37) 5'-end 3'-end]
pCOT + 17 +20 TCGTTCACCGCCTGGCCCT-TCTACCACCTACATCAT- 10[331]  11[344]
plmg AACATTCCTAACTTCTCATA




1.7. DNA mediated photostabilization of a recovering single-molecule label

To study the photostabilization of a recovering single-molecule label by DNA mediated collision with a
COT bound to the same DNA docking site, a staple strand in the central region of the 12HB was modified
at the 3’-end (Table S6) with the complementary sequences of the permanent or dynamic COT strand (10
or 17 nt) and recovering imager strand (11 nt) given in Table S3 and Table S4.

Permanent COT strand was labelled to DNA origami immobilized on streptavidin functionalized glass
slides by incubation of a 10 nM pCOT strand solution in a 2xPBS with 500 mM NaCl and 0.05% w/w
Tween® 20 for 60 min. Dynamic rLabel strands labelled with Cy5 (10 nM) and fast exchanging rCOT
strands (100 nM) were added to the photostabilizing imaging buffer with 500 mM NaCl and 0.05% w/w
Tween®.

Photostability of the recovering label and the DNA docking site was probed under low excitation power
(0.1 kW/ecm?) over 18000 frames of 200 ms over an overall observation period of 60 min.

Table S6. Modified staple strand in the central region of the 12HB for DNA mediated photostabilization of recovering fluorescent labels Sequences
are denoted from 5°- to 3’-end. The docking site staple strand exhibits a 10 or 17 nt binding sequence for the rCOT or pCOT strand, marked in
blue, and a 11 nt binding sequence for a recovering imager strand, marked in red, respectively. The numbers for the 5°- end 3’-end of the staples
represent the helix number in the corresponding caDNAno file. Number in brackets represent the starting and ending position of the staple in the
corresponding helix.

Docking Site Length

. . " A
Name (nt) Sequence (5" to 37) 5'-end 3'-end]
pCOT + 17+11 TCGTTCACCGCCTGGCCCT-TCTACCACCTACATCAT- 10[331] 11[344]
rLabel AAAAAGGGAAA

rCOT + 10+11 TCGTTCACCGCCTGGCCCT-CCTACATCAT- 10[331] 11[344]
rLabel AAAAAGGGAAA

1.8. DNA-PAINT imaging on DNA origami nanorulers

To study the applicability of the DNA mediated photostabilization for super-resolution microscopy, three
staple strands with ca. 90 nm distances on the 12HB were modified at the 3’-end (Table S7).with the
complementary sequences of the permanent or dynamic COT strand (10 or 17 nt) and fast imager strand (8
nt) given in Table S3 and Table S4.

Permanent COT strand was labelled to DNA origami immobilized on streptavidin functionalized glass
slides by incubation of a 10 nM pCOT strand solution in a 2xPBS with 500 mM NaCl and 0.05% w/w
Tween® 20 for 60 min. The 8 nt fast imager strand (1 nM) and fast exchanging rCOT strand (100 nM) were
added to the photostabilizing imaging buffer with 75 mM MgCl..

Photostability of the DNA-PAINT docking sites was probed under high excitation power (1.2 kW/cm?)
over 36000 frames of 100 ms over an overall observation period of 60 min.



Table S7. Modified staple strands with 90 nm distances on the 12HB for DNA-PAINT imaging using DNA mediated photostabilization. Sequences
are denoted from 5°- to 3’-end. The docking site staple strands exhibit a 10 or 17 nt binding sequence for the rCOT or pCOT strand, marked in
blue, and an 8 nt binding sequence for the fast imager strand, marked in red, respectively. The numbers for the 5’- end 3’-end of the staples represent
the helix number in the corresponding caDNAno file. Number in brackets represent the starting and ending position of the staple in the
corresponding helix.

Docking Site Length

Name (nt) Sequence (5" to 37) 5’-end 3’-end]
pCOT + GTATGTGAAATTGTTATCC-TCTACCACCTACATCAT-
fimg 17+8 AACATTCC 10[79] 11[92]
TACCTGGTTTGCCCCAGCA-TCTACCACCTACATCAT-
AACATTCC 10[373] 11[386]
AACACCCTAAAGGGAGCCC-TCTACCACCTACATCAT-
AACATTCC 10[625]  11[638]
2(31(]); * 10+8 GTATGTGAAATTGTTATCC-CCTACATCAT-AACATTCC 10[79] 11[92]
TACCTGGTTTGCCCCAGCA-CCTACATCAT-AACATTCC 10[373] 11[386]
AACACCCTAAAGGGAGCCC-CCTACATCAT-AACATTCC 10[625]  11[638]
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Figure S3. Permanent Cy5 labels with and without COT on docking site under low excitation power (0.3 kW/cm?). a) Scheme and exemplary
single-molecule trajectories for individual label spots of Cy5 labels without COT on docking site. b) Scheme and exemplary single-molecule
trajectories for individual label spots of Cy5 labels with 2 mM COT in solution. ¢) Scheme and exemplary single-molecule trajectories for individual
labels spots of Cy5S with a permanent COT label on the docking site.
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Figure S4. Permanent Cy5 labels with and without COT on docking site under high excitation power (2.0 kW/cm?). a) Scheme and exemplary
single-molecule trajectories for individual label spots of Cy5 labels without COT on docking site. b) Scheme and exemplary single-molecule
trajectories for individual label spots of Cy5 labels with 2 mM COT in solution. ¢) Scheme and exemplary single-molecule trajectories for individual
labels spots of CyS with a permanent COT label on the docking site.
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Figure S5. Permanent Cy3 labels with and without COT on docking site under medium excitation power (0.6 kW/cm?). a) Scheme and exemplary
TIRF image of Cy3 labels without COT on docking site. b) Exemplary single-molecule trajectories for individual label spots of Cy3 labels without
COT on docking site. ¢) Scheme and exemplary TIRF image of Cy3 labels with a permanent COT label on the docking site. d) Exemplary single-
molecule trajectories for individual labels spots of Cy3 with a permanent COT label on the docking site. ) Normalized total photon counts for
permanent Cy3 labels with and without COT label on the docking site. Error bars represent error of the fit. f) Normalized brightness for permanent
Cy3B labels with and without COT label on the docking site. Error bars represent standard deviation of gaussian fit.
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Figure S6. Permanent Cy3B labels with and without COT on docking site under medium excitation power (0.6 kW/cm?). a) Scheme and exemplary
TIRF image of Cy3B labels without COT on docking site. b) Exemplary single-molecule trajectories for individual label spots of Cy3B labels
without COT on docking site. ¢) Scheme and exemplary TIRF image of Cy3B labels with a permanent COT label on the docking site. d) Exemplary
single-molecule trajectories for individual labels spots of Cy3B with a permanent COT label on the docking site. €) Normalized total photon counts
for permanent Cy3B labels with and without COT label on the docking site. Error bars represent error of the fit. f) Normalized brightness for
permanent Cy3B labels with and without COT label on the docking site. Error bars represent standard deviation of gaussian fit.
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Figure S7. Permanent Atto647N labels with and without COT on docking site under high excitation power (2.0 kW/cm?). a) Scheme and exemplary
TIRF image of Atto647N labels without COT on docking site. b) Exemplary single-molecule trajectories for individual label spots of Atto647N
labels without COT on docking site. ¢) Scheme and exemplary TIRF image of Atto647N labels with a permanent COT label on the docking site.
d) Exemplary single-molecule trajectories for individual labels spots of Atto647N with a permanent COT label on the docking site. €) Normalized
total photon counts for permanent Atto647N labels with and without COT label on the docking site. Error bars represent error of the fit. f)
Normalized brightness for permanent Atto647N labels with and without COT label on the docking site. Error bars represent standard deviation of
gaussian fit.
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Figure S9. Exemplary single-molecule trajectories of permanent Cy5 labels with and without COT label on the docking site under low excitation
power (0.1 kW/cm?). over 60 min. a) Exemplary single-molecule trajectories for individual labels spots of Cy5 without COT label on the docking
site (pCy5 no COT). b) Exemplary single-molecule trajectories for individual labels spots of Cy5 with a permanent COT label on the docking site
(pCy5 pCOT). ¢) Exemplary single-molecule trajectories for individual labels spots of Cy5 with 2 mM COT in solution (pCy5 solCOT).
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Figure S10. Exemplary single-molecule trajectories of recovering Cy5 labels with COT label on the docking site or in solution under low excitation
power (0.1 kW/cm?). over 60 min. a) Exemplary single-molecule trajectories for individual labels spots of recovering Cy5 with a permanent COT
label on the docking site (rCy5 pCOT). b) Exemplary single-molecule trajectories for individual labels spots of recovering Cy5 with 2 mM COT

in solution (rCy5 solCOT).
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Figure S11. Survival times of permanent and recovering Cy5 labels with and without COT label on the docking site under low excitation power
(0.1 kW/cm?). Lines represent average of XXX measurements, areas represent the standard deviation.
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Figure S12. DNA-PAINT pick statistics with Cy5 imager and no COT on the docking site under high illumination power (1.0 kW/cm?). a) Scheme
of DNA-PAINT without COT (no COT) and obtained DNA-PAINT image after 60 min. b) Obtained photon counts for DNA-PAINT with Cy5
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of DNA-PAINT docking sites over 60 min without COT.
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Figure S13. Saturating the DNA docking site with a recovering COT strand. a) Exemplary TIRF image of permanent Cy5 label and no COT on
the docking site and extracted brightness histogram. b) Exemplary TIRF image of permanent Cy5 label and a permanent COT label on the docking
site and extracted brightness histogram. ¢) Exemplary TIRF images of permanent Cy5 label and varying concentrations (I nM — 1000 nM) of a
recovering COT label (10 nt) on the docking site and extracted brightness histograms. All data were acquired under medium high excitation power

(0.8 kW/cm?).
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Figure S14. DNA-PAINT with solution-based photostabilization or DNA mediated photostabilization using COT and Cy5 under high illumination
power (1.0 kW/cm?) in the presence of oxygen. Exemplary reconstructed DNA-PAINT images of 3x1 12HB nanorulers, brightness values of picked
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respectively.
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Figure S15. Triplicates and DNA-PAINT pick statistics with Cy5 and solution-based photostabilization vs. DNA mediated photostabilization under
high illumination power (1.0 kW/cm?). a) Scheme of DNA-PAINT with 2 mM COT in solution (solCOT) and obtained photon counts for three
individual measurements. b) Scheme of DNA-PAINT with a permanent COT label (17 nt, pCOT) on the docking site and obtained photon counts
for three individual measurements. ¢) Scheme of DNA-PAINT with a fastly recovering COT label (10 nt, rCOT) on the docking site and obtained
photon counts for three individual measurements. d) DNA-PAINT Kkinetics, i.e. on- and off-times, for individual DNA-PAINT docking sites. e)
Observed photostability of DNA-PAINT docking sites over 60 min.
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Figure S16. Exemplary single-molecule trajectories of individual DNA-PAINT docking sites with 2 mM COT in solution (a), with a permanent
COT label on the docking site (b) and with a fastly recovering COT label on the docking site (c).
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Figure S17. DNA-PAINT with Cy5B imager and fastly recovering COT on the docking site under high illumination power (1.0 kW/cm?). a)
Scheme of DNA-PAINT with rCOT and Cy5B and obtained DNA-PAINT image after 60 min. b) Obtained photon counts for DNA-PAINT with
Cy5B and rCOT. ¢) Observed photostability of DNA-PAINT docking sites over 60 min with Cy5B and rCOT.
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Figure S18. Comparison of permanent COT to recovering COT during 60 min imaging under ambient oxygen conditions. a) Overview zoom-in

of two representative regions in the sample. b) Development of localizations over time for all three conditions. ¢) Exemplary ROIs from which the
number of localizations was determined.
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Appendix

Table S8. Unmodified staple strands of 12HB DNA origami. Sequences are denoted from 5°- to 3’-end. The numbers for the 5°- end 3’-end of the
staples represent the helix number in the corresponding caDNAno file. Number in brackets represent the starting and ending position of the staple
in the corresponding helix.

Unmodified staple strands 5'-end 3'-end
AAAGGGCGCTGGCAAGTATTGGC 11[681]  10[668]
GCGCCTGAATGCCAACGGCCCAGCCTCCCGCGTGCCTGTTCTTCTTTTT 7[42] 8[25]
TTGACGGGGAAAGCTTCACCAGAAATGGCATCACT 11[651]  6[658]
CATTCAACCCAAAATGTAGAACCCTCATGAATTAGTACAACC 9[147] 5[160]
TCAGAGGTGTGTCGGCCAGAATGAGTGCACTCTGTGGT 4[60] 7[62]
GGCATAAGCGTCTTCGAGGAAACGCA 8[466] 9[482]
TACATAAATTCTGGGCACTAACAACT 8[634] 9[650]
CAATCCAAAATACTGAACAGTAG 3[457] 10[458]
CATAGTTAATTTGTAAATGTCGC 3[541] 10[542]
GAACAAGAGTCCACCAATTTTTTAGTTGTCGTAGG 11[483]  6[490]
TTGAAGCCCTTTTTAAGAAAAGT 7[441] 7[463]
AAGCACAGAGCCTAATTATTGTTAGCGATTAAGACTCCTT 7[464] 8[448]
GATGTTTTTCTTTTCACCA 10[289]  11[302]
GGTCACGCCAGCACAGGAGTTAG 3[373] 10[374]
TGAACAGCTTGATACCGATAGTT 8[363] 8[341]
AAAATTCCATTCAGGCTTTTGCAAAA 8[256] 9[272]
TCCCATCCTAATGAGAATAACAT 0[496] 0[474]
ATCAGCGGGGTCAGCTTTCAGAG 3[56] 3[78]
TTCGCTATTCGCAAGACAAAGTTAATTTCATCTTC 5[539] 4[546]
TTGAGAATATCTTTCCTTATCACTCATCGAGAACA 5[497] 4[504]
GGGCGTGAAATATTAGCGCCATTCGC 8[130] 9[146]
GGCGCCCCGCCGAATCCTGAGAAGTGAGGCCGATTAAAGG 3[667] 0[665]
TTTTTTGTTTAATAAAGTAATTC 3[476] 3[498]
AAATCAGCCAGTAATAACACTATTTTTGAAGCCTTAAATC 7[506] 8[490]
AGCACTAAATCGGATCGTATTTAGACTTATATCTG 11[609]  6[616]
GGTGCCGTCGAGAGGGTTGATAT 8[405] 8[383]
GTCAGAATCAGGCAGGATTCGCG 3[205] 10[206]
TTTTTTATAACGTGCTTTCCTCTTTATAACAGTACTAT 2[698] 3[678]
AGACGGGAGAATTGACGGAAATT 0[454] 0[432]
TAAGCCAGAGAGCCAGAAGGAAACTCGATAGCCGAACAAA 4[480] 7[482]
CGCCTGACGGTAGAAAGATTCTAATGCAGATACAT 5[245] 4[252]
CAGTCTTGATTTTAAGAACTCAACGTTGCGTAT 0[263] 11[272]
CATAGAATTTGCGGTTTGAAAGAGGA 8[298] 9[314]
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GCGCAGCGACCAGCGATTATATATCATCGCCTGAT

TTTTTAAAAACGCTCATGGAAATA

AATCAGTTAAAACGTGGGAGAAA

AGACAACCTGAACAGTATTCGAC

TTTGCAACCAGCTTACGGCGGTGGTGAGGTTTCAGTTGAGGATCCTTTTT

TGCAACACTATCATAACCCTCGT

AACGAACCTCCCGACTTGCGGGA

CCGAACGGTGTACAGACCAGGCG

ATTCAAGGGGAAGGTAAATGTGGCAAATAAATC

GTCACCAGTACAAGGTTGAGGCA

TAAATCGGTTGGTGCACATCAAAAATAA

AGACGGCGAACGTGGCGAG

CCCTTCATATAAAAGAACGTAGAGCCTTAAAGGTGAATTA

AACTTTAATCATGGGTAGCAACG

ACCATCACCCAAATAAACAGTTCATTTGATTCGCC

TGCCTAATGAGTGAGAAAAGCTCATATGTAGCTGA

TTTTTTGGTAATGGGTAACCATCCCACTTTTT

GGAGCAGCCACCACCCTTCGCATAACGACAATGACAACAA

AAAAGTGTCAGCAACAATTGCAGGCGCT

GGTTTGCGCATTTTAACGCGAGGCGT

AAAAGAATAGCCCGATACATACGCAGTAAGCTATC

TTTCACGAGAATGACCATTTTCATTTGGTCAATAACCTGT

TCGGTCATACCGGGGGTTTCTGC

CCTCCGAAATCGGCAAAAT

TTCCATTGACCCAAAGAGGCTTTGAGGA

ACGCGTCGGCTGTAAGACGACGACAATA

GTCCGTCCTGCAAGATCGTCGGATTCTCTTCGCATTGGACGA

GTCAGTCGTTTAACGAGATGGCAATTCA

GAGCTTAAGAGGTCCCAATTCTGCAATTCCATATAACAGT

GCAGCACTTTGCTCTGAGCCGGGTCACTGTTGCCCTGCGGCTTTTT

TACCTGGTTTGCCCCAGCA

AATGCTGTAGCTGAGAAAGGCCG

CTATATTAAAGAACGTGGA

CGGTAGTACTCAATCCGCTGCTGGTCATGGTC

CTTGAAAACACCCTAACGGCATA

AAGTAAGAGCCGCCAGTACCAGGCGG

AAAAGATAGGGTTGAGTGT

TTCGCCATAAACTCTGGAGGTGTCCAGC
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5[287]
8[698]
3(121]
3[625]
3[25]
7[231]
8[531]
8[321]
0[431]
3[350]
6[153]
10[667]
11[429]
3[266]
11[567]
11[147]
1[21]
7[338]
6[69]
8[508]
11[441]
71212]
8[69]
10[415]
2[307]
2[517]
9[105]
6[615]
4[228]
10[48]
10[373]
4[209]
10[499]
0[53]
3[247]
8[382]
10[457]

2[55]

4[294]
8[679]
10[122]
10[626]
1029]
7[253]
8[509]
8[299]
11[440]
3[372]
2[140]
11[680]
0[413]
3[288]
6[574]
6[154]
2[25]
8[322]
2[56]
9[524]
6[448]
8[196]
8[47]
11[428]
3[307]
3[517]
5[118]
2[602]
7[230]
0[21]
11[386]
4187
11[512]
11[62]
10[248]
9[398]
11[470]

3[55]



AGGGCGAAAAACCGATTTAACGTAGGGCAAATACC

CCCACATGTGAGTGAATAACTGATGCTTTTAACCTCCGGC

TTTTTAGGAGCGGGCGCTAGGAAGGGAAGAAAGCGAATTTTT

TGCCATACATAAAGATTAACTGAACACCAACAGCCGGAATAG

TTTTTCCGGTGCAGCACCGATCCCTTACACTTGCC

ACAGCTGATTGCCCGTCGCTGCGCCCACACGTTGA

ATTAAAATAAGTGCGACGATTGGCCTTG

AAAACGAAAGAGGCTCATTATAC

TGTCCAAGTACCAGAAACCCCAG

TTACCAATAAGGCTTGCAGTGCGGAAGTTTAGACTGGATA

TTAGTGTGAATCCCTCTAATAAAACGAAAGAACGATGAATTA

ATCAGAGCCTTTAACGGGGTCTTAATGCCCCCTGC

TTACCTCTTAGCAAATTTCAACCGATTG

AAAACGGAATACCCAAAAGAACT

GTCCACGCGCCACCTCACCGTTGAAACA

TTTTTATCCAGCGCAGTGTCACTGC

GATGAATAAATCCTGTAGGTGAGGCGGTAGCGTAAGTCCTCA

GCTAAATCGGTTTGACTATTATA

CAGCTTTGAATACCAAGTTACAA

GGTTGCTTTGACGAGCACGTTTTT

CATGCCAGTGAGCGCTAATATCCAATAATAAGAGC

TATGCATTACAGAGGATGGTTTAATTTC

ACTGCCCGCTTTCCTGAAAAGCTATATTTTAAATA

TGATTTAGAAAACTCAAGAGTCAATAGT

TGGGCGCCAGGGTGATTCATTAGAGTAACCTGCTC

TGCAACTCAAAAGGCCGTACCAAAAACA

AAATAGGTAATTTACAAATAAGAAACGA

TGTTCCAACGCTAACGAACAAGTCAGCAGGGAAGCGCATT

GTGCCTGCTTTAAACAGGGAGAGAGTTTCAAAGCGAACCA

GTTTGATGGTGGTTCAGAACCCCGCCTCACAGAAT

TCACCGTCACCGGCGCAGTCTCT

AGACGTCGTCACCCTCAGATCTTGACGCTGGCTGACCTTC

TTTAGCAAACGCCACAATATAACTATATTCCCTTATAAATGG

AGCGTATCATTCCACAGACCCGCCACAGTTGCAGCAAGCG

GTATGTGAAATTGTTATCC

CCGAACTTTAATAAAAGCAAAGCGGATT

GTGAGTTAAAGGCCGCTGACACTCATGAAGGCACCAACCT

GCGCCCGCACCCTCTCGAGGTGAATT
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11[525]
11[555]
10[702]
9[441]
5[29]
11[315]
2[391]
0[286]
3[499]
7[254]
9[231]
5[371]
6[447]
8[489]
11[364]
7121]
9[609]
3[182]
7[567]
3[679]
5[455]
2[265]
11[189]
6[573]
11[273]
6[195]
2[475]
11[471]
11[219]
11[399]
0[412]
7[296]
9[525]
0[347]
10[79]
2[223]
11{303]

8[340]

6[532]
0[539]
11[702]
5[454]
4[52]
6[322]
3[391]
0[264]
10[500]
8[238]
5[244]
4[378]
2[434]
8[467]
6[364]
7141]
5[622]
3[204]
7[589]
3[698]
4462]
3[265]
6[196]
2[560]
6[280]
2[182]
3[475]
0[455]
0[203]
6[406]
0[390]
8[280]
5[538]
11[363]
11[92]
3[223]
0[287]

9[356]



ACAGTTTTTCAGATTTCAATTACCGTCGCAGAGGCGAATT

TTTAGAACGCGAATTACTAGAAAACTATAAACACCGGAAT

TGACCTAAATTTTTAAACCAAGT

TAAAGAGGCAAAATATTTTATAA

GTTTACCGCGCCCAATAGCAAGC

TACCGGGATAGCAATGAATATAT

AAATTGTGTCGAGAATACCACAT

AAATGCGTTATACAAATTCTTAC

CAGATATAGGCTTGAACAGACGTTAGTAAAGCCCAAAAATTT

TAAGATCTGTAAATCGTTGTTAATTGTAAAGCCAACGCTC

CATTCTATCAGGGCGATGG

CTCCAATTTAGGCAGAGACAATCAATCAAGAAAAATAATA

GAGACAAAGATTATCAGGTCATTGACGAGAGATCTACAAA

AGGGACAAAATCTTCCAGCGCCAAAGAC

AAAATTTTTTAAAATGAGCAAAAGAA

CATCGGGAGAAATTCAAATATAT

ATCATTTACATAAAAGTATCAAAATTATAAGAAACTTCAATA

GCTACGACAGCAACTAAAAACCG

TTAGGTTGGGTTATAGATAAGTC

TATTGCCTTTAGCGTCAGACTGT

TTTTTCCGGGTACCGAGCTCGAATTCGTAATCTGGTCA

CTAAAGACTTTTAGGAACCCATG

GTGGAACGACGGGCTCTCAACTT

TCAGGTGAAATTTCTACGGAAACAATCG

AAGACGCTGAGACCAGAAGGAGC

AGCAGTCGGGAAACCTGTC

AACAACATGTTCATCCTTGAAAA

ATAATGAATCCTGAGATTACGAGCATGTGACAAAAACTTATT

GAGGTAACGTTATTAATTTTAAAACAAATAATGGAAGGGT

ACCGCATTCCAACGGTATTCTAAGCGAGATATAGAAGGCT

CAGCATCAACCGCACGGCGGGCCGTT

GCTCAAGTTGGGTAACGGGCGGAAAAATTTGTGAGAGATA

GGAATCGGAACATTGCACGTTAA

ATAAGAAGCCACCCAAACTTGAGCCATTATCAATACATCAGT

GGCGACACCACCCTCAGGTTGTACTGTACCGTTCCAGTAA

CATGTCAGAGATTTGATGTGAATTACCT

AATAGCTGTCACACGCAACGGTACGCCAGCGCTTAATGTAGTA

GCAGCACCGTAAGTGCCCGTATA

4[606]
4[564]
4[545]
3[163]
7[483]
3(331]
4[293]
8[573]
9[315]
7[548]
10[541]
11[513]
4186]
2[433]
8[592]
4[587]
9[567]
3[289]
0[538]
7[399]
11[29]
3[308]
3[79]
6[111]
3[560]
10[205]
3[518]
9[483]
11[597]
4[522]
8[46]
11[93]
3[583]
9[399]
11[387]
6[279]
9[651]

4[419]
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7[608]
7[566]
4[523]
10[164]
7[505]
10[332]
40271
8[551]
5[328]
8[532]
11[554]
0[497]
7[188]
3[433]
9[608]
4[565]
5[580]
10[290]
0[516]
71421]
10[49]
3[330]
10[80]
2[98]
3[582]
11[218]
3[540]
5[496]
0[581]
7[524]
9[62]
0[77]
10[584]
5[412]
0[371]
2[266]
5[664]

4[397]



ATGAATCCCAGTCACGATCGAACGTGCCGGCCAGAGCACA

TATGTGATAAATAAGGCGTTAAA

TTAATGAATCGGCCATTCATTCCAATACGCATAGT

ATTCTTTTCATAATCAAAATCAC

AATCGTTGAGTAACATTGGAATTACCTAATTACATTTAAC

ATTTTGCCAGAGGGGGTAATAGT

AGCGCCACCACGGAATACGCCTCAGACCAGAGCCACCACC

AAAAAAGGCAGCCTTTACAATCTTACCAGTTTG

TAATCGTAGCATTACCTGAGAGTCTG

CAAGTGCTGAGTAAGAAAATAAATCCTC

GGCTAAAGTACGGTGTCTGGAAG

CCTACATACGTAGCGGCCAGCCATTGCAACAGGTTTTT

CTATTTCGGAACGAGTGAGAATA

TCAACATCAGTTAAATAGCGAGAGTGAGACGACGATAAAA

AATAACGCGCGGGGAGAGG

AAGAGATTCATTTTGTTTAAGAGGAAGC

CAAATGGTTCAGAAGAACGAGTAGAT

AAAAGGGCGACAATTATTTATCC

ATAGCTGTTTCCTGGAACGTCCATAACGCCGTAAA

TGTAGGGGATTTAGTAACACTGAGTTTC

AAAAATCTACGTGCGTTTTAATT

AGAGTTTATACCAGTAGCACCTGAAACCATCGATA

GTGTATTAAGAGGCTGAGACTCC

GAAGTCAACCCAAATGGCAAAAGAATACTCGGAACAGAATCC

CGGTTAACAAAGCTGCTGTAACAACAAGGACGTTGGGAAG

ACTACCTTTAAACGGGTAACAGGGAGACGGGCA

AATCCAAAAAAAAGGCTCCAAAA

GAGAGCCTCAGAACCGCATTTTCTGTAACGATCTAAAGTT

AAATCCCCGAAACAATTCATGAGGAAGT

TACCTAATATCAAAATCATTCAATATTACGTGA

GTATACAGGTAATGTGTAGGTAGTCAAATCACCAT

AACGTTGTAGAAACAGCGGATAGTTGGGCGGTTGT

GTTTATGTCACATGGGAATCCAC

ATATTCACAAACAAATTCATATG

GACCGGAAGCAATTGCGGGAGAA

TCAAGCAGAACCACCACTCACTCAGGTAGCCCGGAATAGG

AGCCTCCCCAGGGTCCGGCAAACGCG

TTCATTTTCTGCTAAACAACTGAACAACTAAAGGA

30

7[86]
7[525]
11[231]
8[447]
7[590]
8[279]
7[422]
0[473]
8[172]
6[405]
7[189]
8[678]
4[377]
4[270]
10[247]
6[237]
8[214]
3[434]
11[63]
2[349]
0[244]
5[413]
7[357]
9[273]
11261]
0[305]
7[315]
11[345]
6[321]
0[557]
s[161]
50771
3[415]
3(392]
0[202]
7[380]
8[88]

5[329]

8[70]
7[547]
6[238]
8[425]
8[574]
8[257]
8[406]
11[482]
o[188]
2[392]
71211]
9[698]
4[355]
71272]
11[260]
2[224]
9[230]
3[456]
6[70]
3[349]
0[222]
4[420]
7[379]
5[286]
0[245]
11[314]
7[337]
0329]
2[308]
11[566]
4[168]
484]
10[416]
3[414]
0[180]
8[364]
9[104]

4[336]



TCGTTCACCGCCTGGCCCT

CGGAAGCACGCAAACTTATTAGCGTT

GAGCAAGGTGGCATTTACTCCAACAGGTTCTTTACGTCAACA

ATTGCGAATAATGTACAACGGAG

CTTTTTTTCGTCTCGTCGCTGGC

GACCGTCGAACGGGGAAGCTAATGCAGA

GCGTCATACATGCCCTCATAGTT

GAAAGTTCAACAATCAGCTTGCTTAGCTTTAATTGTATCG

TGTAAATCATGCTCCTTTTGATAATTGCTGAATAT

TTCACCTAGCGTGGCGGGTGAAGGGATACCAGTGCATAAAAA

ATTTGCCAAGCGGAACTGACCAACGAGTCAATCATAAGGG

TAGAACCTACCAGTCTGAGAGAC

GGGTTACCTGCAGCCAGCGGTGTTTTT

GAATTATCCAATAACGATAGCTTAGATT

TTGTCGTCTTTCTACGTAATGCC

ACTACTTAGCCGGAACGAGGCGC

TTTTTGTCCATCACGCAAATTCCGAGTAAAAGAGTCTTTTTT

TTTTTCGGGAGCTAAACAGGTTGTTAGAATCAGAGTTTTT

AATCATAATAACCCGGCGTCAAAAATGA

AGCAAGCCGTTTAAGAATTGAGT

AACAGAGTGCCTGGGGTTTTGCTCACAGAAGGATTAGGAT

CCAGCCAAACTTCTGATTGCCGTTTTGGGTAAAGTTAAAC

TGAAATTGTTTCAGGGAACTACAACGCC

GCCCGCACAGGCGGCCTTTAGTG

CAGTAAGAACCTTGAGCCTGTTTAGT

ACCAAATTACCAGGTCATAGCCCCGAGTTTTCATCGGCAT

TCTTATACTCAGAAAGGCTTTTGATGATATTGACACGCTATT

GCCTTATACCCTGTAATACCAATTCTTGCGCTC

TTTTTGCGTCCGTGCCTGCATCAGACGTTTTT

TTATGGCCTGAGCACCTCAGAGCATAAA

CGAGCACAGACTTCAAATACCTCAAAAGCTGCA

GCATCAAAAAGAAGTAAATTGGG

TAAGTAGAAGAACTCAAACTATCG

ATTTGGCAAATCAACAGTTGAAA

GTTGAAACAAACATCAAGAAAAC

GAATTGTAGCCAGAATGGATCAGAGCAAATCCT

GCTTGACCATTAGATACATTTCG

CTGAAAACCTGTTTATCAAACATGTAACGTCAA

31

10[331]
8[424]
9[189]
4[335]
8[111]
6[531]
0[370]
4[354]
5[203]
9[63]
4[312]
0[580]
4[51]
2[559]
0[328]
7[273]
4[702]
0[694]
6[489]
4[503]
4[396]
4[102]
6[363]
7[63]
8[550]
4[438]
9[357]
0[179]
9[25]
2[181]
0[221]
3[224]
7[651]
7[609]
8[615]
0[389]
8[237]

0[515]

11[344]
9[440]
5[202]
4[313]
8[89]
2[518]
0[348]
7[356]

4[210]

4[29]
3[559]
0[306]
7[295]
5[702]
11694]
2[476]
4[481]
7[398]
7[104]
2[350]
7[85]
9[566]
7[440]
5[370]
11[188]
6[21]
3[181]
11[230]
3[246]
7[673]
7631]
8[593]
11[398]
8[215]

11[524]



GACTTTCTCCGTGGCGCGGTTG

ACACAACATACGAGGGATGTGGCTATTAATCGGCC

TTTTTAACAATATTACCGTCGCTGGTAATATCCAGTTTTT

TGCCTGAACAGCAAATGAATGCGCGAACT

CAAATATCAAACCAGATGAATAT

CAATATGATATTGATGGGCGCAT

TTCTGGAATAATCCTGATTTTGCCCGGCCGTAA

TTAACAAGAGAATCGATGAACGG

GGGCCGGAAGCATAAAGTG

GTTTGAGGGGACCTCATTTGCCG

GTATTAGAGCCGTCAATAGATAA

GCTAATGCCGGAGAGGGTAGCTA

TACTTCTTTGATAAAAATCTAAA

GAAAGATCGCACTCCAGCCAGCT

TCAGGCTGCGCAACTGTTGGGAA

ATACCCTTCGTGCCACGCTGAACCTTGCTGAACCT

CATAATATTCCGTAATGGGATCCGTGCATCTGCCA

TTTTTATCCAATAAATCTCTACCCCGGTAAAACTAGCATG

CCGATAATAAAAGGGACTTAACACCGCGAACCACCAGCAG

CATCAGCGTCTGGCCTTCCACAGGAACCTGGGG

GGAATAACAGAGATAGACATACAAACTTGAGGATTTAGAA

CCGGAAGACGTACAGCGCCGCGATTACAATTCC

TTCGCGGATTGATTGCTCATTTTTTAAC

TAAAGGATTGTATAAGCGCACAAACGACATTAAATGTGAG

GATAAAAATTTTTAGCCAGCTTT

GATAGTGCAACATGATATTTTTGAATGG

GGATAACCTCACAATTTTTGTTA

TCAATAATAAAGTGTATCATCATATTCC

CAATAGGAACGCAAATTAAGCAA

GCGAAAGACGCAAAGCCGCCACGGGAAC

TTCCGAATTGTAAACGTGTCGCCAGCATCGGTGCGGGCCT

ACATCATTTAAATTGCGTAGAAACAGTACCTTTTA

AAGATAAAACAGTTGGATTATAC

AACACCCTAAAGGGAGCCC

GCATCGAGCCAGATATCTTTAGGACCTGAGGAAGGTTATC

CGTAAAGGTCACGAAACCAGGCAATAGCACCGCTTCTGGT

CGAGTAACAACCGTTTACCAGTC

GCCTTACGCTGCGCGTAAAATTATTTTTTGACGCTCAATC

32

0[76]
11[105]
6[694]
6[657]
4[629]
4167
0[599]
8[195]
10[121]
4[125]
8[657]
7[147]
4[671]
7[105]
8[153]
5[623]
5[119]
7[170]
11[639]
0[137]
7632]
0[95]
2[139]
11[135]
0[160]
2[643]
3[98]
2[601]
3[140]
2[97]
7[128]
5[581]
0[622]
10[625]
4[648]
4[144]
0[118]

71674]

0[54]
6[112]
7[694]
2[644]
4[607]
4[145]
11[608]
8[173]
11[134]
4103]
8[635]
7[169]
4649]
71127
8[131]
4[630]
4126]
8[154]
0[623]
11[146]
8[616]
11[104]
3[139]
0[119]
0[138]
3[643]
3[120]
3[601]
3[162]
3[97]
8[112]
4[588]
0[600]
11[638]
7[650]
7[146]
0[96]

8[658]



CCGAACCCCCTAAAACATCGACCAGTTTAGAGC 0[641] 11[650]

TGCGTACTAATAGTAGTTGAAATGCATATTTCAACGCAAG 11[177]  O[l61]
GATTTTAGACAGGCATTAAAAATA 0[664] 0[642]
TGATTATCAGATATACGTGGCAC 3[602] 3[624]
TGGCAAGTTTTTTGGGGTC 10[583]  11[596]
TCAGCTAACTCACATTAAT 10[163] 11[176]
CTATTAGTCTTTCGCCGCTACAG 3[644] 3[666]
AACGCCAAAAGGCGGATGGCTTA 4[251] 4[229]
AAGAAACAATGACCGGAAACGTC 4[461] 4[439]
GTACATCGACATCGTTAACGGCA 4[83] 4[61]
ATACCACCATCAGTGAGGCCAAACCGTTGTAGCAA 5[665] 4[672]
Biotinylated staple strands 5'-end 3'-end
AACGCCAAAAGGCGGATGGCTTA 4[251] 4[229]
AAGAAACAATGACCGGAAACGTC 4[461] 4[439]
GTACATCGACATCGTTAACGGCA 4[83] 4[61]
ATACCACCATCAGTGAGGCCAAACCGTTGTAGCAA 5[665] 4[672]
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