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Abstract

To see the world, we need to see the small things. And so, science has made great
efforts to observe the details of biological systems. Sophisticated microscopes have
been developed to visualize structures and interactions at the dimension of proteins
and other biomolecules. In fluorescence microscopy these nanometer-sized features
are revealed through photon-emitting labels, attached to the molecule of interest.
High performance of these dyes in terms of stability, specificity and brightness is a
prerequisite for any successful experiment. At the same time, in order to observe the
system in its innate state, interference of the observation method with the specimen
should be minimal. Once this is ensured, it can be applied to observe biomolecules

in their inherently complex environment and detect disease markers reliably.

The first section of this thesis is focused on increasing fluorophore photostability.
To improve the signal-to-background ratio, fluorescence microscopy is often per-
formed at the highest possible illumination power and for as long as possible before
sample and fluorescent labels degrade (photobleaching). Aside from desired cycling
between singlet excited and ground state (fluorescence), fluorophores can also enter
other states such as the triplet state from where photobleaching is likely to origi-
nate. Systems to prevent this pathway commonly employ oxygen removing enzymes
in combination with triplet state quenchers (T'SQ), which ensure a fast return to the
singlet state. Sensitive biological systems, however, can be disrupted by these ad-
ditives and the required concentrations. In this work a minimally-invasive strategy
that adresses this issue by attaching the TSQ to single stranded DNA (ssDNA) is
introduced. An extended sequence (docking site) on the molecule of interest enables
the hybridization and exchange of both the label and the photostabilization strand.
This approach improves the TSQ soluability and increases the local concentration
near the label. By performing hour-long measurements of an otherwise photolabile
dye without oxygen removal, we demonstrate enhanced fluorophore performance at
107 less additive concentration. This DNA-mediated stabilization is not restricted to
one type of TSQ. The modularity of the technique allows for exploration of several
stabilizers to match other fluorophores. Due to its adaptability and efficacy at low
concentrations, our method can be applied to challenging imaging modalities such

as multi-target visualization in complex biological systems.

The next section explores key factors for fluorescence-based disease detection,
namely specificity and brightness of fluorescent labels. Reliable diagnosis of Malaria

tropica in early stages of infection is necessary to begin treatment as soon as possible.
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While healthy red blood cells (RBC) do not contain cellular organelles, the Plasmod-
ium falciparum parasite introduces them upon invasion. A silicon rhodamine dye
equipped with a glibenclamide moiety is first used in this study to specifically target
the endoplasmic reticulum. This allows for detection and distinction of infected over
uninfected RBC in two different strains. The potential for application in the field is
demonstrated by experiments on a low-cost portable smartphone microscope.

State-of-the-art methods for DNA detection rely on up-concentration of low-abun-
dance target sequences over the background. A promising alternative is the detection
of individual dye-labeled DNA molecules, which can be achieved through signal am-
plification using DNA origami nanoantennas. These plasmonic nanostructures bind
two metallic nanoparticles (NP) and enhance fluorescence signal in the plamonic
hotspot between. Fluorescently labeled disease markers can be directed towards
this position by including ssDNA capture strands in the DNA origami. Two de-
sign generations for disease detection are included in this work. The chosen target
sequence is responsible for an antibiotic resistant Klebsiella pneumoniae infection.

The first generation introduces a cleared region in the hotspot of the DNA nanos-
tructure to provide space for the DNA detection element and two NPs. By optimiz-
ing the target DNA hybridization with label and capture strand (sandwich assay),
efficient detection and amplification is achieved and a home-built smartphone mi-
croscope can be used to detect individual disease markers.

The second design (Trident) includes a more accessible hotspot to host even larger
biomolecules. In comparison to the previous generation, detection speed of a 151
nucleotide ssDNA is tripled and the fraction of multiple captured molecules is dou-

bled. Simultaneously, high fluorescence amplification is ensured.

This thesis demonstrates how photostabilization improves the performance of flu-
orophores in state-of-the art fluorescence microscopy. Through specific labeling and
fluorescence enhancement, disease detection can be performed even on low-tech mi-

croscopes.
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1 Introduction

Microscopy enables us to see objects and details that are not visible to the naked eye.
One initial use of lenses was the refraction and focusing of light for magnification
in eyeglasses.! Early optical microscopes consisted of an objective lens close to the
sample, often combined with an ocular lens, which allowed the user to see the
magnified real image.? Since its invention, the optical microscope has been used to
observe countless biological structures, revealing ever smaller details.

First reports of red blood cells and microorganisms are dated in the 17th century
(Figure 1a).3® Later, the sample was additionally illuminated using a condensor
lens to achieve higher resolution. The observation of processes inside cells at sub-
micrometer dimensions is, however, limited by the wavelength of the light source
(\) and numerical aperture (NA) of the objective or light source.® Ernst Abbe for-
mulated this diffraction limit d: (refractive index n, opening angle «). For green

excitation at 500 nm, this amounts to roughly d =250 nm.

specimen jp==.

ective

v
smartphone

—_—
objective

Figure 1: Microscope types and resolved structures. (a) Early microscope used by
Leeuwenhoek and notes showing the structure of red blood cells.>* (b) Confo-
cal microscope and single fluorescent dye molecules emitting in red and green
(overlap in yellow). (c) Super-resolution microscope and image of fluorescently
labeled microtubules in cells. (d) Smartphone microscope’ and fluorescently
labeled cell nuclei.



2 1 Introduction

As nanometer-sized features cannot be directly observed by eye, fluorescence mi-
croscopy relies on making proteins and other biomolecules visible with fluorescence
markers. If excited at a distinct wavelength, fluorophores emit red-shifted light,
thereby revealing the position of the labeled molecule. Three important features
of fluorescent labels are their stability, labeling specificity and brightness. In this
thesis, I aim to improve the performance of fluorophores in all of these aspects and
apply this to advance state-of-the-art microscopy techniques and fluorescence-based

disease detection.

In confocal microscopy the excitation beam size is constricted with a pinhole
to reduce the number of simultaneously excited molecules.® This enables the ob-
servation of individual fluorophores at once (Figure 1b). So-called single-molecule
spectroscopy is a powerful tool to study the state of the fluorophore and derive
its molecular environment.*!® But in densely packed biological environments, such
as cells, the emission profiles of objects in close proximity may overlap and the

individual signals are blurred.!* '3

a

ON OFF

intensity

low N high N

Photons Photons

time

Figure 2: (a) Sequential turn-on of emitters at separate positions of a labeled object
(grey circle). (b) Controlled turn-on of emitters leads to increased intensity
(on-time), followed by periods where the molecule is dark (off). (c) Localized
emitter positions in experiments with low and highly emissive fluorophores.
Influence of photon number on localization accuracy and object reconstruction
quality.

Super-resolution microscopy (Figure 1c) uses techniques to control the number
of simultaneously emitting molecules (Figure 2a).!*1¢ This can be done by modify-
ing either the excitation or imaging buffer conditions. Single-molecule localization

microscopy (SMLM) methods achieve stochastical on/off switching of emitters and



separate the signals of close-by molecules in time (Figure 2b). Transiently binding
labels'™!® that produce a signal once bound and no signal when detached have been
employed to resolve molecules at distances below ~1nm.!?2!

The accuracy (osyray) with which the emitter position can be determined de-
pends on microscope optics, the localization algorithms detection efficacy and also
the properties of the fluorescent label. To improve the gy of the experiment
and thereby the achievable resolution, it is desirable to minimze the size of the
emitters point spread function (opsr) and increase their intensity (photon number
Nphotons)-22 2% Figure 2¢ shows how low photon numbers can obscure the shape of a

labeled structure.

OPSF (2)

OSMLM X —F/———
V NPhotans

1.1 Improving fluorophore stability

Fluorophore performance is limited by photochemical processes that lead to perma-
nent loss of emission (photobleaching). In single-molecule fluorescence experiments,
the observation window closes as soon as the label no longer emits photons. The
aforementioned transient binding in SMLM overcomes the limit posed by single dye
photobleaching through continuous label exchange. However, even if the photo-
bleached fluorophore is replaced, (by)products that form at the label binding site

can also compromise sample integrity.?”

Figure 3: Simplified Jabtonski diagram of electronic states and transitions of a fluo-
rophore. After excitation (cyan) from the singlet ground state to the singlet
excited state 'F*, the fluorophore can return to the ground state 'F by fluo-
rescence (orange). From 'F* inter system crossing (ISC) to the triplet state 5F
can also occur. From here, the molecule is susceptible to photobleaching path-
ways (trash). 20, can quench the triplet state efficiently (blue), but produces
the reactive 0,.

For example, oxygen, ubiquitous in aqueous solutions in its quantum triplet state

(°0,), may react with a fluorophore that has entered the triplet state (°F, Fig-



4 1 Introduction

ure 3). This leads to formation of singlet state oxygen (*0,), a strong oxidant that
can damage the surrounding environment. Chemical photostabilization additives
(triplet state quenchers, TSQ) that compete with this reaction can reduce the for-
mation of 'O, and recover the fluorophore from the triplet to the singlet ground
state.?8?9 So-called physical TSQ act via energy transfer, while others work based
on electron transfer and redox reactions (chemical). Fluorescence does not occur
from the F state, but once the dye is in its ground state, it can undergo excitation
and subsequent emission again. Therefore, photostabilizer molecules not only en-
hance fluorophore performance by minimizing 'O, formation and thereby damage
to the sample. They also increase the observation time and mean photon number

by returning the dye to a state from which fluorescence occurs.

Up until now, most photostabilization strategies are, however, hardly compatible
with sensitive biological samples. The solubility of the stabilizing additives and re-
quired concentrations have been shown to perturb the innate state of samples.??33
Alternatively, in self-healing dyes, the photostabilizers are covalently attached to the
fluorophore.? 37 While this eliminates the need for additives in solution, it requires
tedious synthesis and multiple purification steps. Furthermore, in some cases such
as high excitation intensities, the stabilizing entity can degrade, leaving the fluo-
rophore unprotected.?® Enzymatic oxygen scavenging systems like glucose oxidase
catalase are used to reduce the generation of 'O, and other reactive oxygen species
directly. However, acidic byproducts are formed in the process of oxygen removal
and accumulate over time. Other enzymes, such as protocatechuate-3,4-dioxygenase
maintain stable pH values. Still, their use is limited to biological systems that are
not negatively affected by enzyme, substrate and products. Lastly, delivery to the
imaging site needs to be ensured and may be hindered by the polarity and size of
the enzyme, as well as molecular crowding inside the specimen.?33%40 Less invasive
photostabilization agents are needed that can reach the labeled biomolecules and

act at low concentrations.

Inspired by the use of DNA hybridization for transient binding of labels in DNA-
PAINT (point accumulation for imaging for nanoscale topography), chapter 4.1
introduces DNA-mediated photostabilization.

In standard DNA-PAINT SMLM experiments, molecules of interest are equipped
with a synthetic single-stranded DNA (ssDNA) sequence - the docking site (Fig-
ure 4a). Complementary, dye-labeled ssDNA (imager strands) are added to the
imaging solution. DNA base-pairing interactions between docking site and imager
are designed by sequence and length to result in frequent events of hybridization

and dissociation during the measurement. A camera captures the fluorophore sig-
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Figure 4: (a) DNA-PAINT experiment with transient binding of dye-labeled imager
strands to single stranded DNA docking sites on a molecule of interest. (b)
Alternative mechanism to triplet state quenching through of oxygen (blue):
Introducing a photostabilizing TSQ (magenta). (c) Delivery of TSQ to an ex-
tended docking site by the photostabilizer strand.

nals once the imager is bound (on-time Figure 2b). Quickly diffusing strands are
not detected (off-time).

In chapter 4.1 T discuss how - analogous to how the imager strand attaching the
label - a ssDNA-bound photostabilizer can deliver a TSQ (Figure 4b and c). We
therefore link physical TSQs to ssDNA which also increases their solubility and per-
meability. The standard docking site for imager binding is extended to also host
a photostabilizer strand. Binding of the stabilizer to the docking site close to the
label increases the local concentration and thereby reduces the necessary amount in
solution. Additionally, the biomolecule and docking site are directly protected at
the labeling site. This way, DNA-mediated photostabilization adresses the short-
comings of disruptive solution additives. In comparison to self-healing dyes, the
close proximity of fluorophore and stabilizer is ensured, but the moieties are not
coupled. Instead, both the label and stabilizer are delivered by designated ssDNA
strands. As various different moieties can be attached to DNA, this approach is a
modular and cost-effective alternative to test and use several fluorophore/stabilizer
combinations. To showcase these advantages, chapter 4.1 includes DNA-PAINT
measurements with a fluorophore prone to quick photobleaching. The minimally
invasive photostabilization strategy protects fluorophores from degradation, facil-
itating their use even under harsh illumination conditions and hour-long imaging

periods.
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1.2 Target-specific fluorescent labels in point-of-care

application

Other than resolving structures, fluorescence microscopy can also serve as a tool
to report on the presence or absence of biomolecules.*'™#6 This can be be applied
to diagnostic settings (point-of-care) where disease markers need to be detected
reliably.*” A prerequisite for this is the target-specific attachment of the fluorescent
label.

The Plasmodium falciparum parasite invades red blood cells (RBC) and causes the
most common and dangerous type of Malaria in humans (Figure 5). While healthy
RBC do not contain cellular organelles such as the endoplasmic reticulum, they are
inserted upon invasion with the parasite (iRBC). A reliable way to determine the
degree of infection is therefore the staining of organelles and detection in a blood
smear.

The most common technique is labeling the parasites’ nucleus with Giemsa (a mix-
ture of methylene blue, eosin, and Azure B) and detection with light microscopy.*®4?
However, this requires incubation for at least 15 minutes and trained personnel. The
fluorescent dye DAPI labels DNA and has been used to determine amount of in-
fected RBC (parasitemia), but does not permeate the cell in vivo.*® Other rapid
diagnostic tests are based on immunochromatography but may require storage at
4°C.5t As local healthcare providers often lack access to electricity or specialized
treatment facilities, a simple diagnostic test (assay) and portable detection device
are essential. For starting treatment as soon as possible, sensitive detection reagents
that report on early stages in the asexual reproduction cycle (ring stage Figure 5)

are needed.

merozoites ‘ring‘ stage
®) invasion
&
RBC iRBC

asexual
reproduction
cycle

Figure 5: Invasion of red blood cells by the merozoit stage of the Plasmodium falciparum
parasite. Inside the RBC, the parasite cycles through several stages. The ring
stage is the earliest one.

In chapter 5.1 T describe how a fluorescent probe (SiR-glib), specifically designed



for this study, is used to develop a diagnostic test for detecting Malaria-infected
RBC on a low-cost microscope. The dye targets a receptor of the endoplasmatic
reticulum and emits in a spectrally separate window to hemoglobin to minimize
signal overlap. We test the specificity of the assay by comparing cells infected with
one of two distinct parasite strains to non-infected RBCs. In combination with a
portable smartphone microscope® (Figure 1d), we explore the potential for applying

the Malaria detection assay at the point of care (POC).

1.3 Amplifying the signal of individual fluorophores

Oftentimes, diagnostically relevant molecules are only present at low quantities. The
state-of-the-art protocol for nucleic acid detection is molecular amplification of the
target sequence using the polymerase chain reaction (PCR).%*®% In most settings,
well-trained staff is necessary to perform the test. Robustness and reproducibility
are limited by contamination.’” False positive signals are generated when incorrect
sequences are up-concentrated instead of the target DNA. If the concentration is too
low to be sufficiently amplified for subsequent detection, this can generate a false
negative result.

Ultimate sensitivity can be achieved by directly detecting single molecules such as
fluorescently labeled markers.*t However, the signal of individual fluorophores is too
weak to be observed with low-tech microscopes.’? In chapters 6.1 and 6.2 I discuss
our work on enhancing the fluorescence signals of individual fluorophores and the

application of this technology to diagnostic settings.

One characteristic which determines the brighntess (equation 3) of organic fluo-
rophores is the molar extinction coefficient €. It is an intrinsic property and defines
how strongly light of a given wavelength is absorbed. The fluorescence quantum
yield ¢ relates the number of emitted photons to absorbed photons (equation 4). It
is also defined as the fraction of molecules that transition from 'F* to 'F through
fluorescence (rate ky), compared to all non-radiative relaxation processes (rate ki,

and krsc, equation 5).
Brightness =€ - ¢ (3)

number of emitted photons

¢ = number of absorbed photons
kr

¢) h kF + knr + kisc
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For low quantum yield emitters, increasing the radiative rate kr can enhance
emission.?® Metallic nanoparticles (NPs) have been shown to increase both emission
and excitation rates by concentrating electromagnetic fields into subdiffraction-sized
volumes.? Upon irradiation with wavelengths larger than the particle size, localized
surface plasmon resonance occurs.®’ Between two NPs the combined effect of excita-
tion and emission enhancement is especially large (plasmonic hotspot), but strongly
dependent on the distance between fluorophore and NPs. To optimally position
a dye molecule in the hotspot, spherical NPs have been elevated above a surface
using DNA nanotechnology.®% For this, the DNA origami method was employed
which uses DNA as a building material to create three-dimensional structures at
the nanometer scale. Through modifications at the single nucleotide level, NPs are
precisely positioned to create a plasmonic hotspot. The DNA origami is further
equipped with binding sites for a fluorophore to enable signal amplification inside
this region.%* % The emitter can either be a built-in element of the DNA nanostruc-
ture, or it includes a DNA protrusion that allows for sequence-specific binding of a

dye-labeled probe (Figure 6).

2
labeled DNA s &

Figure 6: DNA origami nanoantenna with two silver nanoparticles increases the fluores-
cence signal of a labeled probe.

In diagnostic practice, patient samples often contain a mix of biomolecules, leading
to pronounced background signals, e.g., due to autofluorescence. For the detection
of low-abundance disease markers over this background, assays with high specificity
and sensitivity are required.*?4346 The physical amplification mechanism of DNA
origami nanoantennas is a promising alternative to PCR, as fluorescence is only
amplified inside the confined hotspot region.*3-46

To minimize false positive signals, previous configurations of DNA origami plas-
monic nanostructures included a spectrally separate reference dye.%%-%" Specific in-
teraction of the target with the detection element inside DNA origami was ensured
by counting only target-reporting probes that colocalize with the reference dye as

positive signals. The construct, however, only included attachment sites for one NP



next to the detection assay, limiting the signal amplification. This calls for a struc-
turally redesigned DNA origami nanoantenna that provides space for two NPs and
the target-specific assay. The small hotspot region needs to be efficiently used for
the capture of analytes and placing them in the hotspot for fluorescence enhance-

ment.

Distinct from the discussed earlier plasmonic nanostructures, the design in chapter
6.1 includes a hotspot region cleared from DNA origami. To achieve efficient target
binding and improve sensitivity, we place multiple capture strands in the hotspot.
Each strand can form a duplex with a segment of a short target DNA (Figure 7). The
chosen target sequence is part of the Oxa-48 gene, used to diagnose patients with an
antibiotic resistant infection of Klebsiella pneumoniae.%®% A dye-labeled probe can
then hybridize with the target DNA overhang (sandwich assay) and remains in the
hotspot region where fluorescence is enhanced. The amplification mechanism allows
us to use a home-built smartphone microscope to observe the fluorescence signal of
the individual fluorophores, labeling the target DNA.

target DNA q

labeled probe

[
capture strand

DNA origami L

Figure 7: Scheme depicting the sandwich hybridization assay for sequence-specific de-
tection of target DNA (cyan). Capture strands (black) protrude from DNA
origami and bind the target. By attaching to the created single stranded over-
hang of target DNA, the reporting probe is bound to and the fluorophore fixed
at a defined position in the DNA nanostructure.

The DNA origami nanoantenna introduced in chapter 6.1 was used in a subsequent
study to incorporate a DNA nanoswitch which generates signal upon antibody bind-

70,71 While this assay performed well on a sterically accessible, two-dimensional

ing.
DNA origami, placement into the nanoantenna led to decreased sensitivity. Because
the test also suffered from unwanted photophysical effects in the hotspot of two NPs;,
again a monomer nanoantenna configuration was used, resulting in weaker fluores-

cence enhancement.
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In chapter 6.2 of this thesis, I therefore further advance the DNA origami nanoan-
tenna design to accomodate larger biomolecules. For the optimal use of the hotspot
region, we adapt the DNA nanostructure to include a larger clearing. The Trident
design introduced in this work consists of three pillars. The orientation on the bot-
tom of the DNA origami is adjusted to allow NP binding close to the DNA structure.
These new features aim to increase the accessibility to the hotspot while maintaining
the rigid NP positioning which ensures high fluorescence enhancement. To verify
that fluorescence enhancement is not compromised by the larger transversal gap,
the NP attachment and incubation conditions are optimized and compared to pre-
vious designs. The interplay of more efficient target capture and strong fluorescence
enhancement in the Trident DNA origami nanoantenna expands its use from single-
molecule diagnostics of small nucleic acids to even larger biomarkers such as proteins

or antibodies.
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2 Theoretical Background

2.1 Single-molecule detection

Cells are a crowded place for biomolecules. And observing dynamic processes in such
complex environments is a challenging task for scientists. Localizing all biomolecules
at once and measuring their interactions is not feasible. Instead, one is commonly
limited to observing the behaviour of only a subsection, e.g., several types of proteins.
Specific labels such as fluorophores can be attached, making it possible to observe
where the molecules of interest are, how they interact and how their function and
state are influenced. But even one protein species can exist during several stages of
a cell cycle and appears in different environments within the cell (Figure 8). When
averaging over all proteins of the same kind, rare events and subpopulations are likely

to be overlooked. Only when observing the individual molecules, the dynamics of

stochastic and unsynchronized processes are revealed, from which time-dependent
d.7273

molecular properties can be determine

Figure 8: Artistic view of the cells cytoplasm filled with microtubules, actin and various
other proteins, demonstrating the multitude of environments they exist in.™
Proteins of one kind are labeled with fluorophores in orange.

Visualization of individual molecules is only rarely possible by eye. In fluorescence-
based single-molecule spectroscopy and microscopy, the photons emitted by the flu-
orescent label are detected. A sufficient signal-to-noise ratio needs to be ensured to
distinguish the individual molecule from its surroundings. Monitoring the photo-
physical behaviour of the fluorophore can also give detailed information about the

biomolecular environment.
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2.2 Single-molecule fluorescence

a b absorption
ground excited A PA A

state —> state H

LUMO

intensity

HOMO

t
H

wavelength ):

Figure 9: (a) Electronic transition upon absorption from highest occupied molecular or-
bital (HOMO) to lowest unoccupied molecular orbital (LUMO). (b) Absorption
and emission spectra of fluorophores illustrate the Stokes shift.

Fluorphores can absorb light energy of a certain wavelength and re-emit light of a
slightly lower energy. Commonly, fluorescent molecules feature conjugated systems
of p-orbitals such as alternating single and double bonds or aromatic groups where
7 electrons are delocalized. Electrons in these systems can be excited from the
highest occupied molecular obital (HOMO) into a higher energy state such as the
lowest unoccupied molecular oribtal (LUMO) (Figure 9a). The spin of the electron
in the singlet excited state (S7) is paired with an electron in the ground state (Sy).
The return to the ground state is spin-allowed and occurs rapidly on a timescale of

1085717

AE:h-u:h-i (6)

The phenomenon of fluorescence emission occuring at a discrete, slightly longer
wavelength (lower energy) is known as the Stokes Shift (Figure 9b and equation 6:
Energy E of the photon, frequency v, wavelength A, speed of light ¢ and Planck’s
constant h.)."®" It is commonly caused by rapid decay to the lowest vibrational level
of the excited S; state (10" s7!), but it may also be due to solvent effects, excited-
state reactions, complex formation or energy transfer mechanisms.”™ Figure 10a
shows a typical Jabtonski diagram, including some of the involved radiative and
non-radiative relaxation processes.™
Due to the general occurence of fluorescence after relaxation to the lowest vibrational
S1 level, the emission spectrum is commonly observed to be independent of the
excitation wavelength (Kasha’s rule).®

Because of their significantly smaller mass in relation to an atoms nucleus, elec-

tronic transitions occur on a much faster timescales, while the nuclei remain at the
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Figure 10: (a) Jablonski diagram of the electronic states of a molecule and possible
transitions between them. The electronic ground state is noted as Sy, dif-
ferent vibrational states are indicated by numbers. Radiative transitions are
represented by solid vertical arrows, dashed arrows indicate non-radiative
transitions such as vibrational, solvent relaxation and the process of internal
conversion. (b) Favoured vibrational transitions according to the Franck-
Condon principle.®!

same position.®? Figure 10b shows the vertical, instantaneous transition between two
electronic states (Franck-Condon principle). For transition to a different vibrational
level, their wavefunctions must overlap. Correspondingly, if the transition probabil-
ity betwen two vibrational levels (v = 0 — v" = 2) is largest for absorption, the same
is true for the reciprocal transition during emission (mirror-image rule). Exceptions

to this rule occur when molecules react in between absorption and emission.?!:%3

How bright a fluorophore is depends on its extinction coefficient e (how strongly
the molecule absorbs) and the ratio of photons emitted to the number of photons
absorbed (¢, equation 7). The fluorescence quantum yield ¢ can also be described
by relating the excited state decay through fluorescence kr to other relaxation pro-
cesses (equation 8, k;s. rate of intersystem crossing and k,, all other non-radiative
processes). Intersystem crossing as shown in Figure 10 is the non-radiative tran-
sition from an singlet excited state S; to a triplet state 7} without energy loss.®4
Against quantum mechanical selection rules, this transition between states of differ-
ent spin multiplicity involves the spin flip of the excited electron. The probability
of this process is highest for overlapping vibrational wavefunctions. The slow decay
of the electron from the triplet to the ground can either occur non-radiatively or

radiatively through phosphorescence.

number of emitted photons

¢ = (7)

number of absorbed photons
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kr

¢ B kF + km“ + kisc (8)
1

™D (9)

kr A+ E + Kise

Fluorescence lifetime 7p is defined as the average time of the molecule in its ex-
cited state before returning to the ground state (equation 9).8 However, additional
deexcitation pathways such as intersystem crossing or energy transfer mechanisms
greatly influence 7. Since fluorescence lifetime is sensitive to changes in the envi-
ronment it is an important parameter to monitor when performing single-molecule

measurements.”?

2.3 Molecular control with DNA nanotechnology

Desoxyribonucleic acid (DNA) is biologically relevant for storing and transport-
ing information. The four nucleotides adenine (A), guanine (G), thymine (T) and
cytosine (C) comprise of the three components: phosphate group, pentose and a
nucleobase. Base stacking interactions between the aromatic bases and two hy-
drogen bonds between A and T - three among G and C - lead to formation and
stabilization of a helical structure. Together, this creates the DNA polymer with
its sugar-phosphate backbone. The Watson-Crick-Franklin base-pairing rule implies
predictable complementarity of any given DNA sequence. In cells DNA is predomi-
nantly in its helical B-form which features a major and minor groove of 2.2 nm and
1.2nm wide spacing between the glycosidic bonds of two pairing strands. The ~
2nm diameter of the right-handed double helix and ~ 3.4nm per helix turn allow
precise structural engineering at the nanometer scale.86:87

By introducing the structural motif of the immobile Holliday junction Ned Seeman
opened up the field DNA nanotechnology.5*® While two branched and connected
double helices occur naturally as a key intermediate in genetic recombination and re-
pair mechanisms, branch point migration is undesirable for creating stable building
blocks.® In the Holliday junction Seeman created the necessary immobility by min-
imizing sequence symmetry. Three-dimensional (3D) nucleic acids networks were
now feasible through rational design of sticky end associations. However, predicting
the conformation of highly branched multiarm junctions remained difficult due to
their flexibility which limited their use as a basic building block.” For higher-order
structures, two 4-way DNA junctions were joined into one motif, constructing the
double crossover (DX) motif with increased structural rigidity (Figure 11).9" Align-

ing the double helices in parallel or antiparallel alignment enabled the formation of
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4 x 4 tiles or six-helix bundles.?%93
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Figure 11: (a) Structure of deoxyribonucleic acid with sugar-phosphate backbone and
base pairing. (b) Structure of B-DNA. (c) DX motif, Holliday junction and
six helix bundle. Cylinder elements indicate double-helices. Figure adapted
from reference and reprinted with permission from RSC.%

Paul Rothemund first reported the formation of DNA nanostructures via bottom-
up self-assembly, coining the term "DNA origami”.%* The technique includes a long
single-stranded DNA scaffold strand (~ 8 nucleobases) which is continuously routed
through adjacent helices with crossovers every 1.5 helical turns. The shape of the
DNA origami is defined by how the strand is routed. Sequences of the short com-
plementary strands (15 to 60 oligonucleotide) are designed to connect selected do-
mains within the long scaffold strand, thereby folding the DNA origami (see Fig-
ure 12). The long DNA sequence can be extracted from bacteriophage viruses (e.g.,
M13mp18) for which the DNA sequence is known. Shorter staple strands are pro-
duced via synthesis and added in large excess. Both components are then combined
in a salted buffer and exposed to a temperature gradient. In the beginning sec-
ondary structures are resolved at high temeperatures, making all domains accessible
for staple strand hybridization. During successive cooling steps, the short staples
find their uniquely designed position through base complementarity and fold the
desired DNA origami structure.”

Formation of aperiodic and three-dimensional (3D) structures was achieved shortly
afterwards.”® Bending of helices was realized by varying the distance of crossovers
along the outer helices.”” Multilayered 3D structures with the six-helix bundle as the
basic unit were introduced by Douglas et al.®? Twists and turns in multilayered
origami designs were first reported by Dietz et al., expanding the technique to even
more complicated structures.”” However, to produce sufficient yields of the compact

strucutures, the scaffold pathway and staple breaks need to be carefully designed.®®
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Figure 12: Schematic representation of DNA scaffold and staple strands forming a de-
signed DNA origami shape.

Functional groups such as amines, thiols, click-chemistry functionalities etc. can
be attatched to specific nucleotides of the staple strands to incorporate the desired
modifications into the DNA origami. It is an unique feature of DNA nanotechnology
to faciliatate the poistioning of single molecules such as fluorophores with nanometer

precision.

2.4 Enhancing fluorescence with plasmonics

Metallic nanoparticles (NP) made of gold or silver can enhance fluorescence intensity
based on the principle of surface plasmon resonance.®® When light of a longer wave-
length than the size of spherical metallic NPs hits, electrons in the conduction band
are displaced from their nuclei (see Figure 13). In line with the Drude-Sommerfeld

model, these electrons are treated as free particles.

electron cloud

electric field

Figure 13: Visualization of incident electric field and resulting electron displacement
upon illumination of metallic NP.

The electron clouds begin to oscillate coherently with the incident electric field
(E(t) = Ege ™!, angular frequency w). These so-called surface plasmons are con-
fined when the particle is smaller than the wavelength of light exciting the parti-

101,102

cle.. Collisions occur that dampen the electron motion (mass m and charge e,

relaxation time of the free electron gas 7., collision frequency v = 1/7,) and their

response to the electric field is described as:
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mX + myx = —eE (10)

The oscillation and displacement of the electrons is described by equation 11, as-

suming harmonic time dependence of the driving field.

e

O e

E(t) (11)

The plasma frequency of the free electron gas wg is given by equation 12 (vacuum

permittivity €g).

2
9  Mne

= — 12

“r €om (12)

The dielectric displacement D with inserted macroscopic polarisation P(= —nex) is:

D = e(1 — )E (13)

(W? +iyw)

Finally, the dielectric function of the free electrons comes down to:

2
Wp

e(w) =1

For high frequencies much larger than the collision rate v, close to w,, damping is

- 14
w? + iyw (14)

negligible and the the dielectric function of the medium is reduced to:

€w)=1-—7 (15)

Photons at visible frequencies can induce interband transitions in noble metals
such as gold or silver (see Figure 10). This change in energy effects the dielec-
tric function and the imaginary part of the complex dielectric function e(w) =
€1(w)+i€ex(w) becomes more dominant. For the classical bound electron, these inter-
band stransitions are described with the electron’s resonance frequency wy. Equation
10 is expanded with mwyx. For excitation with light at the plasma frequency of noble
metal electrons, the resonance frequency coupling is referred to as localized surface

plasmon resonance (LSPR). The surface plasmon frequencies are:
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Wp
p = ———— 16
Wap T+ 26, (16)

The resonance frequency can be effected by changes in the particle shape, type
of metal and dielectric environment. In spherical NPs that are smaller than the
excitation wavelength, Frohlich’s plasmonic resonance condition is ep(wsp) = —2€p,.
The applied field induces a dipole moment inside the sphere. The polarizability is
defined in « equation 17 (k= 27 /A, R radius of the NP).

2\) =4 3) P~ Em 1
@) = AR L (17)

Equation 18 gives the scattering cross-section, scaling with RS. It follows, that the
extinction of large particles is dominated by scattering. Equation 19 is the absorp-

tion cross-section. For particles R < ), absorption is dominant.!927107

E* 81 €—¢€
scatt — L A 2:_kR6—m2 18
s = G laF = R (18)
e = kImla(N)] = 47k R® Im|-~—m 1
s = KImla(N)] = ArkF Tm| | (19)

A fluorophore in proximity to a NP is effected by the exciting electric field E (see
equation 20). This and the balance between non-radiative and radiative decay affect

emission. ke, is the excitation rate, p the transition dipole moment.

Keze o< |0 - E|2 (20)

Close to the NP, the field is non-homogeneous, prohibiting the dipole approxi-
mation. To obtain sufficient values for emission, nonradiative decay rate and quan-
tum yield of a fluorophore, the values are calculated using the multiple multipole
method.?® In experiments, a decrease of the dyes quantum yield is observed when
the fluorophore is close to the NP. This effect dominates over the increase in exci-
tation rate and the fluorophore is quenched (see Figure 14). Further away from the
NP, the quantum yield increases and fluorescence is enhanced. This strong distance
dependence creates an ideal region for fluorescence enhancement (hotspot) at which
the effect of increased quantum yield dominates. For the practical use of plasmonic

NPs techniques that allow precise positioning on the nanoscale are highly desirable
(chapter 2'3)'5971047108
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When a fluorophore is positioned in the hotspot between two plasmonic NPs even
higher values of fluorescence enhancement occur due to coupling of LSPR modes.!%
In Figure 14 the theoretical electric field intensity is shown. The plasmonic hotspot

with the maximum field enhancement is between the two NP.

«

0 0
00 20 40 60 80 100 0 20 40 60 80 100
z (nm) z (nm)

Figure 14: Two 100 nm Au NP, interparticle distance 12 nm and numerically simulated
electric field intensity. Incident light is polarized parallel to the dimer at
640 nm. Figure adapted from reference and reprinted with permission.%4
Copyright 2015 American Chemical Society.

For experimental quantification of single-molecule fluorescence enhancement, the
enhancement factor fr is defined (fluorescence signal lyptenna, laser excitation power

Pontenna, Tun and Py, respective reference without NP):

f _ [antennaPun
Ia e

[ un P antenna

(21)

It has been reported that molecules with low intrinsic quantum efficiency 7, lead
to more strongly enhanced fluorescence than emitters with high quantum efficiency,
due to their potential for improvement. It is enhanced by the factor f, (f,» non-

radiative and f, radiative decay factor).1%

Ir
[(1 - 770) + 770(fr + fnr)]

The ideal fluorophore candidate for these studies has a low intrinsic quantum

fn = (22)

efficiency and overlaps in absorption and emission with the plasmon resonance of
the NPs. Since the fluorescence lifetime depends on the non-radiative and radiative
processes and both rates are increased in the presence of NPs, highly enhanced

molecules exhibit shorter fluorescence lifetimes. 109113
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2.5 Fluorescent labels

In single-molecule experiments the fluorophore acts as the reporter. Its sensitivity
to the environment is its strength and weakness. To make sure that the observed
signal in a measurement is not distorted by the label, the dyes properties need to be
understood and matched to experimental conditions. Intrinsic fluorophores such as
chlorophyll, aromatic amino acids and the enzyme cofactor NADH occur naturally
in various organisms.” The discovery of the green fluorescent protein (GFP) in jel-
lyfish enabled the attachment of fluorescent labels via genetic engineering.'!4!15 The
GFP-gene can be inserted at a specific position in the plasmid, so that fluorescently
tagged proteins are expressed. Countless FPs have since been discovered and de-
signed.!1® They share the structural components of a chromophore inside the protein
surrounded by several amino acid residues and are commonly around ~ 5nm large.
Smaller, organic fluorophores have also been synthesized and can label molecules of
interest by functionalization. Chemists have extensively studied and tweaked the

molecular structure of fluorophores to meet the needs of microscopists.28:117120

2.5.1 Tuning photochemical and photophysical parameters

The most important parameters to consider before selecting a fluorescent label are
the molecules color, brightness and stability. But also sample compatibility such
as soluability and permeability through biological membranes are crucial factors for
application.

Several classes of fluorophores have been discovered, each tunable in their prop-
erties. For example, fluorescein can be shifted in its color from green to red by
extending the electronic conjugated system. When the rigidifying oxygen is omit-

ted, fluorescence is entirely lost (see Figure 15).

Naphtofluorescein Fluorescein Phenolphthalein
A, =594nm A, =494nm A, =553nm
A, =663nm A, =521nm A.=nla

Figure 15: Chemical structures of Fluorescein (center) and derived molecules with red-
shifted fluorescence (Naphtofluorescein) and no fluorescence (Phenolphtalein).

The xanthene core is common for all rhodamine dyes. Replacing the heteraoatom

often induces large shifts in the emission wavelength (Rhodamine with oxygen:
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565 nm emission maximum, with silicon: 666 nm). Other classes of small-molecule
fluorophores include coumarins, BODIPY dyes, phenoxazines and cyanines.?” Bright-
ness, dependent on the intrinsic absorption extinction coefficient ¢ and quantum
yield (¢, see chapter 2.2 equation 7), is another key feature determining the applica-
bility in single-molecule fluorescence experiments. The classic dye tetramethylrho-
damine (TMR) undergoes a drastic increase of ¢ when replacing an N,N-dimethyl
group with a four-membered azetidine ring (see Figure 16). This method to create
the brighter Janelia Fluor 549 dye is one example of how to tune the dye features

and is quite broadly applicable.?!

Coumarin

Tetramethylrhodamine Janelia Fluor 549
X=0 A, =565nm
X=SiMe, A_=666nm

SO, SO,
HO. 0. o
T o QX9
N\Q¢N\ N’ A A,
7\ // +

F F

BODIPY Phenoxazin Cy5

OH

Figure 16: Chemical structures of common small-molecule fluorophore classes.

Any single-molecule experiment ends when the reporting fluorophore stops emit-
ting. It is therefore necessary to use stable fluorophores that remain emissive for
long enough to gather the required amount of information. The way in which a
fluorophore turns non-emissive is, however, not always clear. Two examples are
shown in Figure 17. One way to create fluorophores with higher photostability is
modifying their structure to minimize their oxidation potential. This can be done
by introducing electron withdrawing groups or by introducing shielding moieties.
Since the triplet state is often the source of photobleaching, reducing its lifetime
is a general strategy to increase stability. For this purpose, small-molecule triplet
state quenchers (TSQ) can be covalently attached to the fluorophore.?” Since stan-
dard fluorophores are more accessible to most experimentalists, photostabilization

in single-molecule experiments is often rather achieved via solution additives.
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Figure 17: Chemical reactions leading to photobleached products. TMR reacting with
singlet oxygen, resulting in blue-shifted trimethylrhodamine. Cy5 undergoing
light-induced addition of a Nucleophile (Nu) or addition of singlet oxygen.

Apart from cycling between ground state (Sp) and singlet excited state (S),
transitions to other electronic states can also occur (Figure 18). One pathway to
photobleaching is intersystem crossing from the S to a triplet state (either directly
to 11 or to higher T},, from which internal conversion to 77 occurs). The T} lifetime is
in the range of j1s to ms. During this time the molecule is subject to further reactions
that lead to photobleaching. Molecular oxygen *O,, ubiquitous in aqueous solution
(~0.3 mmol), can undergo energy transfer with the triplet state fluorophore.'?? From
here, the fluorophore again enters the ground sate, however the highly reactive
oxidant 'O, is released in the process. Consequently, also other reactive oxygen

species (ROS) may form.!®

Fluorescent dyes may also photobleach when photoinduced electron transfer (PeT)
with redox active molecules takes place. These molecules can be present either in
solution or in the biomolecular surroundings (e.g. guanosine, tryptophan). PeT
can occur both from higher singlet and triplet states, but due to longer triplet state
lifetimes it is more likely to take place from the latter. From there, geminate radical
ion pairs (GRIP) form. In some instances, GRIP can reenter the singlet state via
ISC and geminate recombination transfer can take place, returning the fluorophore
back to the ground state. In most cases, however, the free radical ions escape from

the GRIP. These highly reactive species have been reported to exhibit even longer
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Figure 18: Jabloriski diagram of photobleaching pathways. From the ground state Sp,
excitation (cyan) to singlet excited state S; occurs. HOMO and LUMO are
shown for both. From here, either radiative decay via fluorescence (orange),
non-radiative decay (dotted line) or intersystem crossing to triplet state T3
takes place. Due to its long lifetime, photobleaching pathways (grey) are likely
to originate from the triplet state. Energy transfer (blue) to oxygen or phys-
ical triplet state quenchers is possible. Photochemical pathways of oxidation
(green) and reduction (magenta) lead to radical cations and anions (HOMO
and LUMO included). The complementary reaction (reduction/oxidation)
sends the fluorophore back to the ground state.

lifetimes than the triplet state. During that time further reactions can take place
that lead to photobleaching.!?*123

One way to circumvent 'O, related photobleaching pathways is the removal of
oxygen, either by injecting argon into the imaging solution or, more commonly, by
adding enzymatic oxygen scavengers. The combination of gluocose oxidase (GOD)
and glucose converts oxygen to D-gluconic acid and H,O,. Catalase (CAT) helps
reduce the build-up of H,O,. However, this combination (GODCAT) has been shown
to lower the pH over longer imaging periods. As an alternative, pyranose oxidase
converts glucose to a ketone instead. To recover the fluorophore from the long-lived
triplet state, TSQ additives need to be added. They can either act in synergy with
oxygen scavengers or individually (competing with ®0O,). Photophysical TSQ can
recover the fluorophore from the triplet state via energy transfer.'?* For this process
to be effective, the triplet energy of the TSQ needs to be lower than that of the
fluorophore. Cyclooctatetraene has been demonstrated to effectively stabilize the
dyes Atto647N and Cy5, due to its matched energy.!?* 129 Also, Ni ions have been
reported to photostabilize through this pathway.!3%13! Other TSQ molecules with

matching energies may also be explored in the future.!3?

Going the photochemical pathway, redox active additives can induce oxidation or
reduction, yielding the radical ions of the dye. The addition of both reducing (e.g.,

ascorbic acid, AA) and oxidizing (e.g., methyl viologen, MV) leads to consecutive
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reactions that recover the fluorophore back to the ground state (Figure 18). However,
it is important to note that some additives may also quench the singlet excited state,
prohibiting relaxation wvia fluorescence.'®® Therefore, well matched concentrations
and energies of the photostabilizers are crucial for getting the most out of every

fluorescent dye.

2.5.2 Sensitive reporters on their environment

The responsiveness of fluorescent dyes is the reason why observing individual labels
is so powerful. If not fully understood, however, the susceptibility of a fluorescent
probe to changes in the environment can perturb the single-molecule experiment.
Once the dye photobleaches, information on the state and position of the molecule
of interest is lost, which commonly terminates the experiment. Several approaches
try to delay or avoid this process (see chapter 2.5.1). Nevertheless, since one-step
photobleaching (Figure 19a) is a unique characteristic of single molecules, it can
also help identify them. Single-molecule bleaching experiments report on how many
labeled molecules were in the sample by counting the bleaching steps. This can be

useful, e.g., to count protein numbers or detect disease biomarkers at extremely low

concentrations.” 134135
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Figure 19: Examples of characteristic single-molecule behaviour. (a) Single-molecule
digital bleaching down to background intensity. Increased fluorescence in-
tensity due to localized surface plasmon resonance with gold nanoparticles
(cyan), without NPs (grey). (b) Single-molecule FRET traces of donor ex-
citation/emission (Ipp, green) and acceptor excitation/emission (144, ma-
genta) channel. Donor excitation acceptor emission channel (Ipg4, grey). (c)
single molecule showing blinking behaviour.

Fluorophore properties are also altered through interactions with other molecules.
Often, the distinctiveness of these effects depends on intermolecular distance. The
presence of (unlabeled) proteins and resulting changes in local viscosity have been
shown to influence quantum yield and flourescence intensity (protein induced flu-
orescence enhancement, PIFE).1367139 The effect of plasmonic nanostructures on

fluorophores has been discussed in 2.4 (Figure 19a).
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Fluorescence resonance energy transfer (FRET), a dipole-dipole interaction, is
another distance-dependent phenomenon. It takes place when the absorption spec-
trum of an ”acceptor” molecule overlaps with the emission spectrum of a ”donor”
fluorophore. Donor and acceptor transition dipoles are usually assumed to explore
all possible orientations and therefore are held constant for dynamic random aver-
aging. Importantly, the effect occurs in a range from 1 to 10nm and its efficiency
scales with distance. As an example of applying FRET to biosensing, a protein
is equipped with fluorescent dyes at two positions (donor and acceptor). Confor-
mational changes of the protein will change the distance between the two probes
and thereby FRET efficiency. This can be registered in several ways: Due to the
energy transfer to the acceptor, the donor will exhibit a lower emission intensity
and slower photobleaching rate. Additionally, since energy transfer occurs from the
donors excited state, the fluorescent lifetime decreases. The acceptor can release the
energy recieved from the donor via increased photon emission. In single-molecule
intensity time traces the photobleaching of the acceptor should be accompanied by
an increase in donor emission if FRET has previously occured. Subsequently, donor
photobleaching should be observed to prove the involvement of individual molecules
(Figure 19b).

Since the energy transfer process is independent of absorption and emission of
photons, the acceptor does not need to be fluorescent.'#? In this case, only the fluo-
rescence of the donor is quenched, which can be used to create fluorogenic probes,
emitting only upon separation of quencher and fluorophore (e.g. opening a DNA
hairpin)."*! Tn some cases, dyes also undergo self-quenching (homo-FRET) or exci-
ton diffusion which can prohibit close placement of dyes next to each other.!42143
While all of these processes have the potential to disturb experiments, their specific

signature can also be used purposefully for single-molecule sensing.

When a molecule transiently goes into a low or non-emissive state, the process
is referred to as photoblinking (Figure 19¢).** This can be caused by several pho-
tophysical effects such as excited triplet states, photoisomers or geminate radicals
(chapter 2.5.1).12%1157147 Discrete spectral shifts such as photoblueing'*® similarily
affect the fluorescence intensity. Changes in emission wavelength or intensity can
originate from local interactions or conformational changes such as molecular rota-

tion.149

Super-resolution microscopy methods have used the reversible single-molecule
blinking of dyes to resolve distances beyond the diffraction limit (see chapter 2.6.3).
In stochastic optical reconstruction microscopy (STORM), the Cy5 fluorophore is

driven to a dark state by formation of a thiol adduct and subsequently returned
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1507152 To decide on an appropriate labeling and imaging

to the fluorescent state.
modality for an experiment, careful consideration of the fluorophores properties and

susceptability is required to fully exhaust the dyes performance.

2.6 Microscopy methods - Theory

When designing a single-molecule experiment, it is also vital to match the fluo-
rescent label with the detection method. The accessible amount of information is
determined by how many photons the fluorophore emits and how well the optical
equipment detects them. The brightness of the fluorescent dye can be increased,
as discussed in the previous chapters 2.4 and 2.5.2. This is especially important
in highly concentrated samples where the signal of a single molecule needs to be
distinguished from the background.?® This signal-to-noise ratio can be described as
in equation (23).1°3 D is the overall detection efficiency factor, depending on the
instruments material-dependent collection and quantum efficiency. ¢y is the fluores-
cence quantum yield, op the peak absorption cross-section, F, the laser power and
T the integration time. A is the laser beam area in the sample and hr the photon
energy. Cj, is the background count rate per watt excitation power and N, the dark
count rate. The three summands in the denominator correspond to shot-noise from

the emission path, background and the dark counts.

D¢f0'pP0T

SNR =
\/(DQbe’pP()/AhV) + CbP()T + NdT

(23)

2.6.1 Confocal Microscopy

In confocal microscopy point illumination is achieved by reducing the beam shape
to a diffraction-limited spot.*™ The minimal spot size is determined by Abbe’s

diffraction limit d (wavelength A, refractive index n, opening angle «).

A

T o sin(«) (24)

This is achieved by using a collimator and pinhole in the excitation path and
another pinhole in the emission path where fluorescence originating from the excited
sample is guided towards the detector (see Figure 20). Only a small region of the
microscope slide is illuminated but several areas in up to three dimensions can be
probed using a scanning stage. Fluorophores within the excitation volume emit
photons that travel back through the objective. The dichroic mirror filters out the
photons of the excitation beam (separated by wavelength, see chapter 2.2). Photons

are detected on sensitive avalanche photodetectors for each wavelength and guided
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towards a time correlated single photon counting (TCSPC) unit. This allows for

single-molecule fluorescence lifetime measurements.

Airy disk
@TCSPC detector sa‘rrlp‘lf-: y

et L
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50:50
beamsplitter

pinhole

detector . Laser A\ 5320m dichroic mirror

636 nm

Laser

Figure 20: Left: Schematic of the beam path in confocal microscopy. Right: Airy disk
and surface plot. Figure reproduced from reference and reprinted with per-
mission. Copyright 2010 College of American Pathologists

The point-spread function (PSF) is the intensity distribution of the photons emit-
ted by a point source. In confocal microscopy it is affected by the excitation and
emission pinholes. It has the shape of an Airy disk (Figure 20) which is described
with the following formula:

PSFconfocal ~ PSFezcitation : PSFdetection (25>
0.37X
d(z,y) = NA (26)
0.64\
d(z) = (27)

n— - NA?

N )\excitation)\emission
A=V2—= -
\/)\e;rcitation + Aemission

The first minimum r of the Airy pattern in the series of concentric rings from the

(28)

emission source defines the smallest angular separation (d) of two objects. While the
resolution in the widefield microscope is diffraction limited,the confocal microscope

achieves smaller values for d:
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1
dConfocal = EdWidefield (29)

Confocal fluorescence microscopy TIRF microscopy
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Figure 21: Comparison of two fluorescence microscope configurations: Confocal and total
internal reflection configuration.

2.6.2 Total internal reflection

For imaging of biological samples, microscopists require means to reduce the inherent
background of the sample. By positioning the excitation laser at a critical angle,
total internal reflection (TIRF) occurs at the sample surface.' Above the glass,
refracted wavefronts align perpendicularly and the field intensity exponentially de-
creases (equation 30). As a result, penentration depth and thereby excited volume
are limited to ~100 nm. In contrast to epifluorescence, where the laser beam travels
perpendicularly through the sample (0°), TIRF illumination significantly minimizes
the background that originates from out-of-focus emitters deeper inside (z) the sam-

ple.
1(2) = Ipe*/¢ (30)

2.6.3 Super-resolution microscopy

For detailed studies of biomolecules microscopy needs to resolve structures beyond
the diffraction limit. Super-resolution techniques provide insight into nanometer
dimensions by either physically reducing the size of excitation PSF or influencing

the transition between the fluorophores states (e.g., on and off-state).
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Point-spread function engineering

Reversible saturable (or switchable) optical fluorescence transitions (RESOLFT)
methods improve resolution by modifying the PSF.!2:195:156 Flyorescent probes in
their on-state (S;) are switched off (to Sp, triplet states, isomers) in a spatially

controlled manner.
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Figure 22: Principle of STED microscopy. (a) Jabloniski diagram comparing spontaneous
to stimulated emission. (b) Excitation and emission spetrum of fluorophores
for STED. (c) Point spread functions of beams generated by phase plates in
the excitation path in two and three dimensions.

The saturation intensity at which the switching transition occurs is inversely pro-
portional to the off and on-state lifetime. Stimulated emission depletion (STED)
uses extremely high intensities of the so-called depletion laser (Figure 22). As it ex-
ceeds the saturation intensity, each incoming photon has a greatly increased proba-
bility to lead to photoswitching. The region in which a fluorophore is able to remain
in the on-state is held small to increase the lateral resolution (Figure 22c¢). This
way, only few molecules in a defined region fluoresce and the majority remains non-
emissive. Similar to confocal microscopy, the STED lasers are raster-scanned to
image the entire sample. The resolution in full width at half maximum (FWHM)
of the PSF is approximated as: (A: excitation wavelength, NA: numerical aperture,
Imaz: peak depletion laser intensity, Is: fluorophore saturation intensity)

FWHM =~ A (31)

2NAV/1 + a(Lnas/Is)

Other super-resolution techniques that use specific excitation beam shapes such

as patterns, include structured illumination microscopy (SIM).15"1%8 In lattice light-
sheet microscopy!'®®1%0 (LSS) the excitation laser illuminates perpendicular to de-

tection and creates succesive planes through the specimen.
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Single-molecule localization microscopy

Single-molecule-based super-resolution techniques improve resolution without the
need for modification of the optical properties of the microscope or scanning across
the sample. In densely labeled samples where emission profiles of fluorescent la-
bels overlap, it is advantageous to observe individual molecules instead of imaging
the ensemble (Figure 23a and b). Super-resolution radial fluctuation (SRRF) mi-

L approaches this issue by analyzing fluctuations in the radial symmetry

croscopy 't
of the emitter PSF during the measurement. Super-resolution optical fluctuation
imaging (SOFT)'? makes use of fluorophores cycling between distinguishable inten-
sity states and derives their cumulants. By sequentially turning only a subsection
of fluorophores on, their emission profiles no longer overlap and their positions can

be determined at distances smaller than the diffraction limit (Figure 23 a and b).
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Figure 23: Principle of single-molecule localization microscopy. (a) Rayleigh criterion
that defines the smallest resolvable distance d. (b) Diffraction limited imaging
with all emitters on. Switching on only a subsection of emitters, allows precise
localization. (c) Principle of dSTORM with reversible photoswitches. (d)
DNA-PAINT dissociation rate (kopp) and association rate (ko). Binding
and dissociation of the dye-labeled imager strand leads to apparent blinking
traces.

Labels for single-molecule localization microscopy (SMLM) can be spontanously
blinking probes (hydroxymethyl silicon-rhodamine HMSiR) or fluorophores that are
converted, activated or photoswitched in a controlled manner.'% Specific fluorescent
proteins such as mEos can undergo photoconversion from green to red fluorescence
when illuminated with UV light. Other FPs such as PAmCherry are reversibly pho-
toactivated upon UV irradation to turn from non-emissive to emitting at 595 nm

and return to their dark state when quenched by blue light. Photoactivation lo-
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14,164

calization microscopy (PALM) uses this particular feature of FPs for acquiring

super-resolution images.

In stochastic optical reconstruction microscopy (STORM)' photoswitching is re-
alized with organic fluorophores such as the pair Cy5 and Cy3. After illumination,
Cyb forms a dark state from which it can be recovered when illuminated with green
light in proximity to Cy3. Photoswitching between dark and emissive state of one
fluorophore instead of the pair can also be realized'®>1%¢ such as in ASTORM!67:168
(Figure 23c). For this, carbocyanines such as Cy5 or Alexa Fluor 647 are reversibly

driven towards formation of non-emissive states such as thiol-adducts.!51:152

Instead of controlling photophysical processes such as photoactivation or chem-
ically induced photoswitching, PAINT (point accumulation for imaging nanoscale
topography) microscopy relies on dynamic labeling (Figure 23d).!7 In an imaging
solution with freely diffusing labels their signals appear blurred. However, upon
binding to the targets of interest, the emission of a label can efficiently be detected
as a PSF and localized. This imaging method relies on the continous exchange of

fluorophores and is therefore less compromised by the photobleaching of individual
labels.

DNA-PAINT

In DNA-PAINT, biomolecules are tagged with a ssDNA docking strand, so that a
complementary dye-labeled DNA sequence (imager strand) can transiently bind with
an association rate (koy).'® The duration of the on-event (bright or bound time, 7;)
therefore depends on the energy released upon duplex formation and can be tuned
by adjusting sequence and length of the DNA. Binding events should be long enough
to allow sufficient detection of photons but short enough to ensure quick acquisi-
tion of many localizations. Several other factors also influence the hybridization
kinetics in a DNA-PAINT experiment (see Figure 24): The dissociation rate kopp
was shown to be tunable through addition of the solvent ethylene carbonate.'® The
dark time (or dissociated time 74) can be adjusted by optimizing the buffer compo-
sition or concentration of the imager. Hybridization kinetics are dependent on the
concentration of Mg?t or Na™ cations that influence duplex stability. Preventing
the formation of secondary structures in the imager strand also improves its acces-
sibility for duplex formation.'™ This can be achieved either by directed sequence
design or with the help of proteins. The Ago protein has been shown to preorder
the DNA and RNA into a helical conformation, leading to higher imaging speed.!™

By designing a docking site with a repetitive sequences that partially overlap, the
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binding frequency of one imager can be further increased.!™
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Figure 24: Influences on DNA-PAINT hybridization kinetics. kopr is affected by tem-
perature, base-pair mismatches and solvents such as ethylen carbonate. The
dark time is governed by kon and imager concentration. The association
rate is adjustable through salt concentration and duplex stability. Periodic
motifs in the docking site increase the binding frequency. The minimization
of secondary structures reduces the entropic barrier of hybridization. To in-
crease concentration without increasing background, fluorogenic probes or a
donor/acceptor FRET-PAINT scheme are employed.

The concentration of dye-labeled strands in solution is limited by the increased
background that is created by the diffusing probe. A variety of methods exist to
circumvent this issue. Labeling docking strand and imager strand with a FRET pair
allows the detection of fluorescence in the FRET acceptor channel only.!”™ However,
spectral cross-talk of the donor to the acceptor channel may limit the advantage.
Another approach is the photoactivation of reductively caged labels that turn emis-
sive upon UV illumination.!™ The Cy3B dye used in this study may, however also
recover spontaneously, decreasing the fluorogenicity. Other methods involve a more
complex imager strand design, such that fluorescence is entirely quenched in solution
due to secondary structure formation (e.g., DNA hairpins).}™ Only upon binding
to the DNA docking site, fluorescence occurs due to an increased distance between
fluorophore and quencher. This also enables adding the probe at high concentra-
tions (10 pM) without significant background.'™ For fast ko, sequence length and
secondary structure formation are carefully optimized and matched with an fluo-
rophore/quencher pair that produces high contrast. Self-quenching probes, doubly
labeled with fluorophores on both ends, can also be implemented to improve signal
increase upon binding.!""'™® When separated, both dyes emit which leads to a higher

photon output and also improves the effective photostability.
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Analysis of the acquired image stacks involves finding the center of the local-
ization by curve-fitting the emission profile. The standard deviation of errors in
the estimated coordinates (localization precision 0y,.) has beed defined as:**% (oy:
standard deviation of the emitter PSF, N: number of photons, a: pixel size of the

camera, b: background intensity)

o2 +a?/12\ (16 8m(02 4 a?/12)b?
Oloc = \/(OT> (? + ° Na2 > (32>

To fit the localization, the maximum likelihood estimation is the state-of-the-art

algorithm. For this, a so-called gradient ascent is used to iteratively determine the
likelihood at a position.

The achievable resolution of DNA-PAINT was further improved down to Angstrém
distances by implementation of sequential imaging (RESI).?’ If target molecules
in close proximity (sub 10nm) are reliably equipped with orthogonal labeling se-
quences, they can be probed in separate, subsequent imaging rounds to generate
two distinct PSFs.

Crucial for all super-resolution techniques is the collection of a sufficient number of
photons during imaging. The photon budget determines spatial resolution, imaging

depth, acquisition speed and the amount of photodamage.?*163:17

2.6.4 Accessible Microscopy for Diagnostics

Advanced fluorescence microscopes used in reasearch are often self-built and re-
quire trained personal for operation. Together with the high cost of the equipment,
they are poorly accessible. One key component is the photon detector such as
an avalanche photodiodes (APD), charge coupled devices (CCD), or a complemen-
tary metal oxide semiconductor (CMOS) camera. The technology of cameras in
ubiquitously available smartphones has developed rapidly, making them a suitable
alternative for a low-cost component for a portable microscope.!®® Current models
include electron-multiplying CCDs, sCMOS or back-illuminated CMOS as detec-
tors.!8! Often, multiple cameras are included to correlate and reduce noise. In
addition to serving as the camera, the smartphone can store, compute and transmit
acquired data making its use largely independent of local infrastructure. Together
with sensitive and specific diagnostic assays that report on the presence of biomark-
ers, smartphone-based detection devices can be realized for the use at the point of
care (POC). Similar to fluorescence microsocpy in research, the method benefits of

detection reagents and labels having high photostability and brightness.!8?
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3 Materials and Methods

3.1 Sample preparation

Cell culture

Cos-7 cells (ATCC) were cultured in DMEM (Gibco, No. 11965084) medium sup-
plemented with 10% FBS (Gibco, No. 10500064). Cells were passaged twice a week
using 0.05% trypsin EDTA (Gibco, No. 25300054).

Cos-7 cells were seeded on Ibidi eight-well glass-bottom chambers (No. 80827)
at a density of 25000cm™2. Before imaging, cells were fixed using the protocol
described by Whelan and Bell,'®3 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 twice
with 37°C PBS, cells were incubated with 3% Glutaraldehyde in CSB for 15 min,
followed by washing with PBS (30s, 1min, 5min, 10min, 15min). To quench residual
aldehyde, the reductant NaBH, was added at 0.5% (w/v), followed by PBS washing
steps (30s, Imin, 5min, 10min, 15min). To avoid unspecific binding of antibodies,
a 45 minutes blocking step in antibody incubation buffer (Massive Photonics) was
included. Primary rat anti-tubulin antibody (Massive Photonics) was incubated
overnight at 1:100 dilution. After washing twice with washing buffer (WB, MP),
secondary anti-rat Ab (MP) was added at a 1:100 dilution and incubated overnight.
Afterwards, the sample was washed three times and stored in washing buffer before
imaging.

For in vivo measurements of red blood cells, microscope cover slides (22mm X
22 mm and 76 x 26 mm, Carl Roth GmbH, Germany) were cleaned using Ethanol
70% and dried with Kimtech Wipes (Merck KgaA, Germany). Then the slides were
treated for 30 min at 100 °C in a UV-Ozone cleaner (PSD-UV4, Novascan Technolo-
gies, USA). Dust was removed with compressed air. Two stripes of double-sided
tape (3M, Germany) were then glued onto the long edges of the large slide and
a small cover slip laid on top to create a flow chamber. 200 pL of purified iRBC
were centrifuged for 30 seconds at 1800 rpm at RT. The supernatant was discarded
and the sediment was washed twice with 500 pL cell culture medium. After each
washing step, the sample was placed in the centrifuge for 30s at 1800 rpm RT. To
stain the parasite organelles, 200 L. of 2 pMm SiR~glib in medium were added to the
sediment and incubated for 1h at 37 °C. The sample was then washed twice with
500 uL. cell medium, performing centrifugation steps after each wash (30 s at 1800

rpm RT). The sediment was diluted individually in medium to yield samples with
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similar blood cell concentration. Diluted blood samples were added to the chamber,
which was sealed from one side with one Tough-Tag (Diversified Biotech) and closed

with another from the other side.
DNA Origami design and production

The structural design of DNA origami was created with the open-source software
package with graphical user interface for 3D origami shapes caDNAno version 2.3.0.184

Structural rigidity and flexibility was simulated using the online tool CanDo.18%186

Table 1: Parameters used for CanDo simulation. Values provided by the developers.

Parameter Value
Axial rise per bp [nm] 0.34
Helix diameter [nm]| 2.25
Crossover spacing [bp] 10.5
Axial stiffness [pN] 1100

Bending stiffness [pN x nm?] 230
Torsional stiffness [pN x nm?] 460
Nick stiffness factor 0.01

Trident NACHOS were assembled using 25 pL of 100 nM p8064 scaffold and 18 pL
unmodified staple strands (Integrated DNA Technologies Europe GmbH, Germany).
After pooling together the staples at 100 nM initial concentration, an excess of mod-
ified staple strands was added at a volume of 2pL (Eurofins Genomics GmbH,
biomers.net GmbH, Germany). 5ulL of folding buffer were added and thermal an-

nealing was performed using the respective temperature ramp.

Table 2: Recipe for the folding of the Fork DNA origami.

Name Volume [pL]
scaffold 25
unmodified staples 18
modified staples 2
buffer 5
total volume 50

Purification of the reaction mixture and upconcentration of the DNA origami were
performed using 100kDa membrane MWCO Amicon Ultra filters (Merck KGaA,

Germany). Lower ionic strength FoB5 buffer (refer to supplementary information
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of 6.2 for buffer compositions) was added, then the mixture was centrifuged five
times for 5min at 20°C and a speed of 10000g. DNA origami concentration was

determined with UV-vis spectroscopy (NanoDrop, Fischer Scientific, USA).

Nanoparticle functionalization

Plasmonic nanoparticles were functionalized using a modified version of a proto-
col by Mirkin et al..%¢187 2mlL, of the particle solution (BioPure Silver Nanospheres
(Citrate), nanoComposix, USA; gold particles from BBI solutions, UK) were conti-
nously stirred at 550 rpm at 40 °C. 20 uL. of Tween20 10% (Sigma Aldrich, USA), as
well as 20 pL. potassium phosphate buffer (1 M solutions of each mono- and dibasic
potassium phosphate in a 4:5 mixture, Sigma Aldrich, USA) and 10uL of a 2nMm
thiol-modified single stranded DNA solution (5’-thiol-25T-3" or 5’-thiol-20T-3’ Ella
Biotech GmbH) were added succesively. The solution was then incubated at 40°C
for Th. A final concentration of 750 mMm of NaCl was achieved by gradually adding
portions of salt buffer (PBS3300) over a period of 45min (refer to supplementary
information of 6.2 for buffer compositions). The solution was then diluted 1:1 with
PBS10 buffer. Unbound thiolated ssDNA was removed by centrifuging the solu-
tion for 10 min at 2800 g and 20 °C. The supernatant was discarded and the pellet
dissolved in PBS10 buffer. This washing procedure was repeated four times. The
nanoparticles were then diluted in 1xTE containing 750 mM NaCl to reach an ap-
proximate value of 0.1 absorption maximum on the UV-Vis spectrometer (Nanodrop
2000, Thermo Fisher, USA). To study differences between DNA origami structures,

the same batch of functionalized particles was used to ensure similar ssDNA density.

Surface immobilization of DNA origami and nanoantenna preparation

To prepare glass surfaces for immobilization of DNA origami, microscope coverslips
of 24mm x 60 mm size and 170 pm thickness were UV-Ozone cleaned (PSD-UV4,
Novascan Technologies, USA). SecureSeal Hybridization Chambers (2.6 mm depth,
Grace Bio-Labs, USA) were then glued to the cleaned coverslips and washed three
times with 1xPBS buffer. To passivate the surface, bovine serum albumin (BSA)-
biotin (1 mg/mL, Sigma Aldrich) was incubated for 15 min. After washing the cham-
bers three times with 1xPBS, NeutrAvidin (for trial measurements, 0.25 mg/mL) or
StreptAvidin (for DNA-PAINT measurements, 0.2mg/mL) (Sigma-Aldrich) were
added and incubated for 15min. After cleaning the surfaces with 1xPBS three
times, DNA Origami was added to the prepared chamber in TE 750 mM NaCl at
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an approximate concentration of 50 pM to 250 pM. Sufficient single-molecule sur-
face density was confirmed on the microscope (see chapter 3.2). After three washing
steps with immobilization buffer, the nanoparticle solution was added and incubated
in different buffers depending on the experiment, including 0.01% Tween20 (Sigma
Aldrich, USA). Saples were then incubated at (21°C) or 37°C for 3h to 18h. The
sample was then washed three times with 150 pLL the nanoparticle incubation buffer.
The surface was stored in incubation buffer to avoid drying and sample degration.
Samples containing AF647 were imaged in a reducing and oxidizing buffer system

for enzymatic oxygen removal (ROXS).
Sandwich Assay

To avoid unspecific binding of imager strand on the surface, the prepared nanoan-
tenna sample was passivated by incubating BSA in 1 x PBS for 15 min at 1 mg/mL
and 12.5mMm MgCl,. Target DNA specific to the Oxa-48 gene was diluted to 4 nm
concentration. Alexa Fluor 647 imager was diluted to 12nM, both in 1xTE con-
taining 2M NaCl. A 1:3 ratio of target to imager solution was added with target
concentration of 2nM.To achieve higher binding yields, the concentration was raised
to 4 nM target, while maintaining the 1:3 target /imager ratio, adding 0.01% Tween20
(Sigma Aldrich, USA) to the buffer. The sample was incubated for 2h at 37°C. Un-
bound target and imager strands were removed after incubation by washing three
times with 1xTE buffer containing 2M NaCl. Afterwards, the sample was imaged

on the confocal microscope.

3.2 Microscopes and imaging conditions

Confocal microscope 1

To detect the fluorescence of single molecules in DNA origami structures, a custom-
built confocal setup based on an Olympus IX-83 inverted microscope (Olympus Cor-
poration, Japan) with a 78 MHz pulsed supercontinuum white-light laser (SuperK
Extreme, NKT Photonics A/S, Denmark) was used. An acoustooptically tunable
filter (AOTF, SuperK Dual AOTF, NKT Photonics, Denmark) and a digital con-
troller (AODS 20160 8R, Crystal Technology, Inc., USA) allowed for wavelength
selection between 532 and 639 nm via software (AODS 20160 Control Panel, Crys-
tal Technology, Inc. USA). To alternate between the two wavelenghts, a second
AOTF (AA.AOTF.ns : TN AA-Opto-Electronic, France) was used. Using a Lab-
VIEW software, the laser intensity was set via the second AOTF and the laser
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beam spectrally cleaned. To manually regulate the laser intensity, a neutral density
filter (ndF, OD 0-2, Thorlabs, Germany) was used, followed by a linear polarizer
(LPVISE100-A, Thorlabs, Germany) and lambda quarter plate (AQWP05M-600,
Thorlabs, Germany) for circular polarized excitation. The laser was coupled into
a polarization maintaining fiber (PM-Faser, P1-488PM-FC-2, Thorlabs, Germany)
to overcome the height difference between excitation path and microscope body.
The laser was then focused onto the sample with an oil-immersion objective (UP-
lanSApol100x, NA = 1.4, WD = 0.12 mm, Olympus Corporation, Japan). A piezo
stage (P-517.3CL, E-501.00, Physik Instrumente GmbH & Co. KG, Germany) po-
sitioned the sample. The excitation light was separated from emission through the
dichroic beam splitter and focused on a 50 pm pinhole (Linos AG, Germany). Red
and green emission channels were spectrally separated (red: RazorEdge 647, Sem-
rock Inc., USA and green: Brightline HC582/75, Semrock Inc, USA). Photons were
detected by a Single-Photon Avalanche Diode (SPCM, AQR 14, PerkinElmer Inc.,
USA) and registered by a TCSPC system (HydraHarp 400, PicoQuant GmbH, Ger-
many). Scans of the sample were performed at powers of 2pnW before the objective,
50nW for transients of samples with NPs, 200nW for samples without NPs.

Confocal microscope 2

Another confocal setup, based on an Olympus IX-71 microscope body was also
used for single molecule data acquisition. For this a LDH-D-C-640 laser (636 nm)
or LDH-P-FA-530B laser (532 nm) (PicoQuant, Germany) were collimated and
passed a linear polarizer (LPVISE100-A, Thorlabs GmbH) and a lamda quarter
plate (AQWPO05M-600, Thorlabs GmbH) to generate circularly polarized light. The
excitation beam was focused on the sample with an oil-immersion objective (UP-
LSAPO100XO, NA1.40, Olympus Deutschland GmbH). A piezo stage (P-517.3CD,
Physik Instrumente GmbH & Co. KG) and piezo controller (E-727.3CDA, Physik
Instrumente GmbH & Co. KG) were used to scan the sample. A dichroic beam
splitter (zt488/543/ 635/730rpc or zt532/640rpc, Chroma Technologies) separated
the fluorescence emission from excitation light. The beam was then focused on a
pinhole (50 pm diameter, Thorlabs GmbH). A beam splitter (HC BS 749 SP or 640
LPXR, Chroma Technologies) separated the red and green emission channel. Sub-
sequently, red fluorescence was directed towards an APD (SPCM-AQRH-14-TR,
Excelitas Technologies GmbH & Co. KG, Germany). For correlation studies a
nonpolarizing 50:50 beam splitter (CCM1-BS013/M, Thorlabs GmbH) directed the
beam to another APD (SPCM-AQRH-14-TR and SPCM-AQR-15, Excelitas Tech-



39

nologies GmbH & Co. KG, Germany). Green emission was directed towards another
APD (SPCM-AQRH-14-TR, Excelitas Technologies GmbH & Co. KG, Germany) or
distributed between 2 APDs (SPCM-AQRH-14-TR and SPCMAQR- 15, Excelitas
Technologies GmbH & Co. KG, Germany) using another nonpolarizing 50:50 beam
splitter (CCM1-BS014/M, Thorlabs GmbH). A multichannel picosecond event timer
registered incoming photons (HydraHarp 400, PicoQuant GmbH). All hardware was

controlled using a commercial software (SymPhoTime 64, PicoQuant GmbH).

Widefield microscope

A custom-built total internal reflection fluorescence (TIRF') microscope, based on an
inverted microscope (IX71, Olympus) was used to perform DNA-PAINT measure-
ments in fixed cells. A nosepiece (IX2-NPS, Olympus) was implemented for drift
suppression. Red excitation at 644 nm was realized with a 150 mW laser (iBeam
smart, Toptica Photonics) and spectrally filtered with a clean-up filter (Brightline
HC 650/13, Semrock). The excitation beam was coupled into a polarization main-
taining single mode fiber (P3-488PM-FC-2 for 560 nm, P3-630PM-FC-2 for 644 nm)
to achieve a gaussian beam shape. Behind the fibers, excitation beam paths were
combined with a dichroic mirror (T612lpxr, Chroma). A homogenous excitation
profile across the whole detection plane was achieved by guiding the laser light
through a diffractive beam shaper (piShaper 6_6_ VIS, AdlOptica) to change the
Gaussian beam profile to a flat-top beam profile. Coupling into the microscope
body was done with a triple-color beam splitter (Chroma z476-488/568/647, AHF
Analysentechnik). Light was focused on the back focal plane of an oil-immersion
objective (100x, NA = 1.45, UPlanXApo, Olympus) with a telescope, that can be
aligned for TIRF illumination. An additional x1.6 optical magnification lens was
included in the detection path to achieve an effective pixel size of 92.6 nm. Fluores-
cence emission was spectrally cleaned (ET 700/75, Chroma for red excitation or ET
605/70m, Chroma for yellow excitation) and recorded using an electron multiplying
charge-coupled device camera (Ixon X3 DU-897, Andor). The camera was con-
trolled with the Micro-Manager 1.4 software.'®19 Cos-7 samples, without andwith
pCOT/rCOT were measured using an excitation power density of ca. 0.6 kW /cm?
for 36000 frames at 100 m sec exposure time and EM gain set to 150.

Smartphone microscope

Inside the portable box (LMU Munich chemistry department workshop) the 638 nm
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laser diode with output power 180 mW (0638L-11A, Integrated Optics, UAB, Lithua-
nia, driven by a portable power bank) was focused onto the sample at a ~ 45° angle.
After passing spectral filtering (BrightLine HC 731/137, Semrock Inc., USA), the
fluorescent signal was collected using an objective lens (NA = 0.25, L.S-40166, UC-
TRONICS, USA) that guides the light to the monochrome camera of the smartphone
(P20, Huawei, China).

3.3 Data analysis

Smartphone data

The FreeDCam application (Troopii) was used to acquire movies. These were ana-
lyzed with ImageJ 1.54f (Fiji, Java 1.8.0_322) after file conversion with the FFMPEG
plugin to .tif (32-bit). A home-written macro crops a defined region of interest in
the video and calculates the area of pixels above a defined threshold. This threshold
is individually set to the intensity value that is above the highest pixel intensities
detected in the uninfected sample (100 for samples without dye, 120 with dye). The
extracted data was analyzed using OriginPro2019. Significance was determined us-
ing an ANOVA test.

Confocal data

A custom LabVIEW software (National Instruments, USA) was used to process the
data acquired on the confocal microscope 1. Background correction was performed
for each transient. Fluorescence lifetime decays were extracted and monoexponen-
tially fitted for the shortest lifetime component and deconvolved from the instrument
response function using FluoFit (PicoQuant GmbH, Germany). The extracted data
were analyzed in OriginPro2019.

Data acquired on the confocal microscope 2 was analyzed using a commercial
software (SymPhoTime 64, PicoQuant GmbH). Extracted data in the .fifo format

was converted and further analyzed with custom Python codes.
DNA-PAINT

X/y coordinates and photon counts were extracted from raw data using the “Lo-
calize” feature of the software Picasso.!”® 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”. Drift-corrected data was subjected to filtering using a
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191 Pirst and last frame were excluded to factor out photon

custom written software.
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. Rendered images
were extracted at the same zoom and contrast settings with individual localization
precision blur. Rendered images with color coding according to photon count (32
colors) were extracted setting the maximum photon number to 10000. 3D cross sec-
tions of microtubules were generated by picking localizations perpendicular to the
microtubules’ length using the rectangular tool in Render. The custom-built SIM-
PLER software in MATLAB was used to extract the axial positions.!?* Following
parameters were set: Ny (photons expected for z = 0) = 7000, ©; (incident angle)
= 66°, a (evanescent component) = 0.9, NA = 1.45, )\, (excitation wavelength) =
644 nm and A\; (mean detection wavelength) = 700 nm. 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 3.5nm in the super-resolved image,
where every localization is rendered as a Gaussian blurred spot with a width of
7nm. A custom software was used to calculate the localization precision, analyzing
individual ON-events. A minimum ON-time of 3 frames is set as a prerequisite for

calculating standard deviation in x/y and average number of photons from an event.
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4 Fluorophore photostabilization for single

molecule imaging and SMLM

4.1 Associated Publication 1

Minimally Invasive DN A-Mediated Photostabilization for Extended Single-

Molecule and Super-resolution Imaging

Michael Scheckenbach,* Cindy Close,* Julian Bauer, Lennart Grabenhorst, Fiona
Cole, Jens Kohler, Siddharth S. Matikonda, Lei Zhang, Thorben Cordes, Martin J.
Schnermann, Andreas Hermann, Philip Tinnefeld, Alan Szalai and Viktorija Glem-
bockyte

*equal contribution

Preprint on bioRxiv 2025/631860 (2025).
doi: https://doi.org/10.1101/2025.01.08.631860

Single-molecule and super-resolution experiments are limited by premature pho-
tobleaching of fluorescent dyes. To prolong imaging and improve photostability,
imaging solutions commonly contain enzymes for oxygen removal, their substrates
and triplet state quenchers. This approach is not universally applicable since the
composition of the solution needs to be carefully matched with the fluorophores in
use and additives at high concentrations may disrupt the biomolecular environment.

To address these limitations, we developed a modular and minimally invasive
photostabilization strategy which relies on the DNA-mediated delivery of a pho-
tostabilizer directly to the imaging site. We found an improved photon budget
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of permanent dye labels at low excitations intensities outperforming the solution
additives. At increased excitation intensities, we identified the stability of the pho-
tostabilizer itself as a bottleneck. A recovering photostabilization scheme where the
photostabilizer is continuously exchanged but still acts locally at the imaging site
significantly slowed down the loss of DNA-PAINT localizations, even under high
excitation intensities and ambient oxygen. We further demonstrated the applicabil-
ity of our approach to complex biological environments by imaging microtubules in
cells and observed an improved localization rate and precision, even without oxygen
removal.

Our DNA-mediated photostabilization approach offers a promising strategy for
challenging biological samples where the delivery of high concentrations of additives
is difficult or harmful. Its modularity enables the adaptation to various imaging
schemes, simplifies photostabilizer screening and expands the pool of applicable flu-

orophores for super-resolution microscopy and single molecule imaging.

Author contributions

VG and MS conceived the idea. MS and VG designed and the experiments on DNA
origami nanostructures. CC, MS and VG designed DNA-PAINT experiments in
fixed cos-7 cells. MS synthesized and characterized DNA origami nanostructures.
MS performed bleaching experiments and DNA-PAINT imaging on DNA nanostruc-
tures and subsequent data analysis. CC performed DNA-PAINT imaging in fixed
cos-7 cells and subsequent data analysis with help of AS. MS and VG performed
single-molecule fluorescence correlation studies. AS provided custom written soft-
ware and support for filtering and analysis of DNA-PAINT microtubule data. JB
built the flat-top TIRF setup to enable DNA-PAINT cell measurements. FC pro-
vided custom-written software for the analysis of single-molecule bleaching data. LG
provided custom-written software for fluorescence autocorrelation studies. AS and
JB provided custom written software for filtering and analysis of obtained DNA-
PAINT data. SSM and MJS synthesized and provided Cy5-NHS ester. JK and
AH synthesized the COT-maleimide NHS ester compound, LZ and TC provided the
molecule. VG, AS and PT supervised the study. MS and CC visualized the data.
VG, MS, CC and AS wrote the manuscript with additional input from PT, JB, and

LG. All authors reviewed and approved the manuscript.
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detection

5.1 Associated Publication 2

A silicon rhodamine-fused glibenclamide to label and detect Malaria-
infected red blood cells

Claudia Bastl*, Cindy Close*, Ingo Holtz*, Blaise Gatin-Fraudet, Mareike Eis,
Michelle Werum, Smilla Konrad, Kilian Romann, Christiane Huhn, Souvik Ghosh,
Julia Ast, Dorien A. Roosen, Martin Lehmann, Volker Haucke, Luc Reymond, David
J. Hodson, Philip Tinnefeld, Kai Johnsson, Viktorija Glembockyte, Nicole Kilian,

Johannes Broichhagen

*equal contribution

Preprint on bioRxiv 2025/637098 (2025).
doi: https://doi.org/10.1101/2025.02.07.637098

Plasmodium falciparum (P. falciparum) is the protozoan parasite responsible for
Malaria tropica, the most common and dangerous type of Malaria infection for
humans. Its reliable detection is essential to begin treatment of patients as soon as
possible. However, regional healthcare providers often have only limited access to
electricity or designated diagnostic or treatment facilities.

During the asexual reproduction of the parasite (erythrocytic schizogony), mature
human red blood cells (RBCs) act as the host cell. P. falciparum invades the RBC

and processes nutrients to mature from ring to trophozoite and finally schizont stage.
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As organelles are only present in the infected cells (iIRBC), uninfected RBCs can be
distinguished from ones that have been invaded by the parasite. In this publication,
we make use of this unique property by labeling cell organelles with fluorescent
probes.

To achieve spectrally well separated fluorescence signals from hemoglobin in its
oxygenated or deoxygenated form, a new label was designed. Therefore, a silicon rho-
damine (SiR) was chemically fused with glibenclamide (glib) moiety which targets
the sulfonylurea receptor 1 of the endoplasmatic reticulum. The probe (SiR-glib)
was characterized and tested for specificity by performing live cell confocal imaging
of mammalian cells and tissue. RBC infected with the P. falciparum strains 3D7 and
FCR3 were labeled at all three stages of maturation using a confocal microscope.

To showcase the synergy of the specific, bright and photostable SiR-glib with ac-
cessible microscopy, a smartphone-based microscope was used for detection of iRBC.
Using the low-cost portable device, cells infected by the 3D7 strain could be clearly
differentiated from uninfected RBCs.

Author contributions

LR, KJ, VG, NK and JB were responsible for conceptualization and methodology.
CB, CC, IH, BG-F, ME, MW, SK, KR, CH, SG, JA, DR, ML, DJH, VG, NK
and JB performed formal analysis and investigation. DJH, NK, and JB wrote the
original draft. All authors reviewed and edited the manuscript. Visualization was
done by NK and JB with help from CC on Figure 4. VH, PT, KJ, VG, NK and JB
supervised the project. Funding was acquired by DJH, PT, VG, and JB.
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6 Development and application of DNA origami

nanoantennas

Chapters 2.4 and 2.5.2 have established that plasmonic nanostructures influence the
fluorescence intensity of dye molecules. Early adaptations of so-called nanoantennas
that position the fluorophores in this environment relied on random orientation of
the dye.?®199192 The dyes were either diffusing in solution or embedded in a polymer.
The metal nanostructure was produced using top-down lithography methods. While
nanophotonic structures, like the zero-mode-waveguide have been commercially ap-
plied for biosensing, such as single-molecule real-time sequencing'®® (Figure 25a), the
potential of fluorescence enhancement is not exhausted. Emitters will pass through
the hotspot region but not remain fixed at this optimal position for fluorescence en-
hancement. Approaches using DNA strands as spacers suffered from high flexibility
on short length scales.!94719

The bottom-up self-assembly approach of DNA-origami finally allowed the ar-
rangement of fluorescent dyes and functionalized nanoparticles with nanometer pre-

1977201 Using a two-dimensional rectangular DNA origami platform, Acuna et

cision.
al. studied the distance-dependent interaction of the ATTO 647N fluorophore with
a gold NP.%3 For this, a dye-labeled staple strand was included in the structure at
varying positions. The NP was attached using three protruding binding strands
(NPs covered in complementary thiolated DNA) and held at a constant position on
the nanostructure. In line with previous reports that used near-field fluorescence
imaging of polymer embedded dyes,* quenched fluorescence intensity and reduced

fluorescence lifetime were observed at dye-particle distances smaller than 15 nm.
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Figure 25: Nanophotonic structures for biosensing.(a) Zero-mode-waveguide for single
molecule real-time DNA sequencing.??(b) DNA origami nanoantenna pillar
including the fluroescence quenched hairpin assay for DNA detection.56:203
Figure adapted and reprinted with permission. Copyright 2009 AAAS and
2021 American Chemical Society.

To achieve high fluorescence enhancement, a three dimensional DNA origami pillar



47

was implemented to provide binding sites for two NP and a fluorophore in between.%

The bottom of the pillar was equipped with biotinylated DNA such that interaction
with a glass surface (covered in biotinylated BSA) allowed vertial placement of the
structure. Inside the 23 nm gap between NPs, fluorophores and biomolecular assays
such as the Holliday junction could be kept at a designated position. For gold NPs of
100 nm diameter fluorescence enhancement up to 60-fold was observed. Holzmeister
et al. studied the influence of the particle size on the radiative, non-radiative and
excitation rate of dyes in a DNA origami structure.!1® All three rates increased with
particle size at fixed interparticle distance. In addition to the particle size, optimized
interparticle distance was made possible by adjusting the binding geometry of the

204

NP attachment strands to the zipper approach.””* Fluorophores in the green and

blue spectral range were enhanced by using NPs made of silver.5

Application of the DNA self-assembled nanoantennas for single-molecule sensing
was implemented in 2017 by incoroprating a fluorescence quenched DNA hairpin
(FQH) into the DNA origami (Figure 25b).62% Upon hybridization with a partially
complementary nucleic acid sequence that is specific for the Zika virus, quencher and
fluorophore of the FQH are separated and fluorescence signal increase is detected.
The FQH element was placed at 12nm distance to a silver NP, further amplifying
of the optical signal.’” However, under the enhanced electric field in the plasmonic
hotspot photobleaching of the dark quencher was observed which led to false-positive
signals.?% To ensure a high contrast between structures with and without target
DNA, an alternative nucleic acid sensing element was needed. Another drawback
of the pillar structure, was the insufficient formation of dimer nanoantennas, as
the FQH blocked the binding site for a second NP. To achieve greater fluorescence
enhancement, the attachement of two particles to a structure with an incorporated

bioassay was therefore highly desirable.
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Addressable nanoantennas with cleared hotspots for single-molecule de-

tection on a portable smartphone microscope

Kateryna Trofymchuk™®, Viktorija Glembockyte*, Lennart Grabenhorst, Florian Steiner,
Carolin Vietz, Cindy Close, Martina Pfeiffer, Lars Richter, Max L. Schiitte, Florian
Selbach, Renukka Yaadav, Jonas Ziahringer, Qingshan Wei, Aydogan Ozcan, Birka
Lalkens, Guillermo P. Acuna, Philip Tinnefeld

*equal contribution
Nature Communications 12, 950 (2021). doi: 10.1038/s41467-021-21238-9

In this publication the DNA origami nanoantenna design was adapted for optimal
signal enhancement while providing a binding site for a biomolecular assay. The
DNA origami included binding regions for the attachment of two nanoparticles and
an addressable site for capturing analytes inside the plasmonic hotspot. A nucleic
acid detection assay was incorporated in the rigid gap between the NPs, which
is cleared from DNA origami (NanoAntennas with Cleared Hotspots, NACHOS).
The so-called sandwich assay is designed such that a DNA sequence, specific to
Klebsiella pneumoniae,5®%° hybridizes to the region and creates a single-stranded
overhang. Here, a dye-labeled imaging strand can permanently attach. This way
the fluorescent label only remains inside the hotspot if the biomolecular target is
also bound. The plasmonic nanoparticles increased the fluorescence signal of single
molecules up to 461-fold (average of 89 £ 7-fold). Single-molecule sensitivity was
achieved by intensifying only the fluorescence of the molecules bound in the zepto-

liter volume of the DNA nanoantenna hotspot. Through fluorescence enhancement,
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molecular amplification is no longer required to detect biomarkers at low concentra-
tions. In combination, the DNA origami design with a DNA detection element and
the strong signal enhancement enabled the detection of single biomolecules on the

smartphone microscope.

Author contributions

PT, AO and GPA conceived the project, LG and BL developed the DNA origami
structure, KT, VG and MP optimized the solution synthesis procedure, FSe per-
formed the TEM measurements, KT, VG, CC, MP and RY developed the sandwich
assay and prepared samples, performed and analyzed the measurements on the con-
focal microscope, CV, LR, MLS, QW, AO and GPA worked on an earlier version of
the smartphone microscope, KT, VG, FSt and JZ constructed the portable smart-
phone microscope, KT, VG and FSt performed and analyzed the measurements on

the smartphone microscope, KT, VG, LG, FSt and PT wrote the manuscript.
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Maximizing the Accessibility in DNA Origami Nanoantenna Plasmonic

Hotspots

Cindy Close, Kateryna Trofymchuk, Lennart Grabenhorst, Birka Lalkens, Viktorija
Glembockyte, Philip Tinnefeld

Advanced Materials Interfaces 9, 24 (2022). doi: 10.1002/admi.202200255

To expand the applicability of the DNA origami nanoantenna, we focussed on de-
signing nanoantennas specifically for detection of larger biomolecules. While the
previous publication showed efficient capture of a 34 nucleotide DNA target molecule
inside NACHOS, the space for binding two NPs and larger biomolecules was limited.
To improve the hotspot accessibility, another design (Trident NACHOS) was devel-
oped as part of this work. The structure provided an even larger cleared hotspot
region for biomolecules to be captured while ensuring rigid binding of nanoparticles
at a defined distance. For this, the structure included three pillars. The outer two
were designed for NP attachment and included up to six binding strands each. The
central pillar served as a spacer between the NP, ensuring an interparticle distance of
12nm. Most importantly, this provided a platform for placing a biomolecular sensing
assay in the plasmonic hotspot. The transversal space between the NP attachment
pillars was increased from 6.5nm in previous NACHOS to 19 nm, creating a larger
accessible hotspot volume. Trident NACHOS were optimized with respect to NP
binding, fluorescence enhancement and compared to previous nanoantenna genera-
tions. The biomolecule capture region was used to bind a large 151 nucleotide DNA

sequence, specific to Klebsiella pneumoniae. Overall, the more accessible hotspot in
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Trident NACHOS significantly improved the target capturing efficiency. Compared
to previous NACHOS, delivery of target DNA into the hotspot and thereby detection
speed were increased threefold. While both NACHOS generations were equipped
with three capture strands to bind DNA in the hotspot, two or more binding events
were more frequently observed in the Trident hotspot. Even upon NP binding to the
DNA origami, kinetics of target capture were not reduced significantly. Together
with the achieved high fluorescence enhancement values, Trident NACHOS mark a

step forward in single-molecule-based plasmonic biosensing.

Author contributions

PT, VG, KT and BL concieved and supervised the project. LG and CC developed
the DNA origami structure. KT helped delevop Figure 5. CC performed the single
molecule measurements, analyzed and visualized the data. CC wrote the original
draft and finalized the manuscript with help of KT, LG, VG and PT. All authors

reviewed and edited the manuscript.
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7 Conclusions and Outlook

Since the observation of cells and microorganisms through the lens of the first mi-
croscope, humans have discovered smaller and smaller details by improving the
method. While the use of super-resolution fluorescence microscopy now enables us
to discern sub-nanometer distances, it is important to study biomolecules in their
macromolecular context as well. This not only requires advanced microscopes, but

also well performing labels and detection platforms.

7.1 Minimally-invasive and modular photostabilization for

single-molecule and super-resolution microscopy

Complex organisms such as eukaryotic cells are able to sense and adapt to changes in
their environment. Observing them close to their innate state requires non-invasive
visualization methods. For fluorescence microscopy this means that the label should
not perturb the system, e.g. by inducing photodamage. To ensure a sufficient num-
ber of emitted photons and the endurance of fluorophores over long experiments,
photostabilization strategies are necessary. When adding stabilizing compounds,

their compatibility with the system, however, needs to be ensured.

Chapter 4.1 introduced the DNA-mediated photostabilization mechanism as a
minimally invasive strategy. By delivering the DNA-linked photostabilizer directly
to the site where the biomolecule is labeled, the increased local concentration en-
abled stabilization at much lower concentrations (Figure 26a). Using this approach,
the performance of a dye, previously not used for super-resolution imaging due to its
photolability, was improved greatly. Many more localizations were detected, even
after hour-long experiments. The improved localization precision enabled three-
dimensional reconstruction of microtubules at similar quality to routinely used fluo-
rophores.?°"2% Furthermore, the binding time of the stabilizer strand can be tailored
to the imaging modality. Our studies showed that a bound photostabilization strand
increases the photon budget of permanent labels significantly at low excitation in-
tensities.

However, under harsh illumination conditions the degradation of the photosta-
bilizer becomes limiting. This effect was hinted at in publications in which the
cyclooctatetraene (COT) molecule was covalently attached to the fluorophore.?® To
circumvent this, we switched to a transiently hybridizing photostabilizer scheme.
Similar to the concept of constant label exchange, continous replacement of the

photostabilizers reduces the effect of individual damaged molecules. Nevertheless, it
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Figure 26: Summary of how this thesis enhances fluorophore performance in the aspects
of photostability, specificity and brightness. (a) DNA-mediated photosta-
bilization is a modular and minimally invasive photostabilization approach
to improve longevity in single-molecule and super-resolution imaging. Even
under aerobic conditions the reconstruction of the microtubule shape is sig-
nificantly improved. Hour-long measurements benefit in terms of localization
precision and number of localizations. Inset microtubule scale bar 25nm. (b)
The specificity of the SiR-glib probe allows for reliable detection of an early-
stage Malaria infection (ring stage). Scale bar 3pum. Measurements on a
portable smartphone microscope of two different strains of the parasite (3D7
and FCR3) bring the detection assay close to application in the field. (c)
DNA origami nanoantennas with cleared hotspots enable the efficient captur-
ing and enhancement of single biomarkers and their label. Due to the strong
signal amplification single molecules can be detected with a smartphone cam-
era. The Trident structure improves the hotspot accessibility and enables the
detection of a wider range of analytes.
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would be interesting to study the mechansim of photostabilizer degradation. While
it has been shown that the COT molecule itself may react with generated oxy-

209 we observed this effect even when removing oxygen enzymatically.

gen species,
This points towards an oxygen-independent degradation pathway of COT. Due to
the relatively long triplet state lifetime of COT (100 ps),?'° photoinduced electron
transfer and radical formation, e.g., with the excited state fluorophore become prob-
able, as proposed for self-healing dyes.?!* Electron withdrawing groups attached to

cyclooctatetraene may slow down its degradation.3®2!2

In addition, the coupling strategy of COT to DNA and its influence on the nearby
fluorophore could be reconsidered. The linker molecule used in this study was ini-
tially designed for attaching three moieties: A photostabilizer (COT), a biomolecule
(via maleimide-thiol coupling) and a fluorophore (via alkyne).3%23 As only two
of the functionalities were needed to create the photostabilizer strand, the alkyne
was not used and could be omitted. Commonly, the maleimide-thiol coupling to
biomolecules is employed to ensure site-specific labeling of proteins to cystein-tags
in otherwise cystein-deprived proteins. However, Zhang et al. showed that di-
rectly attached maleimide-thiol linkers on cyanine dyes accelearated photobleaching
through formation of a thioether adduct.?* Even if our approach explicitly avoids
the covalent binding of the fluorophore to the photostabilizer, the close proximity of
the linker could still affect the dye, particularly if placed on the blunt end. Therefore,
alternative strategies such as NHS-amine coupling or the use of electron-deficient

aryl thioethers like phenyloxadiazole could be explored.

DNA-mediated photostabilization with TSQ molecules other than COT is also
an obvious next step. Especially when correlating several molecules at once, mul-
tiplexed imaging with spectrally separate labels may be required (Figure 27a). To
improve photostability, efficient recovery of fluorophores from the triplet state is
needed. On the one hand this depends on the triplet state energy of the TSQ, which
must have a well matched overlap with the fluorophore triplet state. For COT, the
relatively low energy?!® prohibits efficient energy transfer with fluorophores such as
Cy3 that have higher triplet state energies. Another important feature would be the
quick recovery from the triplet state, so that energy transfer can occur frequently.'32
The modular DNA-mediated approach presents a universal photostabilization strat-

egy. By including different photostabilizers, each matched with spectrally separated

dyes, long multicolor measurements such as FRET will be possible.

When imaging more complex or sensitive biological environments, the DNA-
mediated photostabilization approach could be of great advantage. The strategy

involves a well-soluble DNA strand which does not have to be diluted in organic
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solvents and can be added at a factor of up to 107 lower concentration, depending
on the labeling density of the sample. Systems for which enzymatic oxygen scav-
engers3h32 or TSQ3 have been shown to disrupt the native state of the system could
benefit from this. For example, delivering probes into bacteria is often difficult be-
cause of the limited diffusion through the cell wall and the high concentration of
macromolecules inside the cells.?33%40 Electroporation has been used to efficiently
deliver DNA for the purpose of genetic modification through transformation. Instead
of bulky, enzymatic oxygen scavengers, the smaller, negatively charged DNA-linked
photostabilizers could enter the cell more easily (Figure 27a).21>2!6 Similar to the
delivery of dye-labeled DNA or RNA, additional protection, e.g., via chemical link-
ing might be necessary. Finally, this local photostabilization method could also be
used for a correlative live-cell and super-resolution imaging scheme.?!” For example,
STED imaging could be performed in vivo under high excitation intensites. During
this, photostabilization could help reduce the damage that ROS not only inflicts
on the fluorophore but also the labeled sample. Afterwards, the specimen could be

permeabilized to allow, e.g., DNA-PAINT with even higher resolution.

7.2 Target-specific labels and fluorescence enhancement for

disease detection

The application of fluorescence microscopy as a diagnostic tool requires accessible
and robust equipment such as stable and target-specific detection reagents and easy-
to-use imaging devices. Chapter 5.1 focused on the use of a novel probe for Malaria
detection based on the fact that red blood cells only contain cellular organelles
after infection (Figure 26b). Routinely used stains for determining the fraction of
infected RBC (parasitemia) include Giemsa which targets the parasites nucleus.*®49
Rapid diagnostic tests that employ immunochromatography can be performed in
20 minutes, but may require storage at 4°C.?' The SiR-glib synthesized by our
collaborators specifically labels the endoplasmatic reticulum and can be stored and
applied above room temperature over long periods. The high stability, labeling
efficiency and brightness of the fluorescent probe enabled the detection of Malaria-
infected RBC on our portable smartphone microscope (Figure 26b).52

Li et al. developed a more specialized and portable fluorescence microscope to
deduce parasitemia.’® Instead of a smartphone module, their microscope contained
a CMOS sensor and Raspberry Pi for control and computation. The large field-of-
view allowed high-throughput measurements. In that study, plateles were stained
using DAPI, which exhibits an emission maximum at 461 nm. The dye does not

permeate the cell membrane at low concentrations and therefore requires an addi-



56 7 Conclusions and Outlook

tional permeabilization step with methanol which prohibits in vivo measurements.
The spectral window of SiR-glib lies above 600 nm, where background fluorescence
originating from hemoglobin should be less pronounced. The excitation wavelength
is also well matched with the 639 nm laser inside our device. In combination, the
permeable probe and our low-cost imaging device, enabled the clear distinction of

Malaria-infected RBCs in vivo.

Initially, the portable microscope was developed for the publication discussed
in chapter 6.1. The scope of the work was the demonstration of single-molecule
detection on a smartphone camera (Figure 26¢). For this, DNA origami nanoan-
tennas were used to enhance the fluorescence signal of analytes. The NACHOS
DNA origami enabled attachment of two NPs and a bioassay in the hotspot, which
had not been possible in previous designs. The diagnostic target molecule was a 34
nucleotide DNA sequence, specific to an antibiotic resistant strain of the Klebsiella
pneumoniae bacterium.®®% The DNA sandwich hybridization assay ensured specific
binding to the hotspot. The incorporation of three capture strands led to a high
detection efficiency. Partial complementarity of the Alexa Fluor 647-labeled DNA
probe to the target DNA ensured that the label would only remain bound in the
hotspot region when target DNA was captured. To demonstrate the feasibility of the
assay in diagnostically relevant solutions which contain a multitude of biomolecules,

the work includes measurements in blood serum.

Subsequent studies involved the detection of anti-digoxigenin antibodies inside
NACHOS using a DNA nanoswitch.”™”™ This detection element consists of a fluo-
rophore/quencher pair that is separated upon target molecule binding. Although
antibody concentrations of 129 pMm where reliably detected on a flat DNA origami,
incorporation of the assay into NACHOS reduced its sensitivity. Further, the bind-
ing of two nanoparticles induced undesired photophysical effects on the quencher
molecule, possibly due to the increased excitation rate in the hotspot.2’® By care-
fully selecting a FRET pair that does not form dim states in NACHOS, Grabenhorst
et al. achieved count rates in the MHz regime.?'® This increased emission intensity
enabled the observation of biomolecular interactions at the microsecond timescale

such as transcription factor binding.

To accomodate and detect even larger biomolecules in NACHOS, chapter 6.2
focused on developing a new DNA origami structure (Trident). NP binding was
optimized to match the strong fluorescence enhancement of the previous design.

The larger cleared hotspot region enabled efficient capturing of a 151 nucleotide
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DNA sequence. In comparison with the more confined environment in the previous
generation, the detection speed in the Trident was tripled.

Based on the NACHOS Trident design, Yaadav et al. implemented nanopattern-
ing and microfluidics in a follow-up study to further improve the detection sensi-
tivity and usability.'®> Among other strategies, this entailed placing more capturing
strands inside the cleared hotspot. Since false-positive signals from unspecific bind-
ing become increasingly disruptive at lower concentrations, blocking strands were
introduced which are only displaced upon target binding. To further improve tar-
get capturing, the density of DNA structures on the surface was increased through

nanopatterning?!%220

of nanoantennas every 300 nm. To withstand changes in tem-
perature, pH or ionic concentration, DNA origami were coated with silica. For
reusability, a strand-displacement reaction removed target and imager after the as-
say. High throughput experiments were performed on an imaging device with large
FOV while flowing the sample through a microchip. After counting the number of
detected spots, the limit of detection was determined to ~ 5aM (10am in blood

plasma).
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Figure 27: Fluorescent labels with enhanced performance allow us to see the complexity
of biological systems. (a) Super-resolution imaging of multiple proteins in FE.
coli*®' with DNA-mediated photostabilization. Several molecules of interest
are labeled and for each an optimally matched stabilizer is included. The
photostabilizer strand is less bulky and invasive than common stabilization
approaches and acts locally. (b) Multiplexed detection platform for several
biomolecular targets. Sections of the chip are equipped with designated Tri-
dent DNA origami nanoantennas that capture and enhance the fluorescence
signal upon binding of antibodies (green), nucleic acids (orange) or proteins
(magenta).

.« 9% Ve
%k'x g~ 7 ,12222&!5

Single-molecule-based biosensing methods are especially promising for the detec-
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tion of low-abundance biomarkers, as they do not require a pre-concentration
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step.?3 797222223 Any patient sample contains a multitude of biomolecules and its com-
position holds valuable information. By placing the according detection elements in
the hotsptot, Trident NACHOS can be modified for sensing of micro RNA??* or low
abundant proteins.??>"227 Similar to DNA microaarrays,??® a microfluidic chip can
be designed such that specialized DNA origami nanoantennas are placed at desig-
nated positions (Figure 27b), each of which reports on the presence of a different
analyte.??® This parallelized diagnostic testing scheme could be especially useful for
precision medicine, e.g., in early-stage cancer diagnosis?*® where practitioners not

only require information on one, but several biomarkers.
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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



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)™® 1, 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 Ni2* 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 (krq and kox in Figure 1a)*2. 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.2® 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)31-33,

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



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.®” 3 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.®® 4

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 commaon photostabilization cocktails, such as ROXS, has also been essential in the above-mentioned
studies using DNA-mediated label exchange®* % 3" 38 emphasizing the importance of photostabilization
even if the experiment is no longer limited by the bleaching of the label itself. 34 35.37.38.41

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** %4, 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: 46,
correlative measurements*’). Additionally, in applications that rely on the exchange of fluorescent labels in
solution such as DNA-PAINT or dynamic labelling, solution-based photostabilization can lead to an
undesirably high background (unspecific photostabilization). In multicolor 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,
kret) or photochemical quenchers that rely on ping-pong redox reactions (ROXS, Kred, Kox); b) Ilustration 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; c¢) 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 1c). By changing the sequence length one can
design the photostabilizer strand to either permanently bind at the imaging site (Figure 1c, left and middle



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 2c). 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).*> 1" 1% 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 2c)*’. 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 2e). 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



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. 2

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.% 52 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 (c) 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?" % 41 and recovering labeling.3* 35 3738 Qver 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



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).3” 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 Cy5 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



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.?” 5% 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 kwW/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); c) 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). ) 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



(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 humber of localizations over the course
of the experiment (Figure 5c). The inset of Figure 5¢c 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.5* 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.>” °8 Inherently, the localization precision in DNA-PAINT measurements is
a function of the photon number N (Figure 5e). 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).



Discussion
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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; Il: 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® 8%; 111: 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?" 28,

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®Y), 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).



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 6bll). 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 6blll) or coupling a short photostabilizer strand to an
antibody. When designed smartly, the added linkage error can be minimal®® %8, 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®® 8, 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 multistep 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 6b1V) in a stable DNA duplex®®
67 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.



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. ¢ 7

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



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
M13mp18 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 12HB 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 um 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 Sl 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 MgClI; for 60 minutes. After washing away with 2x PBS
with 500 mM NaCl 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.



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 Sl sections 1.6 and 1.7. For more details on DNA-PAINT
imaging on DNA origami nanorulers, see Sl 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 ImageJ 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 W 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:
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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 C,p
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 €, 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



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 cm2. 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. was added at 0.5% (w/v) to quench residual aldehyde, followed by PBS washing steps (30s, 1min,
5min, 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 Sl 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: No
(photons expected for z = 0) = 7000, 0; (incident angle) = 66°, a (evanescent component) = 0.9, NA = 1.45,



Ao (excitation wavelength) = 644 nm and Ag (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

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 -6l 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 pImg 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 Cy5B 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
fimg 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).

[e] [e] @] O H o]
SH . &N%’\)I\N/\)LN N s i} P
/ A\ H 7< /
S
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 (T612lpxr, 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
LI
\ > \

glass "‘ '. ‘.‘.

Figure S2. Scheme of components involved in surface immobilization of DNA origami.

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, Cy5).

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 . . . , '
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/cm?) 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

. . . . ar
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 3%) 5’-end ©~ 3’-end]
pCOT + GTATGTGAAATTGTTATCC-TCTACCACCTACATCAT-
P 17+8 GrataTaA 10[79]  11[92]
TACCTGGTTTGCCCCAGCA-TCTACCACCTACATCAT-
hesat 10[373]  11[386]
AACACCCTAAAGGGAGCCC-TCTACCACCTACATCAT-
A e 10[625]  11[638]
;CT'I%T * 10+38 GTATGTGAAATTGTTATCC-CCTACATCAT-AACATTCC 10[79]  11[92]
TACCTGGTTTGCCCCAGCA-CCTACATCAT-AACATTCC 10373]  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 CyS5 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 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 Cy5 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. e) 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 S8. Permanent CyS5 labels without triplet state quencher (no COT) and stabilized by 2 mM COT solution under low excitation power (0.1
kW/cm?). a) Permanent CyS5 label without triplet state quencher imaged over 60 min. b) Permanent Cy5 label with 2 mM COT in solution imaged

over 60 min.
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Figure S9. Exemplary single-molecule trajectories of permanent CyS5 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 (rCyS 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
without COT. ¢) DNA-PAINT Kkinetics, i.e. on- and off-times, for individual DNA-PAINT docking sites without COT. d) Observed photostability
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 (1 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/em?).
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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
DNA 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 (21 nt binding sequence) and (c) a self-regenerating DNA mediated 10 nt self-regenerating COT label,

respectively.
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Figure S15. Triplicates and DNA-PAINT pick statistics with CyS5 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 5[287]

TTTTTAAAAACGCTCATGGAAATA 8[698]
AATCAGTTAAAACGTGGGAGAAA 3[121]
AGACAACCTGAACAGTATTCGAC 3[625]

TTTGCAACCAGCTTACGGCGGTGGTGAGGTTTCAGTTGAGGATCCTTTTT  3[25]

TGCAACACTATCATAACCCTCGT 7[231]
AACGAACCTCCCGACTTGCGGGA 8[531]
CCGAACGGTGTACAGACCAGGCG 8[321]
ATTCAAGGGGAAGGTAAATGTGGCAAATAAATC 0[431]
GTCACCAGTACAAGGTTGAGGCA 3[350]
TAAATCGGTTGGTGCACATCAAAAATAA 6[153]
AGACGGCGAACGTGGCGAG 10[667]
CCCTTCATATAAAAGAACGTAGAGCCTTAAAGGTGAATTA 11[429]
AACTTTAATCATGGGTAGCAACG 3[266]
ACCATCACCCAAATAAACAGTTCATTTGATTCGCC 11[567]
TGCCTAATGAGTGAGAAAAGCTCATATGTAGCTGA 11[147]
TTTTTTGGTAATGGGTAACCATCCCACTTTTT 1[21]
GGAGCAGCCACCACCCTTCGCATAACGACAATGACAACAA 7[338]
AAAAGTGTCAGCAACAATTGCAGGCGCT 6[69]
GGTTTGCGCATTTTAACGCGAGGCGT 8[508]
AAAAGAATAGCCCGATACATACGCAGTAAGCTATC 11[441]
TTTCACGAGAATGACCATTTTCATTTGGTCAATAACCTGT 7[212]
TCGGTCATACCGGGGGTTTCTGC 8[69]
CCTCCGAAATCGGCAAAAT 10[415]
TTCCATTGACCCAAAGAGGCTTTGAGGA 2[307]
ACGCGTCGGCTGTAAGACGACGACAATA 2[517]
GTCCGTCCTGCAAGATCGTCGGATTCTCTTCGCATTGGACGA 9[105]
GTCAGTCGTTTAACGAGATGGCAATTCA 6[615]
GAGCTTAAGAGGTCCCAATTCTGCAATTCCATATAACAGT 4[228]
GCAGCACTTTGCTCTGAGCCGGGTCACTGTTGCCCTGCGGCTTTTT 10[48]
TACCTGGTTTGCCCCAGCA 10[373]
AATGCTGTAGCTGAGAAAGGCCG 4[209]
CTATATTAAAGAACGTGGA 10[499]
CGGTAGTACTCAATCCGCTGCTGGTCATGGTC 0[53]
CTTGAAAACACCCTAACGGCATA 3[247]
AAGTAAGAGCCGCCAGTACCAGGCGG 8[382]
AAAAGATAGGGTTGAGTGT 10[457]
TTCGCCATAAACTCTGGAGGTGTCCAGC 2[55]
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2[56]
9[524]
6[448]
8[196]
8[47]
11[428]
3307
3[517]
5[118]
2[602]
7[230]
0[21]
11[386]
4[187]
11[512]
11[62]
10[248]
9[398]

11[470]



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

28

11[555]  0[539]
10[702]  11[702]
9[441]  5[454]
5[29] 4[52]
11[315]  6[322]
2[391]  3[391]
0[286]  0[264]

7[254]  8[238)
9[231]  5[244]
53711 4[378)

8[489]  8[467]
11[364]  6[364]
7121] 741]

9[609]  5[622]
3[182]  3[204]

(5671 7[589]
3[679]  3[698]
S[455]  4[462]

2[265]  3[265]

11[189]  6[196]
6[573]  2[560]
11[273]  6[280]

6[195]  2[182]
2[475]  3[475]
11[471]  0[455]
11[219]  0[203]
11[399]  6[406]
0[412]  0[390]
7[296]  8[280]

9[525]  5[538]

0[347]  11[363]
10[79]  11[92]
2[223]  3[223]

11[303]  0[287]

8[340]  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]  7[608]
4[564]  7[566]
4[545]  4[523]
3[163]  10[164]
714831 7[505]
313311 10[332]
4[293]  4[271]
8[573]  8[551]
9[315]  5[328]
7[548]  8[532]
10[541]  11[554]
11[513]  0[497]
4[186]  7[188]
2[433]  3[433]
8[592]  9[608]
4[587]  4[565]
9[567]  5[580]
3[289]  10[290]
0[538]  0[516]
71399]  7[421]
11[29]  10[49]

3[308]  3[330]

3[79] 10[80]
6[111]  2[98]
3[560]  3[582]

10[205]  11[218]
3[518]  3[540]
9[483]  5[496]
11[597]  0[581]
4[522]  7[524]
8[46] 9[62]
193] 0[77]
3(583]  10[584]
9[399]  5[412]
11[387]  0[371]
612791 2[266]
9[651]  5[664]

4[419]  4[397]
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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

7[86]
7[525]
11[231]
8[447]
7[590]
8[279]
7422]
0[473]
8[172]
6[405]
7189]
8[678]
41377
4[270]
10[247]
6[237]
8[214]
3[434]
11[63]
2[349]
0[244]
5[413]
71357]
9[273]
11]261]
0[305]
7[315]
11[345]
6[321]
0[557]
s[161]
51771
3[415]
3[392]
0[202]

71380]
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8[70]
7[547)
6[238]
8[425]
8[574]
8[257]
8[406]
11[482]
9[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]
71379]
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]



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

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]

429]
3[559]
0[306]
7[295]
5[702]
1[694]
2[476]
4481]
7[398]
7[104]
2[350]
7[85]

9[566]
7[440]

5[370]



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]
41167
0[599]
8[195]
10[121]
4[125]
8[657]
71147]
4671
71105]
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]

0[54]
6[112]
7[694]
2[644]
4[607]
4[145]
11[608]
8[173]
11[134]
4103]
8[635]
71169]
4[649]
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]

71146]



CCGAACCCCCTAAAACATCGACCAGTTTAGAGC 0[641] 11[650]
TGCGTACTAATAGTAGTTGAAATGCATATTTCAACGCAAG 11[177]  O[161]
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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Abstract

The malaria parasite Plasmodium falciparum affects the lives of millions of people worldwide
every year. The detection of replicating parasites within human red blood cells is of paramount
importance, requiring appropriate diagnostic tools. Herein, we design and apply a silicon
rhodamine-fused glibenclamide (SiR-glib). We first test this far-red fluorescent, fluorogenic
and endoplasmic reticulum-targeting sulfonylurea in mammalian cells and pancreatic tissues,
before characterizing its labeling performance in red blood cells infected with the asexual
developmental stages of Plasmodium falciparum. We further combine SiR-glib with a portable
smartphone-based microscope to easily and rapidly identify parasitized red blood cells,
providing proof of principle for diagnostic use in rural endemic areas without major healthcare

facilities.



Introduction

The latest World Malaria Report published by the World Health Organization (WHO) in
December 2022 recorded 247 million malaria associated clinical cases and 619,000 deaths!'l.
Malaria tropica, the major and most dangerous form of human malaria, is caused by the
protozoan parasite Plasmodium falciparum (P. falciparum) and is responsible for maternal
illness, low birth weight and patient deaths in endemic areas!! -3,

Detection of P. falciparum is important to initiate the appropriate anti-malarial therapy,
especially in the field where access to healthcare facilities, electricity and transportation might
be restricted!!*]. We therefore started with the premise that mature human red blood cells
(RBCs), which serve as a host cell during the parasite’s asexual reproduction (erythrocytic
schizogony), do not contain any organellar structures (i.e. they are anuclear) (Figure 1A). P.
falciparum, on the other hand, contains cell organelles that i) are found in other eukaryotic cells
(e.g. endoplasmic reticulum, Golgi apparatus, nucleus); and ii) are specialized, such as the
apicoplast and the digestive vacuole. The parasite interacts and reorganizes the cell organelle-
deprived host RBCs to acquire nutrients, ultimately maturing from a young ring to a trophozoite
and finally to a schizont stage within approximately 48 hours®>~7],

We focused our investigation on the cell organelles of the parasite that may be
visualized via fluorescence microscopy with small molecule chemical biology probes!®l.
Potential candidates such as ER trackers Green/Red (Aex = 504 nm or 588 nm), which comprise
glibenclamide-BODIPY targeting the sulfonylurea receptor 1, are of limited use as they fall
into the same spectral window as (non)-oxygenated hemoglobin (Hb and HbO>) (Figure 1B).
Far-red and near-infrared fluorophores are well-suited to use in RBC’s, since blood displays an
optical window between 600—-800 nm where absorbance and hence background fluorescence is
low.’l We therefore decided to design an ER tracker using silicon rhodamine (SiR) as a
fluorogenic far-red dye, chemically fused it with glibenclamide and named it SiR-glib. The
probe was applied across different imaging contexts to stain the ER in live mammalian cells
and tissue, and in infected RBCs (iRBCs). To detect infected stages, we used a home-built,
cheap smartphone-based microscope!!’l, which bears the potential for malaria diagnostic

applications in endemic areas that have poor access to healthcare facilities and electricity.

Results
We set out to conjugate far-red silicon rhodamine (SiR)!'!), a dye previously used in RBCs for
actin staining!?!, to the sulfonylurea glibenclamide(!], which targets SUR1 expressed on the

endoplasmic reticulum (ER). The synthesis starts by activating 5-chloro-2-methoxy-3-



nitrobenzoic acid (1) wusing TSTU and forming a peptide bond with 4-(2-
aminoethyl)benzenesulfonamide to obtain sulfonamide 2 in 81% yield (Scheme 1). Using
cyclohexyl isocyanate in acetone with KoCOs3 serving as a base, the sulfonylurea motif of 3 was
installed in quantitative yield. Reduction of the nitro group using zinc and acetic acid in
methanol progressed in 90% yield, and the corresponding aniline 4 was endowed with a 6-
carbon atom long linker. To address the rather unreactive aniline, we first formed an acyl
chloride in situ by stirring Fmoc-Ahx-OH in neat SOCL. After evaporation of all volatiles and
reuptake in DIPEA containing 1,4-dioxanes, the acyl chloride was added to a solution of 4. The
solvents were evaporated, and the crude material containing S taken up in DMF with 5%
piperidine to deprotect the Fmoc group, allowing the isolation of alkyl amine 6 in 17% yield
over this synthetic sequence. Finally, we obtained a fluorogenic (Figure 2A) silicon rhodamine-
fused glibenclamide, termed SiR-glib, in 42% yield after HPLC purification by using NHS-
activated ester of silicon rhodamine. We first confirmed the expected spectral properties
(Aex/Aem = 653/673 nm) (Figure 2B) of SiR-glib, and tested its fluorogenicity and pH-
sensitivity. SiR-glib displayed a 10.0-fold fluorescence increase when SDS was added to the
buffer medium (Figure 2B), and a trend to decreased emission at more acidic pH values (Figure
2C). This is warranted because iRBCs maintain a physiological pH while the digestive vacuole,
which is responsible for hemoglobin digestion and storage of hemozoin has been shown to
exhibit a drop in pH to ~ 5.2 (refl!+15]),

Next, we set out to determine the performance of SiR-glib in live cell imaging by
incubating HeLa cells with 5 pM ER tracker green and 50 puM SiR-glib, before imaging by
confocal fluorescence microscopy (Figure 2D). By merging the images, we found good co-
localization between ER tracker green and SiR-glib, showcasing accurate targeting of the ER
by SiR-glib. While immortalized cell lines can also be marked with fluorescent proteins
containing appropriate targeting sequences (e.g., Sec61[!%l), genetic engineering is more
difficult in primary cells, let alone in parasites or even patient samples. Accordingly, we
compared ER tracker green and SiR-glib in primary mouse astrocytes, and were able to acquire
similar staining patterns.

Since glibenclamide targets the sulfonylurea receptor 1 (SUR1), which is retained at the
ER in the absence of Kir6.2, we decided to test SiR-glib in cells that express both SURI and
Kir6.2. We reasoned that in cells with both subunits- i.e. those that express Katp channels-
staining should be seen within the cell (ER, SUR1) and at the membrane (SUR1 + Kir6.2
octamer i.e. KATP channel).l!”! Islets of Langerhans were thus incubated with 100 nM of the
fluorescent beta cell marker LUXendin5511"% and 50 uM SiR-glib, before confocal live



imaging. SiR-glib staining was seen both within the cell (SUR1) as well as at the cell membrane
(SUR1 + Kir6.2), further demonstrating specificity of the probe.

Encouraged by this, we applied SiR-glib to in vitro cultures of P. falciparum-iRBCs.
We chose two standard laboratory model strains for our investigations, 3D7 (clone of NF54,
originating from an airport malaria case) and FCR3 (originating from Gambia)l'®-22l, In vitro
cultures were infected with P. falciparum and incubated with either 2 uM SiR-glib, 2 uM SiR
or remained untreated for 1 h at 37 °C at 5% hematocrit (HCT, volume percentage of RBCs in
the human body or in this case, in the in vitro culture). Investigation by confocal laser scanning
microscopy revealed distinct labeling of all developmental stages (i.e., ring, trophozoite and
schizont) of 3D7 (Figure 3A) and FCR3 (Figure 3B) P. falciparum laboratory strains. More
specifically, a punctuate signal was observed in ring stages, whereas in trophozoite and schizont
stages a line or circle near or around the digestive vacuole, respectively, was eminent (Figure
3A, B). We quantified the fluorescence signal of iRBCs and observed significant differences
between SiR-glib-, SiR- or non-treated controls of 3D7 (Figure 3C) and FCR3 (Figure 3D).
These results show that the glibenclamide scaffold is needed for successful organellar targeting
and yields an 11.5-fold (3D7) and 8.0-fold (FCR3) increase in fluorescence signal in all stages
of iRBCs. To test if the parasites may be properly labeled in a higher hematocrit, we prepared
a 40% HCT culture and inoculated it with the P. falciparum lab strains 3D7 and FCR3. This is
particularly important because HCT of human blood for females and males ranges from 36—
48% and 40-54%, respectively!?}l. After allowing the parasites to adapt and replicate for 48 h,
the culture was incubated with SiR-glib and SiR as before, or kept untreated for 1 h at 37 °C.
Again, successful labeling of the different developmental stages with SiR-glib was observed,
which differed from the control treatments of the two P. falciparum cultures (Figure 3E, F).
While a loss in fluorescence signal was observed in samples containing ring stages, the overall
fluorescence increases for all stages in the infected samples remained significantly high (9.6-
fold for 3D7 and 4.2-fold for FCR3). These experiments highlight the sensitivity of SiR-glib in
dilute samples, as well as in whole blood model systems.

Finally, we were wondering if SiR-glib could potentially be used to label P. falciparum
in point-of-care diagnostic settings in endemic areas!¥. Therefore, the treatment of the in vitro
cultures was adjusted: the concentration of SiR-glib was increased from 2 uM to 50 uM, the
incubation time was shortened from 1 h to 10 min and the incubation temperature was lowered
to room temperature instead of 37 °C. With this new protocol, we still observed significant

differences between the SiR-glib-treated samples and untreated controls (Supporting Figure



S1) Notably, we verified our measurements at different developmental stages of the parasite in
comparison to uninfected RBCs.

These results gave confidence to try SiR-glib in a potential diagnostic setup to be used
in malaria endemic areas. As such, we turned to a battery-powered, portable smartphone-based
microscope which uses a 180 mW 635 nm pen laser for excitation at a ~45° angle, a smartphone
as a camera and an 8-USD objective lens!!?l. This setup is affordable, easy to assemble and was
previously used for detection of single nucleic acid targets with the help of DNA origami
nanoantennas!!?. The excitation wavelength of the device is similar to wavelengths of other

2425
nl?42 and

malaria testing devices that have been used to detect the malaria pigment hemozoi
we wondered if SiR-glib may enhance the hemozoin-based detection of P. falciparum.

To get a first idea of the detection power of the smartphone microscope, we prepared
uninfected RBCs and magnetically purified P. falciparum (FCR3 and 3D7) iRBCs with mature
developmental stages, since these contain a larger amount of hemozoin. Both, RBCs and iRBCS
were treated with 2 uM SiR-glib for 1 h. Afterwards, cells were washed and deposited between
a glass slide and a glass coverslip to be investigated with the portable smartphone microscope
versus untreated controls (Figure 4A, B). Videos were exported to single images of unbiased,
different regions on which background subtraction was applied. Accordingly, the percentage of
pixels above background threshold was counted. In vehicle-treated samples, we obtained
images for uninfected, 3D7- and FCR3-iRBCs (Figure 4C), and after counting the pixels above
threshold, we could not differentiate between non-infected and the 3D7 infected strain.
Presumably due to higher auto-fluorescence stemming from the parasite, the FCR3-infected
samples showed a significantly higher fluorescence, and could be clearly distinguished (Figure
4D). We performed the experiments in SiR-glib treated cells (Figure 4E) and found that 3D7-
infected RBCs could now be significantly distinguished from non-infected cells (Figure 4F).
FCR3 showed a comparable value to vehicle-treated controls, suggesting that the
autofluorescence is either masking the SiR-glib signal, or that the staining protocol is less
effective. In any case, the iRBCs showed significantly more pixels above the threshold and

could thus be confirmed to carry the parasite.

Discussion

In this study, we demonstrate that SiR-glib specifically labels malaria-causing P. falciparum
parasites in iRBCs, especially at the difficult to detect young ring stages. By optimizing the
labelling protocol, we show that SiR-glib is able to identify parasite-containing RBCs within
just 10 minutes. Lastly, SiR-glib is compatible with highly-portable smartphone-based



microscopes, which can be deployed in areas without access to healthcare facilities and/or
electricity, and with minimal training. As such, SiR-glib potentially provides a one-reagent
point-of-care diagnostic that might be useful to identify and prioritize individuals with active
malarial infection. Our successful approach pairing SiR-glib with an affordable and portable
smartphone-based microscope creates a simple battery-powered, easy to apply diagnostic
procedure that can be used at any location, with a first example of using this device on a cellular
setting. The macro we provide for analysis can be run using FIJI (ImagelJ), which is open source,
without excessive training. While we acknowledge our diagnostic approach is currently not as
fast as standard procedures used in malaria endemic areas!!l, this study marks a first step
towards an alternative with high potential. For this reason, additional P. falciparum strains from
endemic areas?! and other human-pathogenic Plasmodium species (such as P. vivax)©®! need to
be investigated and carefully compared.

Several diagnostic approaches utilize the hemozoin pigment to identify the parasite in

d*1527] However, the peripheral blood of malaria tropica patients exclusively

patient bloo
contains ring stages and a few mature stage V gametocytes of P. falciparum. Only the latter
developmental stage contains a high amount of hemozoin and is meant to be picked up by the
Anopheles mosquito for sexual reproduction in the midgut. Ring stages are the most prominent
developmental stage in the blood of a patient infected with P. falciparum and their hemozoin
concentration is very low. Mature developmental stages of P. falciparum that contain a well-
detectable amount of hemozoin, trophozoites and schizonts, sequester within the patients’
organs only appear within the peripheral blood after a splenectomy or when the patient is close
to death. Interestingly, other human-pathogenic Plasmodium species do not sequester and all
developmental stages of the parasite can be found in the peripheral blood of the patient. This
important difference in parasite biology is used as one of the diagnostic criteria to determine
which type of malaria the patient is suffering from.

The majority of diagnostic centers and rural diagnostic setups therefore still apply
standard methods, which have been used for decades!!l. One of these methods is the Giemsa
staining of thick or thin blood smears. Thick blood smears are usually used to determine the
presence of a pathogenic organism while thin blood smears identify the (Plasmodium) species
and the parasitemia (% parasitemia = (parasitized RBCs/total RBCs) x 100). Rapid Giemsa
staining in a 10% solution is a procedure which takes up 10-15 min without taking the
preparation of the blood film and the subsequent microscopic investigation by trained personnel
into account!l. Slow Giemsa staining using a 3% solution takes 45-60 min for the staining time

only. For rapid diagnostic tests (RDTs), several kits are available for the detection of different



antigens of Plasmodium species. These tests are mostly based on immunochromatography and
are sold in cassette or dipstick format. Depending on the exact method, RDTs provide results
in about 20 min?® and can be performed by trained personnel or the patient themselves.
However, the recommended storage temperature for most RDTs is 4 °C, which requires
refrigeration facilities that can limit take up in more rural (and tropical locations). The fact that
SiR-glib can be stored and applied above room temperature for a long time and is easy to use

are important requirements for the usage of the dye in a diagnostic field setting.



Experimental Section

Materials

Human blood and serum were obtained from the blood bank in Mannheim (Germany). If not
otherwise indicated materials were obtained from: Gibco, c. c. pro GmbH, Thermo Fisher
Scientific GmbH, Sigma-Aldrich, AppliChem, Carl-Roth GmbH & Co. KG, VWR Chemicals,
Neofroxx GmbH and Serva. Chemicals were purchased from commercial vendors (Aldrich,

TCI, Acros, etc.) and have been used without further purification.

Synthesis of SiR-glib

Details on synthesis and chemical characterization are outlined in the Supporting Information.

Mouse islet isolation and labeling

Male 8- to 12-week-old C57BL6 were socially housed in specific-pathogen free conditions
under a 12 hour light-dark cycle, relative humidity 55 + 10% and temperature 21 + 2 °C. with
ad libitum access to food and water. Animals were culled using a schedule-1 method and 1
mg/mL collagenase NB 8 (Serva) injected into the common bile duct, before digestion of the
dissected pancreas in a water bath at 37 °C for 12 min with mild shaking. Islets were separated
using gradient centrifugation in Histopaque-1119 and 1083 (Sigma-Aldrich). Islets were
cultured in RPMI 1640 supplemented with 10% fetal bovine serum (FBS, Gibco), 100 units/mL
penicillin, and 100 pg/mL streptomycin (Sigma-Aldrich), at 37 °C and 5% CO..

Islets were incubated with 50 uM SiR-glib and 100 nM LUXendin551 in complete medium
for 1 hour at 37 °C and 5% CO., before washing three times and imaging using a Zeiss LSM780
confocal microscope equipped with C-Apochromat 40x/1.20 W Korr M27 objective. Excitation
and emission wavelengths for SiR-glib and LUXendin551 were Aex = 633 nm / Aem = 639 —
692 nm and Aex = 561 nm / Aem = 571 — 649 nm, respectively. Animal studies were regulated
by the Animals (Scientific Procedures) Act 1986 of the U.K. (Personal Project Licences
P2ABC3A83 and PP1778740). Approval was granted by the University of Birmingham and
University of Oxford Animal Welfare and Ethical Review Bodies (AWERB).

Parasite strains

For this study the P. falciparum clones 3D7 and FCR3 were used. Both strains are laboratory
model strains and regularly investigated in malaria research[!-2%3%1. 3D7 is the limiting dilution
clonal variant of the NF54 isolatel?). NF54 was originally isolated from a malaria patient living

near Amsterdam Airport Schiphol (so-called airport malaria) ). The origin of the NF54 clone
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remains unknown. FCR3 was first isolated in Gambia and is a particularly dangerous strain for

pregnant womenl31],

Parasite culture

Parasites were kept in RPMI 1640 cell culture medium with 25 mM and HEPES L-glutamine
(Gibco). The medium was supplemented with heat-inactivated type A+ human serum (5%
(v/v)), AlbuMAX I (5% (v/v), Thermo Fisher Scientific GmbH), 20 pg/ml gentamycin (stock:
50 mg/ml, c. c¢. pro GmbH), 0.2 mM hypoxanthin (stock: 10 mM; c. c. pro GmbH). For our
experiments the parasites were grown in culture with a hematocrit (HCT, volume percentage of
RBC) of either 5% or 40%. A HCT of 5% is standard in cell culture, while a HCT of 40% is
comparable to the HCT in the human body'?*). The P. falciparum 5% HCT cultures are
maintained in 10 cm cell culture plates. 40% HCT cultures are kept in 6-well plates to avoid
excess usage of RBC. The cultures are incubated in a cell culture incubation cabinet at 37 °C
(CO2: 2.9%; O2: 5.8%; rH: 93%). The parasitemia of the P. falciparum cultures are assessed
every day via thin methanol-fixed and Giemsa-stained blood smear!*. The parasitemia of the

culture was kept between 3-5%.

SiR-glib labeling of infected RBCs from a 5% HCT culture

200 pL of a 5% hematocrit culture are required for SiR-glib labeling. The 200 pL are placed in
a 1.5-ml reaction tube and centrifuged at 1,800 rpm for 30 seconds. The supernatant is
discarded. Two washing steps each with 500 pL of cell culture medium and centrifugation for
30 seconds at 1,800 rpm are performed afterwards. The RBC pellet which remained after the
second washing step is resuspended in 200 pL of cell culture medium supplemented with 2 uM
SiR-glib or SiR (concentration of both stock solutions is 3.2 mM in DMSO). RBC which
remained untreated were resuspended in 200 pL of cell culture medium. The cells are
transferred to a 96-well microtiter plate, with one batch being divided into 2 wells so that each
well contains approximately 100 pL. The cells are then incubated for 1 hour at 37 °C.
Afterwards, RBC were washed twice with 500 pL of cell culture medium and centrifugation
for 30 seconds at 1,800 rpm. The pelleted RBC are resuspended in 500 pL of cell culture
medium and are now ready for microscopy. The sample is pipetted into a custom-made imaging

chamber and examined!'*!.

SiR-glib labeling of infected RBCs from a 40% HCT culture
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The same principle is used as for labeling a 40% HCT culture but with 400 pL of resuspended
parasites from our cultures, placed in a 1.5-ml reaction tube. The washing steps are performed
with 200 pL of cell culture medium and at the end of the procedure the pellet is suspended in

200 pL of cell culture medium for imaging.

Short incubation of P. falciparum-infected RBCs with SiR-glib

For the short incubation with SiR-glib, two samples of 100 puL are taken from a 40% HCT
culture. One sample is subsequently treated with SiR-glib and the other sample remains
untreated as a negative control. The samples are centrifuged once at 1,800 rpm for 30 s. The
supernatant is discarded and the pellet is resuspended in 100 uL. RPMI cell culture medium
supplemented with 50 uM SiR-glib. The pellet in the control sample is resuspended in 100 pL.
RPMI cell culture medium. The samples are incubated for 10 min at r.t. and immediately

imaged.

Image acquisition and analyses of P. falciparum-infected RBCs

Images (1024 x 1024 px) were acquired with the Axiovert 100 M/Zeiss CLSM 510 with a C-
Apochromat 63x/1.2W corr objective. Samples were excited with the HeNe laser at a
wavelength of 633 nm. The LP650 filter was used for the detection of the fluorescence. The

fluorescence signal of parasitized and non-parasitized RBC is quantified with Fiji.

Sample preparation for measurements on the smartphone microscope

A Dbattery-powered smartphone microscope, previously described by Trofymchuk,
Glembockyte et al. was used to demonstrate the detection with low-cost optical equipment!®].
Microscope cover slides (22 mm X 22 mm and 76 x 26 mm, Carl Roth GmbH, Germany) were
cleaned using Ethanol 70%, dried with Kimtech Wipes (Merck KgaA, Germany) and 30 min
treatment in UV-Ozone cleaner (PSD-UV4, Novascan Technologies, USA) at 100 °C. Dust
was removed with compressed air. To create a flow chamber, two stripes of double-sided tape
(3M, Germany) were glued onto the long edges of the large slide and the small cover slip was
then laid on top. Mature parasites were purified using the MACS system (Miltenyi Biotec) as
previously described®”1. 200 ul of iRBC were centrifuged for 30 seconds at 1,800 rpm at RT.
The supernatant was discarded and the sediment was washed twice with 500 ul cell culture
medium, centrifuging each washing step 30 s at 1,800 rpm RT. For staining, 200 pl of 2 uM
SiR-glib in medium were added to the sediment and incubated for 1 h at 37 °C. Afterwards the

sample was washed twice with 500 pl cell medium, performing centrifugation steps after each
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wash (30 s at 1,800 rpm, r.t.). For each sample, the sediment was diluted individually in medium
to yield samples with similar blood cell concentration. The diluted blood sample was added to
the chamber, which was sealed from one side with one Tough-Tag (Diversified Biotech) and

closed with another from the other side.

Measurements and analysis on the smartphone

Inside the home-built box a 638 nm laser diode with output power 180 mW (0638L-11A,
Integrated Optics, UAB, Lithuania, driven by a portable power bank) was focused onto the
sample at a ~45° angle. After passing spectral filtering (BrightLine HC 731/137, Semrock Inc.,
USA), fluorescent signal was collected using an objective lens (NA = 0.25, LS-40166,
UCTRONICS, USA) that guides the light to the monochrome camera of the smartphone (P20,
Huawei, China). Movies were recorded via FreeDCam application (Troopii) and analyzed with
Imagel (Fiji). After file conversion with the FFMPEG plugin to .tif (32-bit), a home-written
macro crops a defined region of interest in the video and calculates the area of pixels above a
defined threshold. This threshold is individually set to the intensity value that is above the
highest pixel intensities detected in the uninfected sample (100 for samples without dye, 120
with dye). The extracted data was analyzed using OriginPro2019, while the significance was

determined using an ANOVA test.

Statistical analyses

Statistical analyses of acquired data were conducted with SigmaPlot 13.0 and OriginPro2019.

Image preparation and presentation

Microscopy images were prepared using Fiji.
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Figures and Schemes
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Figure 1. Silicon rhodamine-fused glibenclamide for the detection of P. falciparum
infected red blood cells (RBCs). A) RBC do not contain any organelles, which changes
through the infection by P. falciparum parasites due to remodeling and genesis of ER, nucleus,
etc. B) High absorbance of oxygen free (Hb) and oxygen-bound hemoglobin (HbO3) in the UV
to green range might mask ER tracker green. Far-red silicon rhodamine falls into the biological
imaging window above 600 nm. C) Chemical structure of glibenclamide and its fluorophore-
linked congeners ER tracker green (BODIPY fused) and SiR-glib (SiR fused).
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Scheme 1. Synthesis of SiR-glib. Commercially available benzoic acid 1 is peptide coupled
after TSTU activation to obtain 2, on which the sulfonylurea is installed using cyclohexyl
isocyanate. Zn-mediated reduction of the nitro group yields aniline 4, on which an alkyl amine
linker is installed using an in situ formed acyl chloride before subsequent Fmoc-deprotection.
Silicon rhodamine is finally fused onto 6 by using its NHS-activated ester, yielding SiR-glib.
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Figure 2. Characterization of SiR-glib. A) SiR-glib may adopt two different isomeric forms,
a non-fluorescent spirolactone and an open, fluorescent zwitterionic form. B) Excitation and
emission spectra of SiR-glib, showcasing its fluorogenicity by addition of SDS. C)
Fluorescence pH dependency of SiR-glib. D) Live cell imaging by confocal microscopy using
ER tracker green and SiR-glib in live HeLa cells and live primary astrocytes. E) Live cell
imaging by confocal microscopy beta-cell marker LUXendin551 and SiR-glib in live islets of
Langerhans. SiR-glib gives rise to stained membrane structures, presumably due to KATP
binding. Scale bars = 15 um.
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Figure 3. Labeling of two different P. falciparum strains with SiR-glib. A) The P.
falciparum strain 3D7 was grown in a 5% HCT culture. Cells were labeled with 2 uM SiR-
glib, 2 uM SiR or remained untreated for 1 h. Only SiR-glib-treated cells showed a specific
labeling of the ring (R), trophozoite (T) and schizont (S) developmental stages of the parasite
for both investigated strains. Signals of all stages are included (All). Scale bars =3 um. B) As
for (A) but using the P. falciparum strain FCR3. C, D) Quantification of fluorescence from
(A) and (B) reveals a significantly stronger fluorescence of SiR-glib-treated RBCs compared
to using SiR or untreated RBCs in every developmental stage. N=3; n>11. *: p <0.05; **: p <
0.01; ***: p<0.001. E, F) As for (C) and (D) but in a 40% HCT culture shows lower signal in
ring stages when compared to 5% HCT. N=3; n>12. *: p < 0.05; **: p <0.01; ***: p <0.001.
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Figure 4. Imaging and analysis of P. falciparum infected RBCs using a portable
smartphone-based microscope. A) Sample preparation for smart-phone based imaging. B)
Workflow showing the mounted smartphone, image recording and background subtraction
(photo reproduced from ref. 1%). C) Vehicle controls of uninfected and 3D7- or FCR3-infected
RBCs. D) Analysis of vehicle-treated RBCs show a significant increase in pixels above
threshold for FCR3-infected RBCs. E) As for (C) but SiR-glib-treated RBCs. F) Analysis of
SiR-glib-treated RBCs show a significant increase in pixels above threshold for RBCs infected
with both strains, also enabling the detection of the 3D7 strain.
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1. General

All chemical reagents and anhydrous solvents for synthesis were purchased from commercial
suppliers (Sigma-Aldrich, Fluka, Acros, Fluorochem, TCI) and were used without further
purification if not stated otherwise. Commercial coumarin 461 and methylene blue were HPLC
purified before concentration assessment and measuring photophysical properties to ensure similar
purity and composition as their synthesizes, deuterated counterparts. BG-TMR and BG-SiR were
described before.'

NMR spectra were recorded at 300 K in deuterated solvents on a Bruker AVANCE III HD 600
equipped with a CryoProbe or on Bruker AV-III spectrometers using either a cryogenically cooled
5 mm TClI-triple resonance probe equipped with one-axis self-shielded gradients or room
temperature 5 mm broadband probe and calibrated to residual solvent peaks (‘H/"*C in ppm):
DMSO-ds (2.50/39.52), MeOD-d4 (3.31/49.00). Multiplicities are abbreviated as follows: s =
singlet, d = doublet, t = triplet, q = quartet, p = pentet, h = heptet, br = broad, m = multiplet.
Coupling constants J are reported in Hz. Spectra are reported based on appearance, not on
theoretical multiplicities derived from structural information.

LC-MS was performed on an Agilent 1260 Infinity II LC System equipped with Agilent SB-C18
column (1.8 um, 2.1 x 50 mm). Buffer A: 0.1% FA in HO Buffer B: 0.1% FA acetonitrile. The
typical gradient was from 10% B for 0.5 min > gradient to 95% B over 5 min = 95% B for 0.5
min > gradient to 99% B over 1 min with 0.8 mL/min flow. Retention times (zz) are given in
minutes (min). Chromatograms were imported into Graphpad Prism8 and purity was determined
by calculating AUC ratios.

Preparative or semi-preparative HPLC was performed on different instruments. An Agilent 1260
Infinity II LC System equipped with columns as followed: preparative column —Reprospher 100
C18 columns (10 um: 50 x 30 mm at 20 mL/min flow rate; semi-preparative column — 5 pm: 250
x 10 mm at 4 mL/min flow rate. Eluents A (0.1% TFA in H20) and B (0.1% TFA in MeCN) were
applied as a linear gradient. Peak detection was performed at maximal absorbance wavelength. iii)
A Waters €2695 system on a Supelco Ascentis® C18 HPLC Column (5 pm, 250 x 21.2 mm at 8
mL/min). Eluents A (0.1% TFA in H>O) and B (0.1% TFA in MeCN) were applied as a linear
gradient.

High resolution mass spectrometry was performed on an Agilent Technologies 6230 series accurate
mass TOF LC-MS linked to an Agilent Technologies 1290 Infinity Series machine with a Thermo
Accucore™ RP-MS column, 2.6 um pore size, 30 x 2.1 mm, and a 3 min gradient from 5 to 99%
aqueous MeCN with 0.1% TFA and MeCN with 0.1% TFA. flow rate: 0.8 mL/min; UV-detection:
220 nm, 254 nm, 300 nm.



2. Synthesis

2.1. 5-Chloro-2-methoxy-3-nitro-N-(4-sulfamoylphenethyl)benzamide (2)

Cl

N
o_ O - NHz

0>

A round bottom flask was charged with 50 mg (0.216 mmol, 1.0 equiv.) 5-chloro-2-methoxy-3-
nitrobenzoic acid (1) and dissolved in 1.2 mL DMSO and 97 pL (2.4 equiv.) DIPEA before 78.1 mg
(0.25 mmol, 1.2 equiv.) of TSTU was added in one portion. The reaction mixture was stirred for
10 minutes before 51.8 mg (0.25 mmol, 1.2 equiv) of 4-(2-aminoethyl)benzenesulfonamide was
added in one portion. The reaction mixture was stirred for additional 20 minutes before it was
quenched with 10 mL of dH»O, added dropwise under vigorous stirring. Finally, 1.2 mL of 1 M
HCIl was added to the reaction and the precipitate was collected by centrifugation at 4,000 rpm for
10 minutes. The supernatant was discarded, and the residue suspended in 10 mL dH>O / 1.2 mL
1 M HCI, and sedimentation was performed again. After removing the supernatant, the residue was
transferred to a round bottom flask with MeOH and all volatiles evaporated to dryness. 72 mg
(0.174 mmol) of the desired product was obtained in 81% yield as a yellowish powder.

'H NMR (300 MHz, DMSO-de): 6 [ppm] = 8.71 (t, J = 5.5 Hz, 1H, NH), 8.16 (d, J = 2.8 Hz, 1H),
7.75 (d, J= 8.3 Hz, 2H), 7.73 (d, J= 2.7 Hz, 2H), 7.46 (d, J = 8.3 Hz, 2H), 7.32 (s, 2H, NH,), 3.68
(s, 3H, CHs), 3.51-3.59 (m, 2H), 2.92 (t, J = 7.1 Hz, 2H).

3C NMR (75 MHz, DMSO-de): 6 [ppm] = 163.5, 148.4, 144.5, 143.4, 142.2, 134.0, 132.9, 129.2,
127.5,125.7,125.4, 63.2, 34.4. (one carbon signal is missing as it’s overlapping with DMSO signal)

HRMS (ESI): calc. for C16H;7CIN3O6S [M+H]": 414.0521, found: 414.0511.



2.2. 5-Chloro-N-(4-(N-(cyclohexylcarbamoyl)sulfamoyl)phenethyl)-2-methoxy-3-
nitrobenzamide (3)

Cl

N
o_©0 N__N
> S
% 5

A round bottom flask was charged with 50 mg (121 umol, 1.0 equiv.) of 2 and dissolved in 3 mL
acetone before 33.2 mg (240 umol, 2.0 equiv) of K,CO; was added. The reaction mixture was
heated to 70 °C and 23 pL (180 pumol, 22.6 mg, 1.5 equiv.) of cyclohexyl isocyanate diluted in
1 mL acetone was added dropwise. The reaction mixture was heated for an additional hour before
1 mL of 1 M HCI was added, and all volatiles were removed on a rotary evaporator. The residue
was suspended in 10 mL dH>O/ 1 mL 1 M HCl and the precipitate was collected after centrifugation
at 4,000 rpm for 10 minutes. After removing the supernatant, the residue was transferred to a round
bottom flask with MeOH and all volatiles evaporated to dryness. 64 mg (121 pmol) of the desired
product was obtained in quantitative yield as a white powder.

'H NMR (600 MHz, DMSO-ds): § [ppm] = 10.29 (s, 1H, NH), 8.67 (t, /= 5.5 Hz, 1H, NH), 8.14
(d,J=2.7 Hz, 1H), 7.82 (d,J = 8.3 Hz, 2H), 7.71 (d, J= 2.7 Hz, 1H), 7.50 (d, J= 8.3 Hz, 2H),
6.32 (d,J=17.9 Hz, 1H, NH), 3.61 (s, 3H, CHs), 3.57 (g, J = 6.5 Hz, 2H), 3.23-3.29 (m, 1H), 2.95
(t,J= 7.0 Hz, 2H), 1.61-1.67 (m, 2H), 1.55-1.61 (m, 2H), 1.46-1.51 (m, 1H), 1.17-1.25 (m, 2H),
1.05-1.15 (m, 3H).

BC NMR (150 MHz, DMSO-de): 6 [ppm] = 163.4, 150.35, 148.3, 145.0, 144.45, 138.2, 133.9,
132.85,129.25,127.4, 127.25, 125.3, 63.0, 48.0, 34.3, 32.2 (2C), 24.9, 24.1 (2C).

HRMS (ESI): calc. for Co3HasCIN4O7S [M+H]": 539.1362, found: 539.1392.



2.3. 3-Amino-5-chloro-N-(4-(/N-(cyclohexylcarbamoyl)sulfamoyl)phenethyl)-2-
methoxybenzamide (4)

Cl

A round bottom flask was charged with 40 mg (74.3 umol, 1.0 equiv.) of 3 under a nitrogen
atmosphere and dissolved in 5 mL MeOH and 270 pL HOAc before 189 mg (12 mmol, 160 equiv.)
of Zn dust was added in one portion. The reaction mixture was stirred for 1.5 hours at room
temperature (solution turns red, and color fades over time) before it was centrifuged at 4,000 rpm
for ten minutes to settle the remaining solids. The supernatant was collected and all volatiles were
removed on a rotary evaporator. The crude was washed with 10 mL dH»O, the solid filtered off and
finally dried to obtain 34 mg (66.9 umol) of the desired product in 90% yield as a white powder.

'H NMR (600 MHz, MeOD-ds): 6 [ppm] = 7.91 (d, J = 8.2 Hz, 2H), 7.51 (d, J = 8.2 Hz, 2H), 6.86
(d,J= 2.6 Hz, 1H), 6.84 (d,J= 2.6 Hz, 1H), 3.69 (t,J= 7.0 Hz, 2H), 3.49 (s, 3H, CHs), 3.05
(t,J = 7.0 Hz, 2H), 1.82-1.87 (m, 1H), 1.63-1.78 (m, 3H), 1.54-1.61 (m, 1H), 1.26-1.40 (m, 3H),
1.10-1.23 (m, 3H).

13C NMR (150 MHz, MeOD-ds): 6 [ppm] = 168.0, 146.65, 144.7, 144.5, 140.1, 130.8, 130.6, 129.9,
128.8, 118.3, 117.8, 60.9, 50.1, 41.5, 35.9, 34.75, 33.8, 26.7, 26.5, 26.05, 25.8.

HRMS (ESI): calc. for C23H3CIN4OsS [M+H]": 509.1620, found: 509.1625.



2.4. 3-(6-Aminohexanamido)-5-chloro-/N-(4-(/V-
(cyclohexylcarbamoyl)sulfamoyl)phenethyl)-2-methoxybenzamide (6)

Cl

HN N
HZN\/\% o_ O _N__N
o O sy
0 4

Under a nitrogen atmosphere, a round bottom flask was charged with 41 mg (117 pmol) of Fmoc-
Ahx-OH and suspended in 1 mL SOCI,. The reaction mixture was stirred for 1.5 hours at room
temperature, and all volatiles were carefully removed under a stream of nitrogen in a well-ventilated
fume hood. The residue was taken up in 1 mL of dry dioxanes, which was again carefully removed
under a stream of nitrogen in a well-ventilated fume hood. Addition of 1 mL of dry dioxanes yielded
a 117 mM stock solution, which was used immediately. A round bottom flask was charged with
10 mg (19.7 pmol, 1.0 equiv) of 4 dissolved in 2 mL of dry dioxanes and 13.3 uL of NEt;3, to which
505 pL of the acyl chloride (~3.0 equiv) was added dropwise under vigorous stirring. The reaction
was stirred over night at room temperature before it was quenched with 1 mL of dH>O and all
volatiles were removed in vacuo. The crude material was taken up in 800 uL. DMF and 40 pL
piperidine and allowed to incubate for 1 hour at room temperature, before it was quenched with
50 uL HOAc and 200 pL. dH,O and subjected to RP-HPLC purification. The product containing
fractions were pooled and 2.5 mg (3.40 pmol) of the desired product was obtained as a TFA salt
after lyophilization in 17% yield over two steps as a white powder.

'H NMR (600 MHz, DMSO-ds): & [ppm] = 10.34 (s, 1H, NH), 9.47 (s, 1H, NH), 8.43 (bs, 1H,
NH), 8.16 (s, 1H), 7.83 (dd, J = 8.2 Hz, J = 1.8 Hz, 2H), 7.63 (bs, 2H, NH,), 7.50 (dd, J = 8.2 Hz,
J=1.8 Hz, 2H), 7.12 (bs, 1H), 6.38 (d, J = 6.8 Hz, 1H, NH), 3.55 (bs, 5H, CH, and CHj), 3.23-
3.31 (m, 1H), 2.95 (bt, J = 6.8 Hz, 2H), 2.75-2.81 (m, 2H), 2.45 (bt, J = 6.8 Hz, 2H), 1.51-1.67 (m,
8H), 1.44-1.51 (m, 1H), 1.30-1.37 (m, 2H), 1.16-1.26 (m, 2H), 1.07-1.15 (m, 3H).

F NMR (564 MHz, DMSO-ds): 6 [ppm] = -73.8.

13C NMR (150 MHz, DMSO-d): 6 [ppm] = 172.0, 164.6, 150.4, 146.4, 145.1, 138.2, 133.2, 131.2,
129.2, 127.2, 127.0, 123.0, 122.9, 61.4, 48.0, 40.0, 38.7, 35.7, 34.4, 32.2 (2C), 26.8, 25.4, 24.9,
24.5,24.1 (2C).

HRMS (ESI): calc. for C23H»7CIN4OS [M+H]": 622.2461, found: 622.2438.



2.5. 4-((6-((5-Chloro-3-((4-(N-(cyclohexylcarbamoyl)sulfamoyl)phenethyl)carbamoyl)-2-
methoxyphenyl)amino)-6-oxohexyl)carbamoyl)-2-(7-(dimethylamino)-3-
(dimethyliminio)-5,5-dimethyl-3,5-dihydrodibenzo[b,e]silin-10-yl)benzoate (SiR-
glib)

An Eppendorf tube was charged with 2.0 mg (4.24 umol, 1.2 equiv.) of SiR-6-COOH and dissolved
in 0.5 mL DMSO and 2.0 uLL DIPEA before 1.6 mg (5.31 umol, 1.5 equiv.) of TSTU was added in
one portion. The reaction mixture was allowed to incubate for 10 minutes before it was added to
an Eppendorf tube containing 2.6 mg (3.54 pmol, 1.0 equiv.) of 6 dissolved in 0.5 mL DMSO. The
reaction mixture was vortexed and allowed to incubate for 2 hours, before it was quenched with
20 uL HOAc and 100 pL dH>O and subjected to RP-HPLC purification. The product containing
fractions were pooled and 1.8 mg (1.50 pmol) of the desired product was obtained after
lyophilization in 42% yield over two steps as a blue powder.

'H NMR (600 MHz, DMSO-ds):  [ppm] = 10.29 (s, 1H, NH), 9.44 (s, |H, NH), 8.43 (t, /= 5.5 Hz,
NH), 8.30 (d,J = 8.5 Hz, 1H), 8.21 (d,J = 8.5 Hz, 1H), 8.16 (bd,J=2.4 Hz, 1H), 7.88 (t,J = 5.5 Hz,
NH), 7.82 (d, J = 8.3 Hz, 2H), 7.77 (bs, 1H), 7.50 (d, J = 8.3 Hz, 2H), 7.12 (d, J= 2.7 Hz, 1H),
7.04 (bs, 2H), 6.69 (bs, 4H), 6.32 (d, J= 7.9 Hz, 1H, NH), 3.55 (m, 4H), 3.23-3.27 (m, 1H), 3.02-
3.05 (m, 1H), 2.94 (bs, 12H), 2.87 (bs, 3H), 2.75 (bs, 1H), 2.43 (t, J=7.7 Hz, 1H), 2.29 (t,
J=17.4 Hz, 1H), 1.95-2.02 (m, 1H), 1.62-1.67 (m, 1H), 1.56-1.59 (m, 2H), 1.40-1.49 (m, 2H), 1.19-
1.32 (m, 4H), 1.08-1.14 (m, 1H), 0.94 (d, J = 6.6 Hz, 1H), 0.85 (t, J= 7.0 Hz, 1H), 0.62 (s, 3H),
0.53 (s, 3H).

YF NMR (564 MHz, DMSO-ds): J [ppm] =-73.8
HRMS (ESI): calc. for CssHssCIN709SSi [M+H]™: 1076.4173, found: 1076.4180.
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3. NMR spectra
3.1. 5-Chloro-2-methoxy-3-nitro-N-(4-sulfamoylphenethyl)benzamide (2)
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Figure S1. '"H NMR spectra of compound 2 in DMSO-ds.
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Figure S2. *C NMR spectra of compound 2 in DMSO-ds.
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3.2. 5-Chloro-N-(4-(N-(cyclohexylcarbamoyl)sulfamoyl)phenethyl)-2-methoxy-3-
nitrobenzamide (3)
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Figure S3. '"H NMR spectra of compound 3 in DMSO-ds.
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Figure S4. °C NMR spectra of compound 3 in DMSO-ds.
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3.3. 3-Amino-5-chloro-/NV-(4-(NV-(cyclohexylcarbamoyl)sulfamoyl)phenethyl)-2-
methoxybenzamide (4)
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Figure S5. '"H NMR spectra of compound 4 in MeOD-da.
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Figure S6. °C NMR spectra of compound 4 in MeOD-d..
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3.4. 3-(6-Aminohexanamido)-5-chloro-/V-(4-(/V-
(cyclohexylcarbamoyl)sulfamoyl)phenethyl)-2-methoxybenzamide (6)
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Figure S7. "H NMR spectra of compound 6 in DMSO-ds.
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Figure S8. *C NMR spectra of compound 6 in DMSO-ds.
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Figure S9. '’F NMR spectra of compound 6 in DMSO-ds.
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3.5. 4-((6-((5-Chloro-3-((4-(/V-(cyclohexylcarbamoyl)sulfamoyl)phenethyl)carbamoyl)-2-
methoxyphenyl)amino)-6-oxohexyl)carbamoyl)-2-(7-(dimethylamino)-3-
(dimethyliminio)-5,5-dimethyl-3,5-dihydrodibenzo[b,e]silin-10-yl)benzoate (SiR-
glib)
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Figure S10. "H NMR spectra of compound SiR-glib in DMSO-ds.
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Figure S11. "’F NMR spectra of compound SiR-glib in DMSO-ds.
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Addressable nanoantennas with cleared hotspots
for single-molecule detection on a portable
smartphone microscope

Kateryna Trofymchuk 1'2'7@, Viktorija Glembockyte 178 | ennart Grabenhorst® !, Florian Steiner® ',
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Renukka Yaadav® ', Jonas Zahringer® !, Qingshan Wei® 3, Aydogan Ozcan®, Birka Lalkens>,
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The advent of highly sensitive photodetectors and the development of photostabilization
strategies made detecting the fluorescence of single molecules a routine task in many labs
around the world. However, to this day, this process requires cost-intensive optical instru-
ments due to the truly nanoscopic signal of a single emitter. Simplifying single-molecule
detection would enable many exciting applications, e.g., in point-of-care diagnostic settings,
where costly equipment would be prohibitive. Here, we introduce addressable NanoAntennas
with Cleared HOtSpots (NACHOS) that are scaffolded by DNA origami nanostructures and
can be specifically tailored for the incorporation of bioassays. Single emitters placed in
NACHOS emit up to 461-fold (average of 89 = 7-fold) brighter enabling their detection with a
customary smartphone camera and an 8-US-dollar objective lens. To prove the applicability
of our system, we built a portable, battery-powered smartphone microscope and successfully
carried out an exemplary single-molecule detection assay for DNA specific to antibiotic-
resistant Klebsiella pneumonia on the road.
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arly detection of disease biomarkers generally requires high

sensitivity enabled by molecular amplification mechan-

isms!~> or physical signal enhancement of commonly used
fluorescence signals®=?. Physical fluorescence signal enhancement
could enable sensitivity improvement, detection of single mole-
cules on cost-effective and mobile devices and therefore help to
distinguish specific signals against an unavoidable background of
impurities even in low-resource settings. Fluorescence from
emitters such as fluorescent dyes can be enhanced using plas-
monic nanoantennas!%-12, and the challenge of placing quantum
emitters in their hotspots was overcome using DNA origami as
constructing material!314, The immense requirements for small,
defined and rigid gaps between the gold or silver nanoparticles
forming the gap in the nanoantenna aggravated the usability of
the space between the nanoparticles for a biosensing assay. While
it was demonstrated that incorporation of a fluorescence quen-
ched hairpin in a nanoantenna hotspot allowed for the specific
detection of DNA specific to Zika virus, the limited accessibility
of the hotspot and the steric constraints imposed by the DNA
origami nanopillar, the capturing strands and the nanoparticles
only allowed for the binding of a single nanoparticle (monomer
antenna) strongly reducing the achievable enhancement values
(average of 7.3)!1°. These moderate fluorescence enhancement
values were not sufficient for detecting single fluorescence
molecules with low numerical aperture(NA) optics. For example,
our previous work on benchmarking the sensitivity of
smartphone-based detection systems suggested that a signal
equivalent to at least 16 single emitters is required for detection
on a smartphone-based low-NA microscopel®. Therefore, a
diagnostic single-molecule assay fully exploiting the signal
amplification potential of DNA origami nanoantennas has not
been presented to date and remained highly desirable to enable
detection of single molecules with affordable low-NA optics.

In this work, we introduce NanoAntennas with Cleared
HOtSpots (NACHOS) that enable high fluorescence signal
amplification and are fully addressable, i.e., new analytes can be
introduced into the confined regions of dimer nanoantennas. We
use these NACHOS for a single-molecule diagnostic assay on a
portable and inexpensive smartphone microscope.

Results

Design and fluorescence enhancement of NACHOS. A novel
three-dimensional DNA origami structure was designed (Fig. 1a)
and folded from an M13mpl8-derived scaffold strand and
complementary staple strands (Supplementary Tables 1-3). The
NACHOS origami design uses two pillars to attach silver nano-
particles and creates the plasmonic hotspot at the bifurcation in
the gap between the two pillars and the nanoparticles (see DNA
origami sketches in Fig. 1a and full NACHOS structure in Fig. 1b
and Fig. 1c). Thus, the space of the hotspot, i.e., between the
nanoparticles is left free for placing baits and for binding targets
as needed for nucleic acid bioassays. For immobilization, the
DNA origami structure is equipped with a rigid cross-like shaped
base (approximately 35 nm by 33 nm, Supplementary Figs. 1 and
2) that contains six biotin-modified staple strands (Supplemen-
tary Table 3) used for immobilization on BSA-biotin coated
coverslips via biotin-NeutrAvidin interactions (Fig. 1b). The two
pillars of the DNA origami structure (total height ~83 nm) each
contain six protruding staple strands (A, Supplementary
Table 3) which provide anchor points for binding DNA (T,)-
functionalized 100 nm silver nanoparticles (Fig. 1b). The esti-
mated distance between the nanoparticles is ~12nm. A trans-
mission electron microscopy (TEM) image of an exemplary
nanoantenna produced via solution synthesis is shown in Fig. 1c
(see Materials and Methods section for details on magnetic bead-

based solution synthesis). We evaluated the signal amplification
that can be achieved in this DNA origami nanoantenna design by
incorporating an Alexa Fluor 647-labeled DNA staple strand
(Supplementary Table 3) directly into the plasmonic hotspot of
the nanoantenna. Single-molecule fluorescence transients of the
dye (Fig. 1d, Supplementary Fig. 3) were recorded on a confocal
microscope for the DNA origami sample without nanoparticles
(orange) as well as for NACHOS containing two 100 nm silver
nanoparticles attached to the DNA origami after immobilization
on the coverslip (blue, see Materials and Methods section for
NACHOS synthesis on the coverslip). Single-step photobleaching
in the intensity versus time transients (Fig. 1c) confirms that the
detected signal originates from a single fluorescent molecule.
Further analysis of single-molecule transients demonstrates that
the signal-to-background ratio (SBR) could be significantly
improved by the nanoantenna (361 + 35) when compared to the
reference structure (7.4+0.9). The fluorescence enhancement
obtained for each nanoantenna was calculated by comparing the
intensity of Alexa Fluor 647 in the NACHOS to the mean
intensity of Alexa Fluor 647 in the reference structure without
nanoparticles. Fluorescence enhancement values of up to 417-fold
(average of 74 + 3-fold) could be achieved in the new nanoan-
tenna design (Fig. le). The broad fluorescence enhancement
distribution reflects some heterogeneity with regard to nano-
particle size, shape and orientation, and also includes a sub-
population of monomer nanoantennas. Care was taken that all
fluorescent molecules incorporated in the DNA origami
nanoantennas were included in the analysis to obtain a repre-
sentative distribution of fluorescence enhancement values in
Fig. le. Most importantly, we note that increasing the accessibility
of the hotspot region did not compromise the fluorescence
enhancement values which are slightly higher than previously
reported values for more compact nanoantenna designs!417:18,

Amplified single-molecule detection of DNA with NACHOS.
To utilize the plasmonic hotspot for single-molecule diagnostics
we designed a sandwich binding assay capable of detecting a
DNA fragment specific to OXA-48, which is the gene that codes
for carbapenemase and is used for the diagnosis of an antibiotic
resistant Klebsiella pneumoniae infection!®20, Three capture
strands specific to the target DNA (Supplementary Table 4) were
incorporated, protruding directly into the plasmonic hotspot of
the NACHOS. The rationale of using three capturing strands was
to optimize the probability of each DNA origami having binding
strands accessible to capture the target’l. The principle of this
assay is illustrated in Fig. 2a: a 17-nt long capture strand is
complementary to one half of the 34-nt long target DNA strand.
Binding of the target DNA sequence then provides an overhang
for the 17-nt long dye-labeled imager strand to be incorporated
directly in the plasmonic hotspot where the signal of the reporter
dye is amplified by the nanoantenna. In addition, the DNA ori-
gami structure is labeled with a single ATTO 542 dye close to
the base.

Surface scans before incubation with the target and imager
strands show green fluorescent spots that represent single
NACHOS (Fig. 2b, Supplementary Fig. 4). After incubating (2 h
at 37°C) the NACHOS with the target DNA sequence (2nM,
Supplementary Table 4) as well as with the Alexa Fluor 647-
labeled imager strand (6nM, Supplementary Table 4), the
presence of the target DNA could be detected and quantified by
counting the number of colocalized green (ATTO 542) and red
(Alexa Fluor 647) spots in confocal fluorescence scans (Fig. 2c,
Supplementary Fig. 4). Although 2 h were used for the assay, we
note that significant binding of target sequence in the hotspot
of NACHOS was already achieved after 15 min of incubation at
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Fig. 1 Concept of the DNA origami nanoantenna with a cleared hotspot. a TEM image (left, reproduced at least 3 times) and sketches (right) of the DNA
origami structure used for the nanoantenna assembly with the position of the plasmonic hotspot indicated in red. A representative class averaged TEM
image of the DNA origami used is shown on the upper right. b Schematics of NACHOS assembly: the DNA origami construct is bound to the BSA-biotin
coated surface via biotin-NeutrAvidin interactions, thiolated DNA-functionalized 100 nm silver particles are attached to the DNA origami nanoantenna via
polyadenine (A,p) binding strands in the zipper-like geometry to minimize the distance between the origami and the nanoparticles3°. ¢ TEM image of a
NACHOS with 100 nm silver nanoparticles (reproduced at least 3 times). d Single-molecule fluorescence intensity transients, measured by confocal
microscopy, normalized to the same excitation power of a single Alexa Fluor 647 dye incorporated in a DNA origami (orange) and in a DNA origami
nanoantenna with two 100 nm silver nanoparticles (blue) excited at 639 nm e. Fluorescence enhancement distribution of Alexa Fluor 647 measured in
NACHOS with 100 nm silver nanoparticles. A total number of 164 and 449 single molecules in the reference (more examples are provided in

Supplementary Fig. 3) and NACHOS structures were analyzed, respectively.

37°C (Supplementary Fig. 5). When the nanoantennas were
incubated with the imager strand only (Fig. 2d, f, and
Supplementary Fig. 4), very few co-localized spots were observed.
This control demonstrated a low fraction (~2.5%) of false positive
signals. Incubation of NACHOS with 34-nt long target sequence
containing 1-nt, 2-nt and 3-nt mismatches in the target region led
to a drop in the number of co-localized spots (Supplementary
Fig. 6), indicating a certain degree of selectivity in this assay,
which potentially can be further improved by optimizing the
sequence and length of the DNA capture strand.

Next, we studied the fluorescence enhancement that could be
achieved in this single-molecule DNA diagnostics assay (Fig. 2e).
Fluorescence enhancement values were calculated by comparing the
intensity of Alexa Fluor 647 in NACHOS that contained only one
dye incorporated in the hotspot (i.e., displayed single-step bleaching
events in fluorescence transients) to the intensity of single Alexa
Fluor 647 dyes incorporated in the reference structure without
nanoparticles. As shown in Fig. 2e, fluorescence enhancement
values of up to 461-fold (average 89 + 7-fold) could be achieved
representing more than an order of magnitude improvement
compared to previous DNA nanoantennas specific to Zika virus!>.
One major advantage of using NACHOS for the sandwich binding
assay is that only the signal originating from the specific binding to
the target sequence in the zeptoliter volume of the nanoantenna
hotspot is amplified. In contrast, any signal originating from non-
specific binding of the imager strand to the DNA origami scaffold
or the surface of the glass coverslip is not amplified. The clear
differentiation between single-molecule emission amplified by the
nanoantenna and the one observed from single fluorescent
molecules is illustrated in the inset of Fig. 2e.

We quantified the efficiency of the sandwich binding assay in
the reference DNA origami structure without nanoparticles as
well as in NACHOS containing 100 nm silver nanoparticles by
calculating the fraction of DNA origami structures containing the
target and imager (% colocalization of green and red spots,
Fig. 2f). Binding efficiencies of 66% and 84% were measured in
NACHOS (light blue) and in the reference structures (orange),
respectively, confirming that the hotspot accessibility for the
target DNA sequence is not significantly compromised by
attaching two 100 nm silver nanoparticles. We note that ~10 %
higher imager binding yield was observed for the reference
structure in the presence as well as in the absence of the target
strand, which we attribute to higher non-specific sticking of the
imager to the reference structure. We hypothesize this non-
specific sticking is related to the single-stranded DNA for
nanoparticle binding as unspecific binding is reduced after
incorporation of two silver nanoparticles in the full nanoantenna
construct (Fig. 2f).

To quantify the number of target molecules incorporated in
each nanoantenna hotspot, we performed a single-molecule
fluorescence photobleaching analysis (Fig. 2g) which allowed us
to determine the number of Alexa Fluor 647 imager strands per
DNA origami structure by counting the photobleaching steps in
single-molecule fluorescence transients (Supplementary Fig. 7).
The majority (~60%) of NACHOS contained one imager strand
incorporated in the hotspot, one third of nanoantennas contained
two imager strands, while three imager strands were observed in
~8-11% of single-molecule transients. The distribution of
bleaching steps obtained for NACHOS as well as for the reference
structures (Fig. 2g) further supports the observation that the
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Fig. 2 Single-molecule diagnostic assay with NACHOS. a Sketch of NACHOS with three capture strands in the hotspot and a green reference dye (ATTO
542) for labeling of the DNA origami. Capture strands are placed in the NACHOS hotspot region. Upon incubation, they hybridize with DNA target strands
specific to Klebsiella pneumonia, exposing a specific, 17-nt long region for the hybridization with the imager strand labeled with Alexa Fluor 647. b Confocal
fluorescence image of the NACHOS before incubation with DNA target and imager strands. ¢ Confocal fluorescence images after incubation with DNA
target (2 nM) and imager strands (6 nM) in buffer solution (left) and blood serum (right), scale same as in panel b; d Confocal fluorescence image of the
NACHOS after incubation with only the DNA imager strand (6 nM) in buffer solution (left) and blood serum (right), scale same as in panel b. The scans in
panels b-d are representative for at least 20 images. e Fluorescence enhancement histogram of the sandwich assay in NACHOS measured in buffer
solution (light blue) as well as in blood serum (dark blue). The inset includes a zoom in into the enhancement histogram overlaid with an enhancement
histogram obtained for non-enhanced single Alexa Fluor 647 dyes (orange). Between 127 and 273 NACHOS and reference structures were analyzed in
buffer solution and blood serum, respectively. f Binding yield obtained for the full sandwich assay (2 nM target and 6 nM imager strands) and for the
control experiment (imager strand only) without nanoparticles (orange) as well as with nanoparticles in buffer solution (light blue) and in blood serum
(dark blue). At least 546 spots were analyzed out of at least 5 different areas for each sample. Alexa Fluor 647 was excited at 639 nm and ATTO 542 at
532 nm. g Distribution of fluorescence bleaching steps observed in fluorescence transients for NACHOS in buffer solution and in blood serum and
reference structures. Over 240 structures from at least 6 different areas per sample were analyzed. The box plots in panels f and g show the 25/75

percentiles and the whisker represents the 1.5*IQR (inter quartile range) length, the center lines represent the average values.

presence of silver nanoparticles does not obstruct the hotspot
accessibility for the DNA target.

Single-molecule detection in human blood serum. To demon-
strate that NACHOS can still function in complex biological
fluids that compromise many diagnostic assays, we have also
performed the sandwich detection assay described above in
human blood serum spiked with the target DNA sequence spe-
cific to the OXA-48 gene. The serum was first heat-inactivated
and then enriched with 2nM target DNA sequence as well as
6nM Alexa Fluor 647 imager strand. The fully assembled
NACHOS were then incubated in the serum mixture for 2h at
37 °C. Fluorescence scans of the NACHOS after incubation with
serum and target DNA sequence are included in Fig. 2¢, d (as well
as Supplementary Fig. 8). Almost identical fluorescence
enhancement values (Fig. 2e), target binding efficiencies (Fig. 2f)
and number of single-molecule photobleaching steps (Fig. 2g)
were obtained for reference and NACHOS samples in highly
purified buffer (light blue) and serum (dark blue) conditions

confirming that neither the stability of NACHOS nor the per-
formance of the sandwich assay in NACHOS are compromised.
On the contrary, fluorescence enhancement values reaching 457-
fold (average of 70 +4) could be achieved for the DNA detection
assay in target spiked human serum. These findings proof the
robustness of NACHOS under realistic assay conditions and
provide an important stepping stone towards diagnostic
applications.

Single-molecule detection on a portable microscope using
NACHOS. Recently, the detection of only 10-16 ATTO 542
molecules was demonstrated using a simple table top setup with a
monochrome smartphone camera as detector and a consumer
product lens for light collection!®. This inspired us that single-
molecule detection might be possible on a portable smartphone
microscope with non-specialized low-NA optics>?2-2% (see
Fig. 3a, b). The microscope uses the monochrome camera of a
Huawei P20 smartphone for detection, data processing
and interfacing and a battery-driven 638 nm excitation laser with
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Fig. 3 Single-molecule detection on a portable smartphone microscope. a Sketch of the portable smartphone microscope with the battery driven 638 nm
laser (red), the focusing lens (f =5 cm) (yellow), the microscope coverslip with the sample (blue), the objective lens and the emission filter (brown), and
the smartphone monochrome camera as detector (green). b Top view photograph of the portable smartphone microscope. ¢ Background corrected
fluorescence image of NACHOS with 100 nm silver nanoparticles and a single Alexa Fluor 647 dye. d Fluorescence image as in ¢ after illumination for 1:30
min. e Exemplary fluorescence transients of a single Alexa Fluor 647 in NACHOS measured on the portable microscope setup. Single bleaching steps of
dyes and long-time blinking events are visible. f Background corrected fluorescence image of NACHOS equipped with a sandwich assay with 100 nm silver
nanoparticles and Alexa Fluor 647 imager strands. g Fluorescence image as in f after illumination of the area for 3:00 min. h Exemplary fluorescence
transients of Alexa Fluor 647 in a three-capture-strand DNA origami nanoantenna measured on the portable smartphone microscope. i Background
corrected fluorescence image of NACHOS equipped with the sandwich assay with 100 nm silver nanoparticles and Alexa Fluor 647 imager strands after
incubation in blood serum. j Fluorescence image as in i after illumination of the area for 2:53 min. k Exemplary fluorescence transients of Alexa Fluor 647 in
a three-capture-strand NACHOS measured on the portable smartphone microscope. Fluorescence transients with one, two, and three bleaching steps
(analogous to single-molecule confocal measurements) were observed. The movies represented in the panels ¢, d, f, g, i and j were reproduced at least 5
times. Three movies for each measurement are provided in the Supplementary Movies. The fluorescence transients shown in panels e, h and k were

extracted from a single movie.

180 mW output power. The excitation laser (red in Fig. 3a) is
focused on the sample plane at approximately 45° using a
lens with a focal length of 5 cm to illuminate an elliptical area of
~150 x 200 um?. Fluorescence emission is collected and colli-
mated with a consumer product lens (NA = 0.25, 8 USS$, yielding
a resolution of ~1.2 um in the red wavelength range), bandpass
filtered and focused onto the smartphone detector using the
internal lens in the infinite focal distance mode. A discussion of
the total price of the components used in the prototype smart-
phone microscope (sum of ~ 4200 €) can be found in Supple-
mentary Note 1. We envision that the price can be reduced in the
case of upscaling production (<1000 €). Importantly, the afford-
able microscope does not imply expensive sample preparation.
The single-molecule nature of measurements requires substantial
dilution of the DNA origami samples and DNA functionalized
nanoparticles yielding an estimated price per NACHOS coverslip
preparation of below 5 € (Supplementary Note 2).

First, we prepared NACHOS with 100 nm silver nanoparticles
and a single Alexa Fluor 647 dye in the hotspot. Considering the
low resolution of the smartphone microscope, the concentration
of NACHOS on the surface was adjusted to a reasonably low
density to ensure that only one nanoantenna is present per
diffraction limited spot (see Materials and Methods section). To
improve the photostability of Alexa Fluor 647 and demonstrate
single-molecule bleaching steps, the measurements were carried
out in a reducing and oxidizing system (ROXS)?>>2¢ with
enzymatic oxygen removal. Upon illumination, multiple bright
spots were observed on the smartphone screen (Fig. 3c). In the
movies recorded with 80 ms per frame, slow single-molecule
blinking and bleaching (Supplementary Fig. 9) was observed
(see Supplementary Movies 1-3) as indicated by the disappear-
ance of spots over time (compare Fig. 3c, d). Extracted
fluorescence transients (spots from one movie) are shown in
Fig. 3e, demonstrating typical single-molecule behavior with
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blinking and single-step bleaching events. These transients
represent the first examples of single-molecule fluorescence
detection with a portable smartphone microscope and non-
dedicated optics bringing single-molecule detection a step closer
to point-of-care settings. The signal-to-background ratio (SBR)
and the signal-to-noise ratio (SNR) of the transients on the
smartphone microscope are determined to be 25+ 2 and 3.8 + 0.2,
respectively. Examples of fast blinking of single ATTO 647N dyes
in the hotspot of NACHOS with 100 nm silver nanoparticles can
be found in Supplementary Movie 4 and Supplementary Fig. 10.
Next, we tested whether the portable smartphone microscope
could also be used for the detection of single DNA molecules in
analogy to the sandwich assay discussed in Fig. 2. The sandwich
assay with three capture strands for the detection of the resistance
gene OXA-48 imaged with the portable smartphone microscope is
shown in Fig. 3f. All fluorescence spots acquired on the
smartphone camera were photobleached after 3 min of movie
recording (see Supplementary Movies 5-7). The extracted
transients (Fig. 3h) exhibit bleaching of the imager strands with
1-3 bleaching steps in accordance with the single-molecule
fluorescence transients acquired on the confocal microscope
shown in Supplementary Fig. 7. More examples of extracted
transients for the sandwich assay with three binding strands in
the NACHOS hotspot are included in Supplementary Fig. 12. In
control measurements under identical conditions leaving out the
nanoparticles, no signal could be detected. As a further control,
we incubated the coverslips with silver nanoparticles only. A few
dim spots that did not disappear after long illumination are
ascribed to scattering from silver nanoparticle aggregates
(Supplementary Fig. 11). These results confirm that single-
molecule detection of disease-specific DNA can also be performed
on our portable smartphone microscope omitting the need for
advanced and expensive microscopes. Finally, the DNA detection
assay after incubation with human blood serum was also
measured on the portable smartphone microscope. Images at
the beginning as well as at the end of the movie and exemplary
fluorescence transients are shown in Fig. 3i, j, k. The results are
almost identical to the measurements in purified buffer solution
(Fig. 3f-h) with a decreasing number of isolated fluorescent spots
detected on the camera (Fig. 3i, j) due to photobleaching. In a
similar way the fluorescent transients (Fig. 3k) show clear single,
double and triple bleaching steps with no difference visible
between the purified buffer and the blood serum assays. More
example movies and transients for the measurements of the
sandwich assay inside the NACHOS are shown in Supplementary
Movies 8-10 and Supplementary Fig. 13. The photobleaching
analysis for the transients from the movie taken on the
smartphone microscope is shown in Supplementary Fig. 14 and
yields similar distributions for single, double and triple photo-
bleaching steps as compared to the data shown in Fig. 2g,
highlighting the ability of the smartphone microscope in
combination with NACHOS to provide analytical power
comparable to conventional single-molecule microscopy tools.
Self-assembled nanoantennas with a cleared and addressable
hotspot represent an inexpensive and versatile platform for
fluorescence signal enhancement assays. Single fluorescent
molecules immobilized in the hotspot of these newly designed
nanoantennas yield higher fluorescence enhancement values than
previous approaches with hotspots blocked by the DNA origami
nanostructure. NACHOS are robust (see Supplementary Fig. 15
for single-molecule data of a similar sample measured over
13 weeks), stable in complex biological fluids such as human
serum, and importantly, the accessibility of the hotspot for target
DNA molecules and imagers is not impaired despite the
constricted dimensions. A single-molecule sandwich assay with
three capturing strands shows equally high fluorescence

enhancement as direct incorporation of a single fluorescent dye
in the hotspot and enables single-molecule detection with
amplified signal that facilitates discrimination of single-
molecule binding events against an unavoidable background of
single-molecule impurities (Fig. 2e inset). The demonstration
of single-molecule assays on a simple battery-operated smart-
phone microscope makes DNA origami nanoantennas a
stepping-stone for democratizing single-molecule detection with
cost-effective and mobile devices relevant for point-of-care
applications.

Methods

DNA origami. DNA origami structures were designed in caDNAno2?” and
assembled and purified using protocols inspired by Wagenbauer et al.?8. Briefly,
25 pL of p8064 scaffold (produced in-house) at 100 nM were mixed with 18 uL of
unmodified staples pooled from 100 uM original concentration and 2 pL of mod-
ified staples, pooled from 100 uM original concentration. All staples were pur-
chased from Eurofins Genomics GmbH (Germany) - for the exact sequences see
Supplementary Table 2. 5 uL of folding buffer (200 mM MgCl,, 50 mM Tris,

50 mM NaCl, 10 mM EDTA) were added and the mixture was subjected to a
thermal annealing ramp (see Supplementary Table 1). Samples were purified using
100 kDa MWCO Amicon Ultra filters (Merck KGaA, Germany) with 4 washing
steps with a lower ionic strength buffer (5 mM MgCl,, 5 mM Tris, 5mM NaCl, 1
mM EDTA) for 8 mins at 8 krcf, 20 °C.

Functionalization of silver nanoparticles. 100 nm silver nanoparticles (100 nm
BioPure Silver Nanospheres (Citrate), nanoComposix, USA) were functionalized
with T single-stranded DNA oligonucleotides with a thiol modification at the 3’-
end (Ella Biotech GmbH, Germany)!°. Briefly, 2 mL of 0.025 mg/mL nanoparticle
solution in ultra pure water was heated to 40 °C under permanent stirring. 20 pL of
10 % Tween 20 and 20 uL of a potassium phosphate buffer (4:5 mixture of 1 M
monobasic and dibasic potassium phosphate, Sigma Aldrich, USA) were added as
well as 10 pL of a 2 nmol thiol-modified single-stranded DNA solution (5’-T5o-SH-
3’) and incubated for 1h at 40 °C. A salting procedure was then carried out by
adding 1x PBS buffer containing 3.3 M NaCl stepwise over 45 min to the heated
and stirred solution, until a final concentration of 750 mM NaCl was reached.
Afterwards, the particles were mixed 1:1 with 1x PBS 10 mM NaCl, 2.11 mM
P8709 buffer (Sigma Aldrich, USA), 2.89 mM P8584 buffer (Sigma Aldrich, USA),
0.01 % Tween® 20 and 1 mM EDTA. To remove the excess thiolated single-
stranded DNA, the solution was centrifuged for 15 min at 2.8 krcf and 20 °C. A
pellet was formed in which the particles were concentrated. The supernatant was
discarded, and the washing step was repeated six more times. After functionali-
zation of the silver nanoparticles were diluted in 1x TE buffer (10 mM Tris, 1 mM
EDTA) containing 750 mM NaCl to reach the final extinction of 0.05 (0.1 mm path
length) at the extinction maxima on a UV-Vis spectrometer (Nanodrop 2000,
Thermo Fisher Scientific, USA).

Solution synthesis of DNA origami nanoantennas for TEM imaging. To obtain
DNA origami nanoantennas in solution, the structures were initially assembled on
streptavidin-coated magnetic beads (Dynabeads™ MyOne™ Streptavidin Cl1, 1 pm
diameter, 10 mg/mL, Thermo Fischer Scientific, USA). Preparation of magnetic
beads: 3.0 uL of bead stock solution (~20-30 %106 beads) were washed three times
with 50 uL 1x B&W buffer (0.5 mM EDTA, 5mM Tris-HCI (pH = 8), 1 M NaCl,
0.001 % v/v Tween® 20). After removing the supernatant, the beads were diluted in
6.0 uL 1x B&W and incubated with 6.0 uL of 4 uM biotinylated ssDNA (magl,
Supplementary Table 5) for 20 min at room temperature. The functionalized beads
were purified from excess of ssDNA by placing the tube on a magnet and dis-
carding the supernatant. The beads were redispersed in 50 pL 1x B&W and washed
with 1x B&W buffer (3x 50 pL). Immobilization of DNA Origami on Magnetic
Beads: DNA origami (100 pL, 200 pM in 1x B&W buffer) with three ssDNA
overhang strands on a bottom partially complementary to the sequence on the
magnetic beads (mag2, Supplementary Table 5) were incubated together for 2 h at
37 °C under gentle shaking (450 rpm, Eppendorf ThermoMixer® C, Eppendorf AG,
Germany). Unbound DNA origami was removed by placing the tube on a magnet
and discarding the supernatant. The beads were redispersed in 50 uL 1x B&W and
washed with 1x B&W buffer (5x 50 pL). Binding of 100 nm silver nanoparticles:
Nanoantennas were fabricated on magnetic beads by hybridizing with DNA
functionalized (5’-T5-SH-3") 100 nm silver nanoparticles to the DNA origamis.
For this the supernatant of the with DNA origami coated beads was removed and
incubated with 100 uL of 100 nm silver nanoparticles solution using an excess of
five nanoparticles per binding site. During the first three hours of incubation, the
solution was mixed every 30 min by gentle pipetting. After overnight incubation at
room temperature, the excess of nanoparticles was removed by placing the tube on
a magnet and discarding the supernatant. The beads were re-dissolved in 50 puL 1x
B&W and washed with 1x B&W buffer (5x 50 pL). Cleavage of the assembled
structures: Nanoantennas were cleaved from the beads surface by performing a
toehold-mediated strand displacement reaction. For cleavage, the supernatant of
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the bead solution was removed and nanoantennas coated beads were incubated
with 20 pL 10 uM of the displacement strand (mag3, Supplementary Table 5) for
4 h at room temperature. Unbound DNA origami nanoantennas were recovered for
further use by placing the tube on a magnet.

Transmision electron microscopy (TEM) measurements. TEM grids (Formvar/
carbon, 400 mesh, Cu, TedPella, Inc., USA) were Ar-plasma cleaned and
incubated for 60 s with DNA origami sample (5 uL, ~ 2-10 nM). Grids were
washed with 2 % uranyl formate solution (5 pL) and incubated again afterwards
again 4 s with 2% uranyl formate solution (5 uL) for staining. TEM imaging were
performed on a JEM-1100 microscope (JEOL GmbH, Japan) with an acceleration
voltage of 80 kV.

Sample preparation on the coverslip for single-molecule confocal measure-
ments. Microscope coverslips of 24 mm x 60 mm size and 170 pm thickness (Carl
Roth GmbH, Germany) were cleaned with UV-Ozone cleaner (PSD-UV4,
Novascan Technologies, USA) for 30 min at 100 °C. Adhesive SecureSeal™ Hybri-
dization Chambers (2.6 mm depth, Grace Bio-Labs, USA) were glued on the clean
coverslips. The created wells were washed three times with PBS buffer and then
incubated with BSA-biotin (0.5 mg/mL, Sigma-Aldrich, USA) and NeutrAvidin
(0.2 mg/mL, Thermo Fisher Scientific, USA). The DNA origami (50-100 pM in 1x
TE buffer containing 750 mM NaCl) was immobilized on the biotin-NeutrAvidn
surfaces using covalently attached biotin modifications on the six staple strands on
the base. Density of DNA origami nanoantennas on the surface suitable for single-
molecule measurements was checked on a microscope. The binding of silver
nanoparticles was then performed by incubating the surfaces with 100 pL of T,o-
functionalized silver nanoparticles in 1x TE buffer containing 2 M NaCl overnight
at room temperature. To prevent the evaporation of samples, samples were kept in
a sealed humidity chambers during the incubation. The nanoantennas were then
imaged in 1x TE buffer containing 14 mM MgCl,.

Diagnostic sandwich assay. To specifically detect the DNA sequence specific to
the OXA-48 gene carrying the antibiotic resistance!®2%, DNA origami nanoan-
tennas were folded containing three specific capture strands (Supplementary
Table 4) extruding from the hotspot region of the nanoantenna. After the assembly
of the full nanoantenna in the analogous way to the previous section, the samples
were incubated with 2 nM target DNA sequence (34 nt) specific to the OXA-48
gene (Supplementary Table 4) as well as 6 nM Alexa Fluor 647 imager strand
(17 nt) labeled with Alexa Fluor 647 (Supplementary Table 4) in 1x TE buffer
containing 2 M NaCl. The sample was incubated for at 37 °C for 2 h and the excess
of the target and imager strands was removed by washing six times with 1x TE
buffer containing 2 M NaCl. The nanoantennas were then imaged in 1x TE buffer
containing 14 mM MgCl,.

For the sandwich assay in serum clotted, whole blood, sterile and filtered
human blood serum (Human Serum, (from male AB clotted whole blood), USA
origin, sterile-filtered, Sigma-Aldrich, USA) was used. Before adding the serum to
the NACHOS and reference samples, the serum was heat inactivated by exposing it
for 30 min to 56 °C and spiked with 2 nM target DNA, 6 nM imager strand and 2
M NaCl. The fully assembled NACHOS or reference DNA origami structures were
incubated with target-spiked blood serum for 2 h at 37 °C and the excess of target
and imager strands was removed by washing six times with 1x TE buffer
containing 2 M NaCl. NACHOS were then imaged in 1x TE buffer containing 14
mM MgCl,.

Confocal measurements and data analysis. Confocal fluorescence measurements
were performed using a home-built confocal setup based on an inverted micro-
scope (IX-83, Olympus Corporation, Japan) and a 78 MHz-pulsed supercontinuum
white light laser (SuperK Extreme EXW-12, NKT Photonics A/S, Denmark) with
selected wavelengths of 532 nm and 639 nm. The wavelengths are selected via an
acousto-optically tunable filter (AOTF, SuperK Dual AOTF, NKT Photonics A/S,
Denmark). This is controlled by a digital controller (AODS 20160 8 R, Crystal
Technology, USA) via a computer software (AODS 20160 Control Panel, Crystal
Technology, Inc., USA). A second AOTF (AA.AOTF.ns: TN, AA Opto-Electronic,
France) was used to alternate 532 nm and 639 nm wavelengths if required, as well
as to further spectrally clean the laser beam. It is controlled via home-made Lab-
VIEW software (National Instruments, USA). A neutral density filter was used to
regulate the laser intensity, followed by a linear polarizer and a \/4 plate to achieve
circularly polarized excitation. A dichroic beam splitter (ZT532/640rpc, Chroma
Technology, USA) and an immersion oil objective (UPlanSApo 100x, NA =14,
WD = 0.12 mm, Olympus Corporation, Japan) were used to focus the excitation
laser onto the sample. Micropositioning was performed using a Piezo-Stage (P-
517.3CL, E-501.00, Physik Instrumente GmbH&Co. KG, Germany). The excitation
powers at 639 nm were set to 200 nW or for 500 nW for the reference samples and
to 50 nW for the NACHOS for the recording of the fluorescence transients. These
powers were chosen to ensure that the samples are excited in the linear regime and
to avoid saturation in the nanoantenna hotspot®’. For the confocal scans, 2 uW at
532nm and 2 uW and 500 nW at 639 nm were used for the reference and
NACHOS samples, respectively. Emitted light was then collected using the same
objective and filtered from the excitation light by the dichroic beam splitter. The

light was later focused on a 50 um pinhole (Linos AG, Germany) and detected
using avalanche photodiodes (SPCM, AQR 14, PerkinElmer, Inc., USA) registered
by an TCSPC system (HydraHarp 400, PicoQuant GmbH, Germany) after addi-
tional spectral filtering (RazorEdge 647, Semrock Inc., USA for the red channel and
BrightLine HC 582/75, Semrock Inc., USA for the green channel). A custom-made
LabVIEW software (National Instruments, USA) was used to process the acquired
raw data. Background correction was made individually for each transient. The
extracted data were analyzed in OriginPro2016.

Sample preparation for single-molecule measurements on the smartphone
microscope. The geometry of the smartphone-based microscope required samples
to be sealed. To this end, microscope cover slides of 22 mm x 22 mm size and 170
um thickness (Carl Roth GmbH, Germany) were cleaned with UV-Ozone cleaner
(PSD-UV4, Novascan Technologies, USA) for 30 min at 100 °C. After this a home-
made silicon mask with an opening around 15 mm x 15 mm was glued on a
coverslip to create an incubation chamber. Surface functionalization, DNA origami
immobilization (5 - 10 pM), nanoantenna formation, and the sandwich sensing
assay were performed the same was as described above for the NACHOS assembly
on coverslips. To seal the samples, the silicon mask was removed, and a double-
sided tape was glued on both sides of the cover slide. Then the cover slides were
covered with 76 mm X 26 mm microscope slides (1 mm thickness, Carl Roth
GmbH, Germany) which were priory cleaned with UV-Ozone cleaner for 30 min at
100 °C. Due to limited photostability of Alexa Fluor 647, samples containing the
sandwich assay were imaged in the presence of ROXS photostabilization system. A
reducing and oxidizing buffer system with enzymatic oxygen removal consisting of
90 % buffer A (14 mM MgCl,, 50 mM Tris, 2 mM Trolox/Troloxquinone and 1 %
w/v Glucose) and 10 % buffer B (glucose oxidase (1 mg/mL), 0.4 % (v/v) catalase
(50 ug/mL), 30 % glycerol, 12.5mM KCI) was used. After this the chambers were
sealed with nail polish and imaged after the drying of the glue.

Single-molecule measurements and analysis on the smartphone. Single-
molecule measurements on the smartphone were performed using a home-built
portable box. The 638 nm laser diode (0638L-11A, Integrated Optics, UAB,
Lithuania) with an output power 180 mW that can be driven by various (portable)
voltage sources (Power plug, mobile power bank, (rechargeable) batteries) was
focused (f= 50 mm) in 45° angle onto the sample. The fluorescence of the mole-
cules was collected using an objective lens (NA = 0.25, LS-40166, UCTRONICS,
USA) guiding the light to the monochrome camera of the smartphone (P20,
Huawei, China) after spectral filtering (BrightLine HC 731/137, Semrock Inc.,
USA). Movies were recorded via FreeDCam application and analyzed with Image]J
(FIJT) equipped with FFMPEG plugin using a home written macro to convert MP4
format of the acquired movies to a TIFF format and find the single-molecule
signals and extract the fluorescence intensity as a function of illumination time.
The extracted data were analyzed in OriginPro2016.

Reporting summary. Further information on research design is available in the Nature
Research Reporting Summary linked to this article.

Data availability

The raw data acquired in this study are available in a public Zenodo repository

(DOI: 10.5281/zenod0.4384169). This includes TEM images, raw and analyzed confocal
data, raw movies acquired on the smartphone device, as well as the caDNAno file for the
DNA origami nanostructure reported in this work. Further information is available from
the authors upon request.

Code availability
A custom script used to analyze the movies obtained on the smartphone device is
available in the Zenodo repository under DOI: 10.5281/zenodo.4384169.
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Supplementary Table 1. Temperature ramp used for folding DNA origami nanostructures

Temperature Time [s]
[°C]

65 300
65 50
64 95
63 95
62 95
61 95
60 540
59 540
58 1140
57 1740
56 2340
55 2940
54 3540
53 3540
52 3540
51 3540
50 3540
49 3540
48 3540
47 3540
46 3540
45 3540
44 2940
43 2340
42 1740
41 1140
40 1140
39 1140
38 540
37 540
36 290
35 290
34 290
33 290
32 290
31 290
30 290
29 50
28 50
27 50
26 50
25 50




Supplementary Table 2. Unmodified staple strands used to fold the DNA origami nanostructures

Z
o
=
)

Sequence (5'—3")

TTTAAATGTTTGCTGAGATTTAGGACCCACGCGAA

TTAGAACGCAATTAAGACAAATACATACATAAA

TTTAAGCAAATTCACAAAGTATTAAGAGGCTCGGA

TAAATACCCGGATATCATCAACGGTCAATCATAAGACCATCGATAC

GAAGGGATAGCGAGATAGTTCCGGCCAGGAAGAAGAATGAGGT

GCAACTGGCGAAAGGGGAGTAAAGTTGCCGGAGTGAGACCGGTCCAAAC

ACGAGGAGAGGCGGTTTGATGGTGGGGCCCACCCT

CGGTGTACAGACCAACAAAGCTAACGGAAAAAATCTACG

OO |N(OLNN[A|IW|N|F-

AATATCGGCACGCGCGGGCCGGAAGCATAAAAGCT

[EY
o

CAGAACAATATATCGGCCATCAAACACAGTTGAAAGGAA

[N
[N

TGAGGAAAACAGCCTGATTGCTTTGTTGC

[y
N

GAACGCCTCCATATTATTTTA

[EEY
w

AGTTCTGTCCCCCCCGAGGCGCTGGCAAGTGTTTG

=
S

CTTAAATCCCGGCGGTTGTG

[y
(2}

AGCAATACTTCATCACGCAAATATCGCCAGTA

[y
)]

TTCATTTACCATATTGCGGAACAAAGAA

[EEY
~

CTACAATTTTTTTGAAGAAAAAGCTTTAAAACAGAAATAAAGAAAAAT

[EY
0o

CCTACATATCTAAAGCATCACCTCAAATTTGC

[EY
o]

GGTGGCTCCAACGGCATTTCGCACTCAATCCACGCCATCCA

N
o

CGGAATTACCGTGTCGCAAGACAAAGAAAACAGTAAACAAAC

N
[y

TTTCAATGATAAATTAATGC

N
N

GTCGAGGACCCGCCGCACCTTTTACATCCGCTGAGCAT

N
w

GTAATCAGAAACGAGCCTTTAGTGCCTTCTCAGAACGA

N
S

GCGACCCACCAAGTAGAATCATTAAAGGTGAAAATA

N
[S,]

GTCTGAGCAAAAGAAGATAATGGGAAGGAG

N
[e)]

TCACGCGTGGGAACAAATGTCACTGCGCGCCGCGG

N
~N

ATTAGAGCATTTTTGCGAGCTGAAAAGGTCTA

N
oo

TGTGATAAATTTAGCCGGAACGAGATATATTCTCA

N
X

TCCCGGGCGAAAGCCACCGTCTTTCCAGAGCCGAA

w
o

AATAAACCAGAATCTTTTCATAATCAGGA

w
=

CAGACCAGTTACAAAATAAAGGCTTCAGTAGGAGTATTATTAATGC

w
N

CGTAGGCGCATAACTGACCAACTTTGTTGCGCGATACATTGCAAAAG

w
w

AATAATAACCGGCGCAGAGAGTAATCTCGCCT

w
SN

CATTATATTTTATCTTCTGACCTAAAGATGATCAATATA

w
(0]

AGGACGTTAAGAACGGTTTAATTTCAACGAGAAACCAA

w
[e)}

AGGAGGCTTTAACGCCAAACGAACTGCTCAT

w
~

ACCACCCTTAGATGAGTGACCTGTCGTGCCAGAAT

w
o]

GGTGATAAGAACTGGCATGATAATAACAGCCCTTTAATATC

w
(s}

CCCCTTTTCTTGTGTGAAATTGTTAAAGCACTTGT

o
o

CATTTAAACTCCATATAGATTCATCAGTGAACAAGAAACTCATC

H
[WN

AACAGACAATAGTTTATCCGCTGGTAAATGTGCAG

I
N

CGGATCGGATGTGCTGCAAGGCGATCAGTGCCAGGTGGAGCC

o
w

CCGAGCTCGAACTTGACGAAAGGTAAGAGGCATTTATTT

o
N

TGGGCACTAAAAAAGAGTCTGTCCTTTGATTTCAAACTTAC




45

GAGTCAACTAATTTAGGCAAGTAATCCTGAACAGA

46

AGAGTTCGTAAAGCTGATCTCATAAGGATTGACTGCCAGTTTGAGGCAG

47

TACGCGGGATACGAGGGCAACGGAATTATACCAAG

48

ATCCTTTGCAACAGGAAAAACGCT

49

GAAGGTATTATCACCCAGCAAAATCACCTTACCATTAGC

50

TTGCAAAGACAAAAGGGAATGAAATAGCAAGCAGCACC

51

GCAAGACTGGATAGCGTGAATCCCCTGTATGCGC

52

AGCACCCTCAAATCCTCCAGGAAGGGTCATTCCTTTAATTGTACAGGTG

53

TTTGCGTATTGACAATTCCACACAAAATTGGG

54

AAACGGACGACGTCGGTGACGCAACAGCGAGTATAGTTATTTTGATGGGG

55

ATATAATACACGTACTACACCAGCTAACACCATTCACCAGTCACA

56

TATTTTAACCTCAAAAGCTGCATTGCCTGGGGTGCCTAAATCCTTAGAC

57

AAAGGAAGCTTGATGTTGAAACCTG

58

GTCAGACCTCAAGAGAAGGAT

59

TTATCAGCTTGCTTACACTAT

60

AAAAATTAAAGCCTATTATTCTGAAGTTGATAGATTGCAAACCCTC

61

TTTGCGGGCCTCTGTGGTGCT

62

CACCGGAATCATTTCAAAATTATIT

63

TAAAGGAAGCTCTGGAACTGCGAACGAGTAGGCATAAACTGTAATGTCA

64

GAGCGTCCACTACCTCCGTAATTTTAGTTACAAAATCGCCGT

65

TACCAGAATCAAGTTTGCCTTATTTAAAAACTAATAAGACCGCCATGC

66

GCAGCAGAGGTCGTCGCAATTGCG

67

TGAGATCGGCTATAATATACCGACAGGGAAAGAGCGAAAGGAGCGGCAGT

68

CTTGGTAACGCCAGGGTACGACGTGGAT

69

CGCGCAGTATATTCGACAATGAATATACAGTA

70

AAGAGGTAGTACCTTGAGAAAGGCCGGACAATGCCATAGTAG

71

TGCACGACAATTGCGAATGCCCCCTCGGCTGGCCA

72

GCTTTGAGGACTAATACGAAGAAAACGAAAGAGGCCCCAGCGGATT

73

ATATAAAATTCATATGGTTTATTACCGAGGAA

74

GCAGTTGGTAAAAAGGCGGCCGCGTGGTGGGTGGTAGCAGGCTGCA

75

GTCCTTTCATGCATGTCCCAGTAAAGTGCCCGTATAAAAGGAGGTAATC

76

ACATTACAAAGGATTAAGGTGCCGTCGAGAGGACATGAAACAA

77

TAGTACTAAAGTACGGTGCCGAAAGATTTTTGATTGTAATTTTGTTGGGT

78

AGTGAATTTTCCTCAAACCCTCAGAGCCACCGAACCCACAC

79

TTATTCGGTCGGGTATTAGCCGTTTTTTCGATTTA

80

TCATCGTAACATTCCAAGAACATAGCCCCCT

81

GCCGCTACCACCACTGCCGTATCCGCTCGGCGCCAGCTGGTC

82

ACAGTGCTTTACCGAACGAACTGGTTGCTAGCGGTAAC

83

TGCCCGCTTTCCAGGTGTTGTTC

84

ATAGAGCCGCACTCCAAGTC

85

GCGGTCAGTATAGAAGATTAGCCCTTAAAGGGATTTTAG

86

GGGGTTTATATCGCATATGCATTGACCATTAGATA

87

ATTCTAGCGATGTGTAAAAATGAATCGGCCAAAAA

88

AAGTTTTGACGCTCAAATCCGGTATTCTAATAA

89

TACTGTGTCGAAATCCGCAAAGTATAGCAAC

90

TATTAAATCATACAAAATCATAGCGTCAAATTAT

91

CACGGGGGTAATAGTAAAACAGTTAGACGTTAGCCCTCAACAACCCAG




92

GACACGTAGATCCTTATTACG

93

ACCAACATGGCGCGTAACGATCTTACAACATTTTG

94

TTAAAGAGATCTATGACCGCTAAATCGGTTGTCCC

95

AAAAGAATTTCTTAAACATTACGAGACCAAAA

96

CCTAGTTTCCTTTCACCACTTGTAGCAGCACCGACAGTATCGGCCTACCG

97

CTGTCATACCGGCCCTGGCCCTGAGAAGA

98

AACTGTAAAACGACGGCTAAGTTGCGC

99

AAAGTCTTTCCTTATAAGAGTGTACACAGACAGTAAATGAG

100

GCAAACCACGGTTTTGTCACAATCAAAAGTAACCG

101

CATTGAAGACAGTTCATGAGGAAGTTGGGTAAATAC

102

AATTGTTTCATTCCATATTCAAAAAGCTATCAATTG

103

AGAGAGAAATAACAAGCGTTTGCCATAAGTA

104

TCAATGCTCAGTACCAGGGAGACTCGATTGGCCCA

105

ACCTTATGCGATTTTGGGAAGACAACATTAA

106

TAGTATCAAATTCTTACAGGCGTTTTAGCGAAACG

107

AGCGGGAGCTAAACAGGAGTTTTTACAATAGATTT

108

ACGGAGCCGTTAATCAGTGAGGCCTITG

109

TTTGACCGCCAGGAAAGCTAATCAGAGCAAACAAA

110

AGGAAGCGCAGCGATCCCGTGCCGCCGGAACGTAAACGATGCTGATACG

111

AGGACGTCAGACTGTAGC

112

ACTGTATCACCGTACTCCAGTTAACTGAATTCCGCCACTACGTGAAAATC

113

GAAAATTCGCAGGCGCTCAGATGCCGGGTTAATCTCCAAAGAGAACCTG

114

TCGCCGGCTGGAGGTTTCTTTGCTCACTTTTGGGTAGCTACT

115

CGACACGCCAAATTACCGCGCCCAAAATCCAAGCC

116

CAGAGCGGGGTCATTGCGTCTGGCCGGTTGAGCAGTCTTGCCCCC

117

TCCCATGCGTTCTTTGCCGATTTTCAGGTTTACGG

118

TAAAAGGAATGGCTATTAGTCGAACTGAAAAA

119

TCAGTGAGAATCAAATCAGATATAGAACAGCCCTCAGAGTACCGTTAATC

120

CTATGAGTAATGTGTAGAAAAGGGTTAA

121

AGACCGGCAAACGCGGTCCGTTTT

122

GGACAAATCACCTCAATATGAAAATTTGACGCTCA

123

TTTGACCAAAAGAAATACGTAATGCCACAGACTTTCATC

124

AAAAATAGGAGCCGGGCTCAGCAAATCGTTAAAAGGAGGCC

125

AATCAAGAATTGAGTTAAATAGCATTTTTTGTTATCCCTAGCAAGCGCC

126

GAATTGCCAGAATTCAACTATTACACCCAAATACCAGAACGAGTAG

127

GTTGCGTCGGATTCTCGTAGCATTCCTCGTAA

128

AGCCAACGTGGCACCAGAATCTTACCAACGCTACC

129

GCCACGAAACGTTCGCCACGTGCATCCGTAATGGGATAGGGCC

130

ATCCTGAAAACAAACCTTTTTTAATGGACGCGAGAGGTTTGA

131

TGCCTATAATAGGTATTATAGGATAAAAGCATAGTAAGAGCATCGA

132

ATCAAGATTGTTTGTATTCCTGATTATCATTTAATAAACTTT

133

CAAGGGGCAACTCATGGTCATAGCTAAGGGAGAGA

134

ACCGAGGCTGGCTGACCTTTCATTAGGTAGAAACCAGTC

135

GAGAACAAGCAAAACCAAATCAATATTTCGTCACTACAAGGATTTT

136

TTTGGACATTCTGGCCAATTGGCAGGCCTGCA

137

TGTACGGAGGGAAGTGAGCGCTTTAAGAATAGAAAAGAAACGCAAA

138

TACGTATCATGACTTGCGGGAGGTATCCTGAACCACCACTTGATATAT




139

ACGGAACGTCATTTAGTGATGAAGGCATAAAACTGGTGCCCCGGAA

140

GCAGCAACAATATCGAAGAACAGTAATAACATCACACC

141

GAGGGAATCCTGAGAAGTGGCCGATAAAACATATT

142

AAAACCGCCACCCTCAGATTTTAACGATACAGTCACCGGGATA

143

GTTTACCAGACGACTCAGAAGAGTCTGGAAAAGCCCAAA

144

AGACAATCGCCATTAAAAAAGAATCAGCAGA

145

TAGCGAGTCTTTACTCGATGATGTACCCCTTCCTGCTG

146

ATAACGGTAATTTTCACACCGATAGAAAGAG

147

TTCAAATTGAATTAATTAATT

148

GTACGAACGTTATTAATCTGTTTACTTTTTAATTAAAGCGA

149

TGTGCGGTTGCGGTATGCTCA

150

AGGCTTGCCCTGACTTTAATC

151

TGCTTCTGTAAACGAATTA

152

ATCTAGCCAGCAGCATCCCAGCGGTGCCGGTAATAATTTCGTAAA

153

AAGTTTGACCATAACAAAGTTTTGTCGAAGGAATGACAACAGGA

154

GGACGTCACCCGGTCGCAGTTTCATGTGCACGTTT

155

AATCAAATTAGTACCGCCACCGAGTAACGCGTCATCCGGAACCGCGCCTAAC

156

CGGAGAGCGGGAGAAATAAAGCCTCAGAATT

157

ACAGTGCGACTTTACAAACAAAAGCCAAGTCAATACTATCATTTCC

158

TACATCAAACTGAAAAAGAGACGCATACCAGTCGG

159

CGTGTGAATTATTAAGAGGGAGAAACAATAAACGTCAGACTCG

160

ACTAAATGGGCTTGAGATTGGCT

161

TGAGCAAAGCGTAAGTATAGCCCGGTTCGGAACCAGAATCCCTCAGAAAC

162

TCACAGAGAGTAACCCAAGCTATCCCAGCGCACGGAAATTGCAAC

163

ATACAGAACCCTTCTGACGTCTGAAAGAGCCA

164

GATAAAATCAGAGCCGGGACATCCCTTACACTAAA

165

CGCCAGCCAGAAAGCGTACTGAGTATGGTGCT

166

ATCCATGTAATAGATTAAGCACGTATAACGTGCGCTAGTTT

167

CATAACAGTTGATTACTCGGT

168

AACAAAATCGGCACGCTGCGCGTAACAGGGCGTTT

169

TGAAAGCCCAAAAGAAACCGACATTAGGGAGG

170

CCAGAGCGCCATACAGCGCCATGTTGATTCAGAAGCTAACAG

171

TTCCTCGCACGCTGATGGATTATTTACACAGAGATGTGGCAC

172

CTTAGCATCAGACGATCCACAACTATCTTTCCCAG

173

TACGCCAATTTAGAGCTTAATCTCACCCACCATAAGAAA

174

TATTTGCCGTTGCACATCTGCCCTTCACCGGTGTA

175

ACCATCGATAGGCCGGAAATTAGAGCGTCACCGACT

176

TTTAGAACCCTCATATATTTTAAATGGACAGTCGGTCAGG

177

TAGCATTTTGGGGCGCGGATGGCTTAGATCCAACA

178

AGCAAACGCTTAATAGCTATATTTTCATAACATCCAATA

179

TAATTACTAGCCTTAAATCAAGATTTTGCACAGCATTGGAGGCAG

180

TGATCGGGAAAGCTAACTCACATTTATTAATGCTTAGGTTG

181

GAAAGGAAGGGAAGAACCGGCGATCCCCGGCCGTGAGAGCCTCCGTCACGT

182

GAAGGTTATCTAAAAT

183

AAGGCCGCTTTTTGCG

184

CACCCTGAACAAGCCG

185

CTCGTCGCTGGCCCTCCTCCGTGCCTTAATTTAGAAACCAGTAC




186 | TTTGGAACAAGACGCCGCCCCAG




Supplementary Table 3. Modified staple strands used for the immobilization of the DNA origami structure
(biotinX), nanoparticle binding (npbindX) and fluorescence labelling.

Name Sequence (5'—3")

biotinl biotin - AGAATATAAAGTCCCATCCGTTCTTCGGGG

biotin2 biotin - AGTTACCAGAAGGAAAGCAGATAAGTCAGAGGGTAATCGCA

biotin3 biotin - ACAACTTTCAACTGAGGCTATGT

biotin4 biotin - AGGGCGATCGGTGCGGTGCGCAACCGGAAACAATCGGCGGG

biotin5 biotin - TTCATCGGCATTGACGGGACCAATAGACCCTCAATTCATTCCAA

biotin6 biotin - TAGATGGGCGCATCGTAACTTCAGGCGCCT

npbind1 CATTTCGTCAACATGTTTTAAGTTTTAATTCGAGAAAAAAAAAAAA AAAAAAAA

npbind2 GGTTATATAACTATATGTGAATAAAAAAAAAAAAAAAAAAAAAAA

npbind3 ACCATCAACCGTTCTAGCCGCAAAAAAAAAAAAAAAAAAAAAA

npbind4 ATAAAAATGCTGATGCAATGTGAAAAAAAAAAAAAAAAAAAAA

npbind5 AAAGAATTAGCAAAATTAAGCAGCCTTTAAAAAAAAAAAAAAAAAAAAA

npbind6 ACCACCAAAGGGTTAGAACCTCAATTACGAATAACCTAAAAAAAAAAAAAAAAA
AAA

npbind7 AATCATACAGCCTGTTTTGCTGAATATAATGCGAAAAAAAAAAAAAAAAAAAAA

npbind8 AATATAATCCAATGATAAATAAGGCGTTAAAAAAAAAAAAAAAAAAAAAA

npbind9 AAATCACCATCAATATGATATGACCGGAAAAAAAAAAAAAAAAAAAAA

npbind10 CTTCAAAGCTGTAGCCAAATGGTCAATAAGCAAGGCATAAAAATTAAAAAAAAA
AAAAAAAAAAA

npbind11 AAAAGTTTGAGTAACATTATCAAAAAAAAAAAAAAAAAAAAA

npbind12 AATACCGATCATCAGATTATACTTCTGAATGATGACATAAATCAAAAAAAAAAAA
AAAAAAAA

base dye TTTGTGATCTCACGTAAATTTCTGCTCA-ATTO542

ATTO542

hotspot dye | TAATCACTGTTGCCCTGATTAAATACGTTAATA-ATTO647N

ATTO647N

hotspot dye | TAATCACTGTTGCCCTGATTAAATACGTTAATA-AlexaFluor647

AlexaFluor

647




Supplementary Table 4. Modified staple strands used for the sandwich detection assay: 3 capture staples
(captureX), synthetic 34 nt target strand (target34) and Alexa Fluor 647 imager strand (Alexa647 imager).
Complementary regions are depicted in the same colour. The unmodified staple strands from
Supplementary Table 2 and modified staple strands from Supplementary Table 3 which are replaced by
the capture strands and therefore should be left in order to fabricate the NACHOS out are indicated in the
second column.

Name Strands to leave | Sequence (5'—3")
out

capturel hotspot_dye strand | TAATCACTGTTGCCCTGATTAAATACGTTAATATTTTTCGG
from Table3 GCAATGTAGACA

capture2 186 from Table 2 TTCGGGCAATGTAGACATTTGGAACAAGACGCCGCCCCAG

capture3 156 from Table 2 TTCGGGCAATGTAGACACGGAGAGCGGGAGAAATAAAGCC

TCAGAATT

target34 TGTCTACATTGCCCGAAATGTCCTCATTACCATA

Alexa647 TATGGTAATGAGGACAT-AlexaFluor647

imager




Supplementary Table 5. Modified staple strands used for solution synthesis of NACHOS. Overhang
modifications (modificationX) exchange biotinX staples from the Supplementary Table 3 of the DNA
origami structure. Complementary regions are depicted in the same colour. Corresponding unmodified
strands from Supplementary Table 2 and modified strands from Supplementary Table 3 should be left out.

Name Replacing Sequence (5'—3")
strand

modification] | biotinl Table 3 AGAATATAAAGTCCCAT
CCGTTCTTCGGGG

modification2 | biotin2 Table 3 AGTTACCAGAAGGAAAGCAGATAAGTCAGAGGGTAATC
GCA

modification3 | biotin3 Table 3 ACAACTTTCAACTGAGG
CTATGT

modification4 | biotin4 Table 3 AGGGCGATCGGTGCGGTGCGCAACCGGAAACAATCGGC
GGG

modification5 | biotin5 Table 3 TTCATCGGCATTGACGGGACCAATAGACCCTCAATTCAT
TCCAA

modification6 | biotin6 Table 3 TAGATGGGCGCATCGTA
ACTTCAGGCGCCT

magl TCTCCATGTCACTTC CTTC
TTCTTCTTCTT - biotin

mag?2

mag3 AAGAAGAAGAAG GAAGT
GACATGGAGA




Supplementary Figure 1. Base layout of the DNA origami nanostructure used to build NACHOS
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Supplementary Figure 2. Staple layout of the DNA origami nanostructure used to build NACHOS (yellow
= biotin staples, red = hotspot staple, green= nanoparticle binding staples, purple = base dye staple)
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Supplementary Figure 3. Exemplary single-molecule fluorescence transients of Alexa Fluor 647 dye in
DNA origami reference structures without nanoparticles (a) and in NACHOS (b). The samples are
measured at 639 nm with 200 nW and 50 nW excitation power for panel (a) and (b), respectively, and the
transients are normalized to the same excitation power.
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Supplementary Figure 4. Fluorescence scans of the DNA origami reference structure (without
nanoparticles) measured in buffer solution acquired before incubation (a), after incubation with the full
sandwich assay (b), and after incubation with the imager strand only (c). Excitation was carried out at 532
nm and 639 nm with 2 pW excitation power. At least 20 different areas were measured for each sample.
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Supplementary Figure 5. Incubation time series for the reference DNA origami structure (first row) and
the NACHOS (second row). The binding yield efficiency for every incubation time is calculated from at
least 4 different areas of the sample and represented at the bottom. The error bars represent the standard
deviation from the mean. Measured at 532 nm and 639 nm with 2 pW excitation power for the reference
structure and at 532 nm with 2 pW and 639 nm with 500 nW for the NACHOS structure.
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Supplementary Figure 6. Testing specificity of binding for variations of the Oxa-48 DNA sequence: scans
and binding yield for perfectly matching DNA target and targets with 1, 2, and 3 mismatches in the
reference DNA nanostructure (top row) and in NACHOS (bottom row). The calculated binding yield
efficiency is represented in the right panels from at least 4 different areas of each sample. The box plots
show the 25/75 percentiles and the whiskers represent the 1.5*IQR (inter quartile range) values, the canter
lines represent the average values. Measured at 532 nm and 639 nm with 2 pW excitation power for the
reference structure and at 532 nm with 2 pW and 639 nm with 500 nW for the NACHOS structure.
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Supplementary Figure 7. Exemplary fluorescence transients of the sandwich assay in DNA origami
reference structures without nanoparticles (a) and in NACHOS (b) The samples are measured at 639 nm
with 500 nW and 50 nW excitation power for panel (a) and (b), respectively, and the transients are
normalized to the same excitation power.



+ without target

Supplementary Figure 8. Fluorescence scans of the DNA origami reference structure (without
nanoparticles) acquired in blood serum before incubation (a), after incubation with the full sandwich assay
(b), and after incubation with the imager strand only (c). Measured at 532 nm and 639 nm with 2 pW
excitation power. At least 20 different areas were measured for each sample.
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Supplementary Figure 9. Additional fluorescence transients of single Alexa Fluor 647 dyes in NACHOS
obtained from two more movies (a, b) recorded on the smartphone microscope.
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Supplementary Figure 10. Fluorescence transients of single ATTO647N dyes in NACHOS recorded on the
smartphone microscope (80 ms integration time).
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Supplementary Figure 11. Negative controls on the smartphone (a) cleaned surface with buffer solution,
(b) incubated only with 100 nm silver nanoparticles, and (¢) full sandwich assay on NACHOS without silver
nanoparticles in ROXS!. For each control measurement at least 4 movies were recorded.
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Supplementary Figure 12. Additional fluorescence transients of the sandwich assay in NACHOS measured
in buffer solution from two more movies (a, b) recorded on the smartphone microscope.
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Supplementary Figure 13. Additional fluorescence transients of the sandwich assay inside NACHOS
measured in blood serum from two more movies (a, b) recorded on the smartphone microscope.
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Supplementary Figure 14. Bleaching step analysis obtained for the reference structure (orange) and for
NACHOS measured on the confocal setup in buffer solution (light blue) as well as in blood serum (dark
blue) (same data as shown in Fig. 2g) and for 244 traces extracted from the smartphone microscope in
buffer solution (light grey) as well as in blood serum (dark grey). The box plots represent the statistics of
at least 4 different areas for each sample with the 25/75 percentiles and the whiskers represent the 1.5*IQR
values, the canter lines represent the average values.
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Supplementary Figure 15. Fluorescence enhancement histograms of a single ATTO 647N dye in NACHOS
of a previous design (only eight binding strands of A»s for nanoparticles, T>s-SH used for nanoparticles
functionalization). No difference between the fresh sample (red, 294 molecules measured) and the sample
measured after 13 weeks (blue, 94 molecules) were observed. Slight changes are visible for the sample
measured after ~35 weeks (green, 174 molecules). The sample (Lab-Tek™ II-chambers with TE buffer
containing 14 mM MgCl, was stored at 4 °C and care was taken to avoid drying of the sample. At least 5
areas were measured for each time point.



Supplementary Note 1. Discussion pertaining the costs of the smartphone microscope

Price list of the current smartphone microscope

Name of the component Price

Excitation source: Integrated Optics 0638L-11A (Lithuania) Laser incl. power bank and 1892 €

cooling system

Smartphone: Huawei P20 (China) 439 €

Objective Lens: UCTRONICS LS-40166 (USA) ~8 €

Filter: Semrock Inc. BrightLine HC 731/137 (USA) 472 €

Focussing lens: Thorlabs Inc. AC254-050-A-ML (USA) 114 €

Sample positioner: 3% Thorlabs Inc. MT1/M (USA) 3x341 €=1023 €

Laser positioning: Thorlabs Inc. Optomechanical Components 218 €
Total sum: ~4200 €

Estimated pricelist of future smartphone microscopes

X and Y positioners can be omitted or substituted by cheaper ones since the accuracy is not needed inside the
microscope.

Large scale production of the filters with a customize size can reduce the price by at least one order of magnitude,
as a currently used standard commercially available filter is big enough to provide material for over 10 filters for
smartphone microscopes.

Focussing lens does not have to be an achromatic one, i.e. price reduction to ~30 % of original price possible.
Smartphone can be cheaper especially if the smartphone is specialized for camera performance -> price reduction
~50 % possible. We also note that the current smartphone was purchased in early 2019 and the current value of
the same smartphone is substantially lower right now. The power density in the current configuration is set to ~
600 uWem!. Due to the high signal-to-background ratio we estimate that a lower power density would also be
enough to make NACHOS visible on the smartphone microscope. This can be easily achieved by a high-power
LED and an excitation filter to narrow down the excitation spectrum. This kind of LED in combination with a
high-end excitation filter in suitable size can reduce the price to ~ 200 €.

Name of the component Estimated price
Excitation source: e.g. Mouser, 897-LZ110R1020000 incl. power bank and 200 €
bandpass filter Chroma 620/60 ET (USA)

Smartphone 220 €
Objective Lens: UCTRONICS LS-40166 (USA) ~8 €
Filter: Semrock Inc. BrightLine HC 731/137 (USA) 45 €
Focussing lens 37€
Sample positioner (Z axis): 341 €
Thorlabs Inc. MT1/M (USA)

Laser positioning: Thorlabs Inc. Optomechanical Components 218 €

Total sum: ~1000 €




Additional discounts of at least 30 % can be expected for large scale purchase of the single components -> final

price < 700 € possible.

Supplementary Note 2. Discussion pertaining the costs per sample for the diagnostic assay on a smartphone

microscope.

To estimate the price of materials and consumables used for the preparation of one sample, the prices stated in
recent bills were used and then divided by the amount of samples that can be prepared from the ordered product.

Volume/ mass/ Estimated
. Total volume/ mass/ . .
Price, . number of pieces price for
Name of the product number of pieces of the
€ used for one one sample,
product
sample €
Coverslip 22 mm % 22 mm 21.5 200 pieces 1 0.11
Microscope slide 2.95 50 pieces 1 0.06
BSA-biotin® 158 10 mg 0.075 mg 1.19
NeutrAvidin® 204 10 mg 0.03 mg 0.67
Unmodified DNA staple strands® 1200 200 staples, 100 pl each ;aﬁ;feesr SULLY L
Modified staples® 300 6 biotin strands, 100 uL 1 set per 180,000 0.02
each samples
Scaffold*® 125 0.5ml of 100 nM I bottle for 12,000 0.01
samples
Amicon filter” 407 96 I filter per 600 0.07
samples
100 nm BioPure Silver
Nanospheres (nanoComposix, 215 1 ml ! bottlle v 2500 0.86
USA)? samples
Thiolated oligos?® 170 50 bottles of 1 nmol 1 bottle for 5 samples 0.68
Imager strand 150 100 uL of 100 &M 1 bottle for 17000 0.09
samples
Other (buffers, silicon form,
L <1
electricity, water...)*
Total: ~48¢€

4 Calculation is done based on concentrations given in materials and methods section

® One preparation of the DNA origami stock (~20 pl of ~ 50 nM) requires 18 uL of pool from unmodified staples, 2 uL of pool from
modified staples, 25 uL of the scaffold, and 1 Amicon filter. To prepare one sample for the smartphone measurements 150 pl of 10 pM
is required, that is, one DNA origami stock is enough to prepare > 600 samples for the smartphone measurements.
* For the estimation, the price of commercially available scaffold was used. Produced in-house scaffold will yield a lower price.

¢ Estimation takes into account costs that are hard to estimate and handling mistakes

The prices can be further reduced by larger scale purchases.

Supplementary References

1. Vogelsang, J. et al. A Reducing and Oxidizing System Minimizes Photobleaching and Blinking of
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Maximizing the Accessibility in DNA Origami Nanoantenna

Plasmonic Hotspots

Cindy Close, Kateryna Trofymchuk, Lennart Grabenhorst, Birka Lalkens,

Viktorija Glembockyte, and Philip Tinnefeld*

DNA nanotechnology has conquered the challenge of positioning quantum
emitters in the hotspot of optical antenna structures for fluorescence
enhancement. Therefore, DNA origami serves as the scaffold to arrange
nanoparticles and emitters, such as fluorescent dyes. For the next challenge
of optimizing the applicability of plasmonic hotspots for molecular assays, a

Trident DNA origami structure that increases the accessibility

is introduced, thereby improving the kinetics of target molecule binding. This
Trident NanoAntenna with Cleared HOtSpot (NACHOS) is compared with
previous DNA origami nanoantennas and improved hotspot accessibility

is demonstrated without compromising fluorescence enhancement. The
approach taps into the potential of Trident NACHOS for single-molecule-

based plasmonic biosensing.

1. Introduction

The DNA origami technique enables targeted placement of
nanoobijects in defined patterns.!™3l This unique way of engi-
neering with the help of nucleic acids at dimensions below the
wavelength of electromagnetic radiation proved to be especially
advantageous for the field of nanophotonics.™*"! Firm posi-
tioning of a plasmonic nanoparticle (NP), thereby controlling
the distance of its surface to a molecule, is, for example, one
of the main parameters to control the interaction of a target
molecule with the excited localized surface plasmon resonance
(LSPR), as used in surface-enhanced spectroscopies such as
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Raman or fluorescence.>1#281 The LSPR
effect is based on the interaction of elec-
tromagnetic radiation with conduction
electrons of noble metal NPs and the
resonance strongly depends on the corre-
spondence of the excitation wavelength to
size, shape, and material of the NP.[2%30
When placing a single fluorescent mol-
ecule in proximity, multiple effects simul-
taneously influence transitions between
electronic states. The increased intensity
of the local electric field, created by LSPR,
and distance to NPs affect excitation rates,
as well as radiative and non-radiative
decay rates.'¥3132 In consequence, the
distance dependence results in a con-
tinuous transition from fluorescence
quenching (FQ) in close proximity and fluorescence enhance-
ment (FE) at an increased distance, reaching maximum FE
values at a defined position (hotspot).2+3334 Besides their dis-
tance, the size of NPs influences the relation of quenching and
enhancement. In first approximation, larger particles lead to
higher FE.13>3¢ Finally, electric field enhancement only occurs
at the poles of particles or in between particles depending on
the relative alignment of particles, emitters, and the excitation
polarization.

The first examples of so-called dimer nanoantennas (NAs)
were achieved using electron-beam lithography, relying on
dyes stochastically placed in the hotspot.>*l Controlled posi-
tioning of a fluorophore in the hotspot of two NPs was pre-
sented by Acuna et al., utilizing a pillar-shaped DNA origami
that bears anchoring poly-adenine strands for the attachment
of two gold (Au) NPs (functionalized via thiol chemistry with
poly-thymine) at a fixed position, while placing a fluorophore in
between (Figure 1a).”38 FE values up to 117-fold were achieved
by positioning an ATTO647N molecule in the created 23 nm
gap between two 100 nm Au NPs.?>3¢ Although FE values
of over 400-fold were reached in refined DNA origami struc-
tures, the mentioned NA designs suffered from the limitation
that the hotspot region was blocked by the DNA origami itself,
thereby prohibiting the placement of a detection assay in this
region.?>3# To this end, the DNA origami NA proved to be
applicable for the detection of Zika virus-specific oligonucleo-
tides, both in buffer and heat-deactivated serum.??l However,
due to the steric hindrance in the hotspot, only the binding of
one plasmonic NP was feasible, resulting in moderate FE values
(approximately sevenfold) in the monomer NA arrangement.

Only recently, a DNA origami dimer NanoAntenna with
Cleared HOtSpot (NACHOS, Figure 1b) was realized that

of the hotspot

© 2022 The Authors. Advanced Materials Interfaces published by Wiley-VCH GmbH
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Figure 1. Schematic representation of three different DNA origami designs used for DNA origami NAs: a) Pillar,?>3% b) Tower NACHOS, 24 ¢) Tri-
dent NACHOS. Hotspot position (marked with a cross) and overall height (top); Zoom-in on the hotspot regions showing the attached NP (100 nm
diameter) and comparing the regions that are cleared from DNA origami and can be utilized for placing diagnostic assays (middle); Top view of DNA
origami and side view with 100 nm NPs. Hotspot region is marked in cyan (bottom).

provides space of =12 nm X 6.5 nm in the plasmonic hotspot
region between the particles, freed from DNA, for placing a
biomolecular assay, while maintaining maximum FE values of
over 400-fold.*?l The achieved high signal amplification enabled
the first detection of 34 nt ssDNA and even single antibodies
using a portable smartphone microscope.>>##

The experience with developing DNA origami NAs has
yielded a few design rules for further evolution. One lesson
learned is that FE distributions are commonly quite broad,
reflecting that a small deviation from the exact placement of
the structural components can have detrimental impact on the
properties of the individual constructs. Heterogeneity is likely
related to non-spherical NPs that bind in varying orientations,

Adv. Mater. Interfaces 2022, 2200255 2200255 (2 of 11)

the distribution of positions of the bound strands on NPs,
as well as a flexible dye position and orientation in the DNA
origami. While the dye itself should be rotating freely, it was
shown that fluorophores often stick to regions inside the DNA
origami.[’! Nevertheless, FE distributions are well reproducible
within each DNA origami design, and the respective average FE
correlates well with the maximally achieved FE values. The sen-
sitivity of FE on subtle factors, however, indicates that the struc-
tural control of the immediate hotspot surrounding is critical.
We concluded that rigid and distance-controlled arrangement
of NPs is obligatory, implying that NP binding should occur as
close to the hotspot as possible, while not compromising the
space required for assays in the hotspot. Binding NPs on a

© 2022 The Authors. Advanced Materials Interfaces published by Wiley-VCH GmbH
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flat DNA origami without a steric blockade resulted in hetero-
geneity (due to, e.g., NP size distribution), which limited the
achievable FE, but could still be useful, for example, for Raman
studies.[#6~%

In NACHOS, this paradigm was followed by placing two
rigid pillars next to the hotspot, thereby creating a space that
was similar to the size of the central pillar in the first genera-
tion of DNA origami NAs. In order to tap the full potential of
DNA origami NAs for fluorescence-enhanced single-molecule
biosensing, here, we followed the line of argumentation in a
more drastic manner and created Trident NACHOS (Figure 1c).
Therein, we increased the cleared hotspot region by creating
a larger transversal distance between the pillars that served as
spacers and attachment sites for NPs. For placement of the bio-
molecular assay, a third pillar between the NP attachment pil-
lars was required. This central pillar is designed shorter so that
biomolecular assays are placed directly in the equatorial plane
between the NPs for optimal FE (Figure 1c).53’

In this work, we present the Trident DNA origami for bio-
sensing of larger targets with improved kinetics. We optimized
the NA design with respect to NP binding and enhancement
and drew a comparison of all three NA generations to investi-
gate the impact of less steric constraints in the DNA origami
NA hotspot on FE and accessibility. The new Trident NACHOS
design thereby aims to improve both FE and accessibility in the
plasmonic hotspot, which, ultimately, could be a step forward
in democratization of evidence-based health care.l>"

2. Results and Discussion

2.1. DNA Origami Design

In this work, we introduce our next step in the evolution of
DNA origami NAs. We specifically sought out the application
of this technology for sensing of larger biomolecules on the
single-molecule level, making use of the signal enhancement
through LSPR. To this end, using a M13mp18-derived scaffold
strand we adjusted the design of the previous NACHOS DNA
origami to remodel the dimensions of the cleared hotspot
region.”l We expanded the distance between the two outer
pillars to 19 nm (dimension in y in Figure 1c and Figure 2),
leading to a decrease in overall height of the structure to 74 nm
and an overall increased width of =40.5 nm (Figures S1,S2 and
Tables $3,S4, Supporting information).*] Additionally, the
cross-shaped base was rotated by 45° relative to the y—axis com-
pared to the previous Tower NACHOS design (see Figure 1b,c)
to facilitate closer binding of both NPs to the central 51 nm
high pillar, consisting of eight DNA helices (see colored area
in bottom Figure 1c). This creates a designed interparticle dis-
tance of 12 nm, which is required for high FE (dimension in
x in Figure 2b).*? To achieve the simultaneous positioning of
larger molecules and sufficiently high FE values, a compro-
mise was necessary between structural stability to control NP
arrangement and providing a spatially accessible attachment
site for molecules in the hotspot region. Simulations using
the online tool CanDo were used to estimate the structural
rigidity and flexibility of the design (see Experimental Section
and Figure S3, Supporting Information).’!l As the new design
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includes larger regions cleared from DNA origami, the sim-
ulation confirms that features in the Trident, such as the top
region of the central pillar are less rigid compared to the more
compact Tower NACHOS. Correct folding of the DNA origami
structure was confirmed by negative stain transmission elec-
tron microscopy (TEM) after purification via ultrafiltration
and gel electrophoresis (Figure S4, Supporting Information).
Figure 2a and Figure S5, Supporting Information show the
formation of the cross-shaped base, designed at 21 nm height,
and all three pillars, of which the central one is shorter than
the outer two.

To perform bottom-up self-assembly and single-molecule
detection on the surface, twelve staple strands on the bottom
of the Trident base were replaced with biotinylated oligonu-
cleotides protruding from the structure (Tables S1 and S4,
Supporting Information). This allows stable and upright posi-
tioning via biotin-NeutrAvidin interaction on a BSA-biotin
coated coverslip and is crucial for co-alignment of the NA dipole
with incident light.® For the purpose of assembling Trident
NACHOS on the surface, we extended staple strands in both
outlying pillars by a polyadenine sequence (see Figure 2c and
Figure S1 and Table S4, Supporting Information). NPs, func-
tionalized with thiolated polythymine ssDNA, are hybridized in
zipper geometry to the NP binding strands protruding from the
DNA origami at four different heights (46, 51, 53, and 57 nm
in 2).3652 This way, NPs attach in a middle position among
the available complementary 20 base pair (bp) binding strands,
corresponding to the position with least strain on the formed
dsDNA NP binding interactions. By design, this average posi-
tion of NPs is at the same height as the central pillar, corre-
sponding to the plasmonic hotspot region.”® A fluorophore,
biomolecule, or detection assay of choice is placed in the plas-
monic hotspot region between the two NPs via incorporation of
the accordingly modified staple in the central pillar. To identify
the position of the DNA origami on the surface, the base of the
structure was equipped with a localization dye at =21 nm height
(Figure 2b). The choice of separate excitation wavelengths for
the localization and hotspot dye (532 and 639 nm, respectively)
enabled colocalization measurements, quantifying the incorpo-
ration of molecules in the NA hotspot.l>**

To ensure correct formation of our NAs, we first measured
confocal fluorescence scans of immobilized Trident DNA ori-
gami before addition of NPs (Figure 2d Reference) and after
overnight incubation with 100 nm silver (Ag) NPs (Figure 2d
100 nm Ag NP). We determined the colocalization of red and
green spots to 81% + 5% (Figure S6, Supporting Information),
indicating successful labeling of the DNA origami structure
with both the localization and hotspot dyes (ATTO542 and
ATTOG64/N, respectively). When observing the sample after
incubation with 100 nm AgNPs, confocal scans acquired under
the same excitation conditions showed colocalized spots with
far higher intensities than in the reference sample, indicating
the positioning of the dye (ATTOG647N) in the hotspot formed
by the NPs. For direct comparison, we recorded fluorescence
transients of the NA (violet in Figure 2e) and the reference
sample NA (grey in Figure 2e). To ensure the excitation of sam-
ples in the linear regime and avoid saturation in the hotspot,
transients of NA samples were acquired at 50 nW (200 nW for
reference) and normalized to the respective laser power for
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Figure 2. Trident NACHOS design. a) TEM image of the folded and purified structures. b) Schematic representation of the assembled Trident
NA including the dye placed in the hotspot (red) and the dye for localization of DNA origami on the surface (green); Inset: top view. c) Strate-
gies for immobilization of the Trident structure on a BSA-biotin-NeutrAvidin coated glass surface and binding NPs. d) Exemplary single-molecule
fluorescence scans acquired on a confocal microscope. False-color coded red fluorescence spots obtained from the sample containing 100 nm
AgNPs (right) exhibit fluorescence enhancement (FE) for the red fluorophore placed in the hotspot in comparison to the reference (left). Green
spots correspond to an ATTO542 molecule for localization of DNA origami. Colocalization of red and green dyes within one construct is indicated
by yellow spots. Both images were acquired at laser powers of 2 uW. e) Exemplary fluorescence transients for Trident NA and reference sample.
To avoid saturation effects in the hotspot lower excitation powers were chosen for the NP sample (50 nW, reference 200 nW). Intensities were
normalized to the laser power, justified as we worked in the linear regime.[*] The intensity of the reference sample without NP was multiplied 10x
for visual purposes.

comparison.® As seen in both Figure 2d and Figure 2e, the
intensity of a single ATTO647N molecule in the hotspot of a
100 nm Ag Trident NA is greatly increased over the dye in the
reference sample without NPs.

positioning of NPs at the designed distance are required, as
the NP-fluorophore distance is one of the parameters deter-
mining if the emitter is in the FQ or FE regime. As the prox-
imity to the NP alters the transition rates between electronic
states of the fluorophore, the fluorescence lifetime (73) of a
dye serves as an indicator for NP attachment. To reach our
goal of high FE values, we measured changes in the distribu-
tion of 73 and intensity values of single molecules in samples
prepared under different NA formation conditions. FE values

2.2. Optimizing Conditions for NP Attachment to Trident DNA
Origami

After first experiments confirmed the successful incorpo-
ration of dye molecules in the hotspot and attachment of
NPs, the conditions for formation of the Trident NA were
adjusted to reach highest FE values. Stable attachment and
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were determined after normalization to the respective laser
power and by dividing each value for molecules in the NA
sample by the mean intensity of all molecules in the refer-
ence sample. All spots corresponding to single NAs displayed
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in the fluorescence scan images were analyzed and only tran-
sients showing single-step bleaching behavior were included.
We chose ATTOG647N (73 of =4 ns in reference samples) for
the dye in the hotspot, as the long intrinsic lifetime allows
to visualize small changes and relatively strong lifetime
reductions.

2.2.1. Number of NP Binding Strands on the DNA Origami

As a first step, we determined the influence of different numbers
of NP binding strands protruding from the DNA origami struc-
ture (Figure 3a). We expected an increasing number of acces-
sible binding strands to improve the attachment of NPs and
ensure correct positioning of both NPs in the designed distance
to each other. The observed trend toward decreased fluorescence
lifetimes (Figure 3a, left and Figure S7, Supporting Information)
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Figure 3. Optimization of 73 and FE values in the Trident NACHOS
structure using an ATTO647N dye molecule in the hotspot. a) Compar-
ison of FE values obtained for different numbers of NP binding strands
on the DNA origami. Incubation of 25 nt functionalized NPs in buffer
containing 750 mm NacCl. b) Comparing 7; and FE values obtained for
different lengths of strands used for NP functionalization. Comparison
was made on Trident with twelve binding strands and buffer containing
750 mm NaCl. c¢) Effect of NaCl concentration in the NP incubation
buffer on 73 FE values for Trident origami with twelve NP binding
strands (20 nt). More than 100 molecules per sample were analyzed.
See Figure S7, Supporting Information for scatter plots of fluorescence
lifetime versus respective FE values.
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and higher FE values of ATTO647N (Figure 3a, middle panel
and Figure S7a, Supporting Information) is consistent with this
hypothesis. At the same time, the distribution of 7 (Figure 3a
left panel) and 7z/enhancement plots for the samples containing
four and eight NP binding strands (Figure S7a, Supporting
Information) shows a substantial fraction of molecules having
a lifetime between 1.0 and 3.0 ns. As the accessibility of NP
binding strands in the DNA origami could be limited by effects
such as molecular threading, we assume that these moderately
reduced 75 values with low FE correspond to a monomer sub-
population of NAs in the sample.”*>’] The distribution of data-
points for a specifically designed monomer NAs significantly
differs from the values we obtained in dimer NACHOS designs.
Therefore, we conclude less monomers, but rather a sufficiently
high fraction of dimer constructs in NA samples with 8 and
12 NP binding strands (see Figures S2, S7, and S8, Supporting
Information and Supplementary Notes). For the Trident DNA
origami NA design in particular, these samples demonstrated
a clear advantage in forming Trident NAs with high FE values
(Figure 3a, right panel and Supplementary Notes). Based on
the obtained data, the Trident design containing twelve binding
strands was used in the following.

2.2.2. Length of Strands Used for NP Functionalization

Pursuing the goal of optimizing the formation of the Trident
NA, we adjusted the length of ssDNA used for functionalization
of the 100 nm AgNPs (Figure 3b).2% Reducing it from 25 to 20 nt
on the NP showed an effect on the formation of NAs, as shorter
NP binding strands (20 nt, T,o) led to a more narrowed distri-
bution of 7 values (concentrated below 1.0 ns, see Figure 3D,
left panel) and gave higher FE values than samples with 25 nt
NP binding strands (Figure 3b, right panel and Figure S7b, Sup-
porting Information).?¥l We hypothesize that shortening the
number of interacting nucleotides on NPs that are available for
hybridization to DNA origami influences the thermodynamic
equilibrium of NP attachment. For shorter interaction lengths
the formation of less optimal binding configurations by partial
hybridization of strands plays a smaller role.® In turn, inter-
particle distances that significantly vary from the optimal case,
resulting in lower FE values could be reduced when using the
interaction of 20 nt for NA formation.l>”>8]

2.2.3. Concentration of NaCl during NP Binding

The rate of DNA hybridization is also sensitive to salt (NaCl)
concentration. Furthermore, during overnight incubation of the
DNA origami with the ssDNA coated NPs the composition of
the buffer can influence the stability of the NP functionalization,
which also affects potential NP aggregation.’*%l To this end, we
studied the influence of varying NaCl concentrations in the NP
incubation buffer (Figure 3c, Figures S7c and S9, Supporting
Information, see Experimental Section and Supporting Informa-
tion for details). While a few molecules at the lowest salt concen-
tration in buffer show 73 with a maximum of molecules around
0.5 ns (Figure 3c, left panel), highest FE values and reduced
73 were observed at intermediate (1.5 M) NaCl concentration.
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Further increasing the concentration to 2 M NaCl did not improve
the values for FE or 7 (Figure 3c, right panel and Figure S7c,
Supporting Information). To sum up, we determined the optimal
conditions for Trident NACHOS formation, which include:

I.  Using DNA origami structures with 12 NP binding strands.
II. Using NP covered with 20 nt ssDNA.
III. Performing NP incubation at 1.5 M NaCl concentration.

2.3. Comparison of Three DNA Origami Nanoantennas for FE

To compare the efficiency of signal enhancement of the newly
designed and optimized Trident structure to that obtained in pre-
vious DNA origami NA constructs we evaluated the behavior of a
single Alexa Fluor 647 molecule (AF647, 73 = 1 ns) in the hotspot
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Figure 4. Comparison of FE and 7, values obtained for AF647 in the hot-
spot region of three DNA origami NA structures. Mean FE values were
calculated from the arithmetic average and reported with the according
standard deviation (SD). a) Pillar NA structure (mean FE: 17 £ 17),
b) Tower NACHOS structure (mean FE: 61 % 46), c) Trident NACHOS
structure (mean FE: 67 £ 58). The dashed vertical line corresponds to
the obtained mean value of FE. Reference structure corresponds to DNA
origami without NPs. Samples were prepared using T strands for NP
functionalization, 6 NP binding strands on the Pillar DNA origami (12 on
Tower and Trident), and 750 mm NaCl during NP incubation for Pillar and
Tower (1.5 m NaCl for Trident). More than 175 molecules were analyzed
for each NA sample, more than 190 for each reference sample.
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of a dimer 100 nm Ag NP NA. To reliably detect each fluorophore
before photobleaching, a reducing/oxidizing system was used for
photostabilization.®*%3 To this end, we prepared separate sam-
ples of all three DNA origami structures on the surface and incu-
bated with 100 nm AgNPs (functionalized with T,y ssDNA) under
the discussed optimal NA formation conditions (Pillar: 6 NP
binding strands, 750 mm NaCl; Tower: 12 NP strands, 750 mm
NaCl; Trident: 12 NP strands, 1.5 m NaCl). In all three presented
structures the central pillar separating both particles of a dimer
NA served as the attachment site for molecules in the hotspot
and therefore defines the interparticle distance. In this position,
the distance of the NPs to each other was estimated to be similar
for all three NA structures, as the central pillar consists of a six-
helix bundle motif (see Figure 1). Confocal fluorescence scans
were first acquired at an excitation power of 2 uW to confirm
colocalization of both dyes with the DNA origami. Subsequently,
fluorescence transients were recorded (excitation power of 50 nW
for NA and 200 nW for reference samples). From the recorded
transients, FE values of all DNA origami NA structures were
determined by dividing the intensity of each acquired molecule
(2175) by the mean intensity of all molecules (190) in the
respective reference sample without NPs (grey in left panels of
Figure 4, Figure S10, Supporting Information). Corresponding
fluorescence lifetime values of all molecules were extracted from
the acquired fluorescence transients (see Experimental Section).
In both NACHOS structures, we measured shorter 73 and higher
mean FE values for a single AF647 molecule placed in the hot-
spot compared to the Pillar design with a blocked hotspot region
(see Figure 4 and Table 1). The inherent heterogeneity in all three
DNA origami NA samples potentially originates from the mul-
tiple factors involved in optimal NA formation, such as function-
alization and orientation of NPs, as well as the arrangement of
strands in the DNA origami structure itself.°”) Although this is
reflected in the broadness of the FE distributions for all three
DNA origami designs, the overall trend for the two NACHOS are
distributions narrowed to lower 73 and higher FE values. Com-
paring the mean FE values for all three designs (grey in right
panels of Figure 4) shows similar values for the two NACHOS
generations (Tower: 61 + 46, Trident: 67 £ 58), both higher than
for the Pillar design (17 £ 17). The moderate increase in FE might
be related to the fact that hybridization of ssDNA-coated NPs
to the DNA origami Pillar occurs to the central pillar, creating
a slightly larger gap compared to the NACHOS design, where

Table 1. Comparison of designed dimensions and experimentally
acquired FE of a single AF647 molecule and sandwich hybridization
assay (up to three AF647) in the hotspot of three reported DNA origami
structures. Mean FE values were calculated from the arithmetic average
and the according SD.5*

DNA origami design Pillar Tower Trident
Interparticle distance X [nm] 12 12 12
Cleared hotspot width Y [nm]  Blocked by DNA 6.5 19
Overall height Z [nm] 127 84 74
Hotspot position Z [nm] 109 55 51
Cleared hotspot volume [zL] Blocked by DNA 4.7 7.0
Mean FE for a fixed AF647 dye 1777 61+ 46 67 58
Mean FE in diagnostic assay 17+77 69 + 67 76 £ 57
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binding strands protrude from the two outer pillars. We con-
clude that increasing the size of the plasmonic hotspot region
in NACHOS from 6.5 to 19 nm in the transversal direction did
not compromise FE (see Table 1) but rather optimized FE by ena-
bling smaller gaps along the longitudinal mode of the NA.

2.4. Comparing the Accessibility of Nanoantenna Hotspots for
Binding of 151 nt ssDNA

In our NA approach, capturing large biomolecules in the plas-
monic hotspot region is ultimately limited by the diffusion of
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the molecule into the hotspot of zL volume, which is sterically
hindered by DNA origami and NPs. Considering this, it is con-
ceivable that capturing larger molecules might take place on
an overall faster timescale for the more open Trident origami
design. Additional to limited space in the DNA origami struc-
ture, the accessibility of the plasmonic hotspot may also be
restricted by the surface of attached NPs (coated with negatively
charged DNA). This is particularly relevant for dimer NA con-
structs containing two large NPs. Geometric approximations
for NP attachment result in a theoretical accessible hotspot
volume of 4.7 zeptoliters for the dimer Tower NA (Figure S12,
Supporting Information). Due to the larger region cleared from
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Figure 5. Comparing the accessibility of DNA Origami NA hotspots for the two NACHOS designs. a) Illustration of sandwich hybridization assay for
detection of 151 nt target DNA. Addition of both target and 17 nt AF647 labeled imager strands to DNA origami NAs containing three 17 nt capture
strands in the hotspots of NACHOS leads to hybridization of the target strand, followed by the binding of the AF647 labeled imager strand in the hot-
spot and subsequent FE. b) FE values, acquired for AF647 labeled imager strand in Trident NACHOS. 382 single-molecule transients were analyzed.
After normalizing to the excitation laser power, each value for molecules in the NA sample was divided by the mean intensity of AF647 molecules in
the reference sample without NPs. For multiple bleaching steps, each was considered separately and normalized to the average intensity of a single
molecule in the reference sample. c) Confocal fluorescence scans acquired for both NACHOS before and after 60 min incubation with the target/
imager solution (4 and 12 nwm, respectively). Scale bar corresponds to 2 um. Exemplary scans for all timepoints in Figure S11, Supporting Informa-
tion. d) Comparison of kinetics of target capturing obtained for the two structures with different cleared hotspot volumes. Reference Trident without
NP (grey); Trident 100 nm AgNP NA (violet); Reference Tower without NP (orange), Tower 100 nm AgNP NA (blue). Dashed lines are included for
guiding the eye. (Trident: n > 504 molecules per time point, Tower: n > 791 per time point). e) Quantification of target ssDNA molecules binding in
the NA hotspot for the two NACHOS via bleaching step analysis of AF647 after 120 min incubation. Error bars correspond to the standard deviation
acquired for three separate measurements. f) Exemplary fluorescence transient for Trident NA with 3 capturing sites exhibiting 3 bleaching steps
of AF647. To avoid saturation effects in the hotspot lower excitation powers were chosen for the NP sample (50 nW). Intensities were normalized
to the laser power.
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DNA, the accessible volume of the Trident in and above the
designed hotspot at 51 nm height amounts to 7.0 zL and might
be accessed more easily due to the larger gaps inside the struc-
ture. To prove the increased accessibility of the cleared hotspot
region in the new Trident DNA origami NA design and its
advantage for diagnostic assays involving larger molecules we
carried out a sandwich hybridization assay (Figure 5). Therefore,
staple strands in the hotspot region were extended by a TTT
linker and a 17 nt sequence, creating so-called capture strands
which are complementary to part of a 151 nt long, synthetic
ssDNA target molecule. We chose a target sequence specific to
the OXA-48 gene, that plays an important role in diagnosis of an
antibiotic-resistant Klebsiella pneumonia infection.l**%% Binding
of the long ssDNA target was visualized by adding a 17 nt AF647
labeled imager strand in solution (Figure 5a and Experimental
Section). This strand can hybridize to a 17 nt region within the
target ssDNA. Upon capturing both DNA strands inside the NA,
the dye is placed in the theoretically optimal position for FE in
the plasmonic hotspot. Due to the resulting influence on the
fluorophore properties in this position, 73 and FE of AF647 were
used as parameters to confirm positioning of the entire sand-
wich complex inside the NA hotspot (see Figures S9 and S13,
Supporting Information). The overall detection efficiency was
quantified via colocalization of the red imager dye with the green
ATTO542 labeled DNA origami using confocal microscopy. The
amount of red/green colocalized spots (yellow in false-color con-
focal scans in Figure 5b) was divided by the number of all DNA
origamis (green + yellow spots). The resulting values for colocal-
ization of imager dye with the DNA origami NAs are plotted in
Figure 5c (all scans in Figure S10, Supporting Information). We
performed a comparative study of the Trident NACHOS with the
Tower construct to determine the effect of increased dimensions
of the region cleared from DNA origami on the accessibility of
the hotspot (Trident NA: violet, Tower NA: blue in Figure 5c). To
also check for NPs potentially blocking the hotspot region when
bound, the two DNA origami structures were prepared both
with and without 100 nm AgNPs (Figure 5c Trident: orange,
Tower: grey for samples without NP) before incubating with
the target/imager solution. Confocal fluorescence scans before
incubation (0 min) show only green spots due to the presence
of only DNA origami on the surface. In NA samples, apparently
colocalized spots appear, for example, due to the effect of NP
aggregates scattering (3.5% * 0.1% in Tower, 2.0% * 0.7% in Tri-
dent), however, the analysis of single-step photobleaching events
in fluorescent transients can eliminate this background signal.
Already after 10 min of incubation with both target and imager
strands (4 and 12 nwm, respectively) we measured a notable dif-
ference between the amount of the target molecules bound to
the capture strand in the hotspot of Tower or Trident DNA ori-
gami NAs. 11% + 1% of ATTO542 labeled Tower DNA origami
NAs (blue in Figure 5d) were colocalized with a red AF647
imager in the hotspot. In contrast, after incubating the Trident
NA for 10 min with the target/imager mixture, 64% + 4% of the
observed Trident NAs had already bound at least one sandwich
complex (violet in Figure 5d, Tower: blue/grey, Trident: violet/
orange). Interestingly, our results showed only a small influence
of attached NPs on the kinetics of hybridization in the hotspot
(Figure 5d), the DNA origami design being a more crucial factor
influencing the accessibility of the diagnostic assay. Observing
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colocalization as a function of target/imager incubation time
indicates overall faster kinetics for binding the sandwich com-
plex in the Trident DNA origami. When comparing the time
needed for target capturing to be clearly distinguishable over
background (e.g., 30%) this point is reached in less than 10 min
for Trident, whereas the Tower NACHOS design requires at
least 30 min of incubation. The increased accessibility to the hot-
spot of the Trident design is further reflected in the overall max-
imum of visited capture sites in the sample. Trident NACHOS
are 87% + 5% colocalized after 40 min of incubation in com-
parison to 60 min needed for 43% + 2% colocalization in Tower
NACHOS. Considering that three capturing sites are available to
bind the target/imager duplex, single-molecule analysis of colo-
calized spots gives further insight into how many target mole-
cules were captured in a given design. We acquired fluorescence
transients from hundreds of single NAs and used bleaching
step analysis to resolve the actual number of AF647 molecules
captured by each DNA origami nanostructure both with NPs.
As each red spot corresponds to at least one hybridized imager/
target complex, the observed number of photobleaching steps of
AF647 reports on the number of imager and thus target strands
bound in the hotspot (Figure 5d). As for the DNA origami com-
parison in Figure 4, we used a photostabilizing agent and low
excitation powers (50 nW) to ensure the detection of each AF647
molecule before photobleaching. Due to less than 100% labeling
efficiency of imager strands, we expected the actual number
of bound target molecules to be slightly higher than what was
detected in previous NACHOS.P4 The improved accessibility of
the larger hotspot is reflected in the increased fraction of NAs
capable of capturing multiple target molecules in the Trident
DNA origami NA. Three bleaching steps, and thereby occupa-
tion of all available capturing sites by a sandwich complex were
observed in 13% of the Trident NA origami in the sample (4% in
Tower). The fraction of NAs binding two target molecules also
increased to 36% in the Trident DNA origami NA over 19% in
the Tower design. Accordingly, the ratio of spots in the sample
that exhibit only one photobleaching step of the dye in the hot-
spot decreased from 79% for Tower to 51% in Trident NA sam-
ples. While the increased dimensions of the Trident NACHOS
hotspot clearly improved its accessibility, the attained FE within
this NA structure was not compromised (Figures S12, S14, and
S15, Supporting Information). As shown in Table 1 the obtained
FE values for the diagnostic assay placed in the Trident structure
are distributed around a maximum of 76 £ 57 and therefore are
even slightly higher than the FE values we acquired for a fixed
AF647 dye in the Trident DNA origami NA hotspot.

3. Conclusion

We presented a novel Trident DNA origami design for
NACHOS to detect larger targets, such as a 151 nt long ssDNA.
The Trident DNA origami architecture was optimized for NA
formation, by reducing the length and increasing the number
of NP binding strands, as well as optimizing the NP binding
conditions.

We then compared the Trident NACHOS to previous designs
and found that FE in the Trident NACHOS was similar to
or better than in previous NA realizations (see summary in

© 2022 The Authors. Advanced Materials Interfaces published by Wiley-VCH GmbH



ADVANCED
SCIENCE NEWS

ADVANCED
MATERIALS

www.advancedsciencenews.com

Table 1, Figure S15, Supporting Information). The advantage
of the newly presented DNA origami Trident design lies in
the increased accessibility of the plasmonic hotspot region.
We expanded the cleared space between the two pillars for NP
attachment to 19 nm, while keeping the interparticle distance
equal to the previous designs. This enabled not only the detec-
tion of a 151 nt ssDNA target molecule with improved binding
yield, but also accelerated binding kinetics. This was demon-
strated by, for example, 30% of the DNA origami binding
at least one target/imager construct in under 10 min, corre-
sponding an approximately threefold increase in speed com-
pared to the Tower NACHOS. Further, the plateau of target
molecule binding, representing the maximum hotspot acces-
sibility was higher in Trident NACHOS and reached faster
than in the Tower design. Incorporating microfluidic methods
to increase mass transport should further improve the assay
speed and bring it into a relevant range of sensitivity for many
applications.[®*-%8] While the DNA origami design played a key
role, attachment of NPs interestingly only had a minimal influ-
ence on hotspot accessibility and binding kinetics.

The achieved duality of high FE values and improved acces-
sibility of the hotspot region expands the applicability of our
technology for single-molecule-based plasmonic biosensing,
thereby making it possible to carry out an assay with cost-effec-
tive and mobile optical equipment.*?l The presented binding
of multiple target DNA molecules in our Trident NA hotspot
suggests the feasibility of multiplexed detection within one NA.
In this manner, the capturing of several target DNA molecules
with varying sequences inside one Trident NACHOS construct
is conceivable. In turn, each sequence then could be visualized
using spectrally separate imager strands. Furthermore, the large
clearing in the hotspot could also facilitate placement of active
proteins in the plasmonic hotspots (e.g., polymerases), thereby
expanding the application of DNA origami NAs to different
avenues, such as nanopore plasmonics, DNA sequencing, or
detailed studies of transition paths in conformational dynamics
of protein folding inside the plasmonic hotspot.[%877]

4. Experimental Section

DNA Origami Design, Folding, and Purification: DNA origami
structures were designed and adapted in CaDNAno version 2.3.0 (staple
layout in Figure S1 and Table S4, Supporting Information).l Simulations
to estimate structural rigidity and flexibility were performed using the
online tool CanDo (Figure S3 and Table S1, Supporting Information).51
The DNA origami structures were prepared by performing previously
published protocols in adaption of Wagenbauer et al.3% For preparation
of the Trident DNA origami, 25 uL of 100 nm in-house produced p8064
scaffold strand solution was combined with tenfold excess of staple
strands (Integrated DNA Technologies Europe GmbH, Germany;
Eurofins Genomics GmbH, Germany and biomers.net GmbH,
Germany). To simplify the process, mastermix solutions of modified and
unmodified staple strands were pooled from their 100 um concentration.
18 UL of unmodified staples, together with 2 pL modified strands were
added to the scaffold and filled up with 2.5 uL 10 x FoB20 (containing
Tris, EDTA, MgCl2, and NaCl, see Table S2, Supporting Information
for recipe). Table S3, Supporting Information shows adapted recipes
for Tower and Pillar DNA origami. Heating to 95 °C and cooling down
to 25 °C were performed according to the annealing ramp shown in
Table S5, Supporting Information. Excess staple strands were removed
by purifying with Amicon filtering through a 100 kDa MWCO membrane
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(Merck KGaA, Germany). The mixture was purified by centrifugation
at 20 °C and 10 000 x g for 5 min after washing with 1 x FoB5; the
procedure was performed five times. The Amicon filter was then flipped
and placed in a new Amicon tube, centrifuging at 1000 rpm at 20 °C for
1 min to extract the purified DNA origami. The presence of DNA origami
in the solution was confirmed and quantified via UV-vis spectroscopy
(NanoDrop, Fischer Scientific, USA). Determined yields from synthesis
using 100 nm scaffold strand were commonly in the range of 72 £ 18 nwm.

TEM: TEM grids (Formvar/carbon, 400 mesh, Cu, TedPella, Inc.
USA) were cleaned in Ar-plasma and incubated for 60 s with the DNA
origami sample (5 pL, =2 to 10 nm). 2% uranyl formeate solution (5 uL)
was used to wash the grids and incubate 4 s for staining. Imaging
was performed on a JEM-1100 microscope (JEOL GmbH, Japan) with
acceleration voltage of 80 kV.

Silver NP Functionalization: Functionalization of plasmonic NPs
with ssDNA was performed using a modification of a published
protocol.?¥l During the entire preparation procedure 2 mL of the NP
solution (1 mg mL™ 100 nm Ag, BioPure Silver Nanospheres (in 2 mm
Citrate), nanoComposix, USA) were continuously stirred at 550 rpm at
40 °C. In the following, 20 uL of polysorbate 20 (10%, Sigma Aldrich,
USA), as well as 20 pL potassium phosphate buffer (1 m solutions
of mono- and dibasic potassium phosphate in a 4:5 mixture, Sigma
Aldrich, USA) and 10 pL of a 2 nm thiol-modified single stranded DNA
solution (5”-thiol-25T-3" or 5”-thiol-20T-3,” Ella Biotech GmbH) were
added successively. The mixture was then stirred at 40 °C for 1 h. To
reach a final concentration 750 mm of NaCl in PBS3300 buffer (see
Table S2, Supporting Information) a salting procedure was performed
by gradually adding portions of the buffer over a period of 45 min
(see Table S6, Supporting Information). The solution was then diluted
1:1 with PBS 10 buffer (1 x PBS, 10 mm NaCl, 2.11 mm P8709, 89 mm
P8584 (Sigma Aldrich, USA), 0.01% polysorbate 20, and T mm EDTA
(Thermo Fisher Scientific, USA)). Excess of thiolated ssDNA was
removed by centrifuging the solution for 10 min at 2800 x g and 20 °C.
After centrifugation, the supernatant was discarded and the pellet
containing the concentrated particles was again dissolved in PBS 10
buffer. This washing step was repeated four times. The silver NPs were
then diluted in 1 x TE containing 750 mm, 1.5 m, or 2 m of NaCl to reach
an approximate value of 0.1 for the extinction maximum on the UV-Vis
spectrometer (Nanodrop 2000, Thermo Fisher, USA).

Nanoantenna Preparation: To prepare the surface for immobilization
of DNA origami microscope coverslips (24 mm x 60 mm and 170 um
thickness) were UV-Ozone cleaned (PSD-UV4, Novascan Technologies,
USA). SecureSeal Hybridization Chambers (2.6 mm depth, Grace Bio-
Labs, USA) were glued on the clean coverslips and laid on a heating
plate (1 min at 80 °C) to ensure sufficient sealing. The obtained
chambers were washed three times with 1 x PBS buffer. Bovine serum
albumin (BSA)-biotin (1 mg mL™, Sigma Aldrich, USA) was used to
passivate the surface and incubated for 30 min. After washing the
chambers 3 x with 1 x PBS, NeutrAvidin 0.25 mg mL™ (Sigma Aldrich,
USA) was added and incubated for 30 min. Afterward, three washing
steps with 1 x PBS were performed. The purified DNA origami solution
was diluted in TE buffer containing 750 mm NaCl (TE750) to prepare
a solution with concentration in a range between 250 and 400 pm.
After 5 min of incubating with the diluted DNA origami solution, three
washing steps were performed with TE750 buffer. Afterward, appropriate
surface density for single-molecule measurements was confirmed on the
microscope (see “Confocal Microscopy, Data, and Statistical Analysis” in
Experimental Section). AgNPs solution was added and incubated in the
TE buffer (see Table S2, Supporting Information) containing 750 mm,
1.5 M, or 2 M of NaCl. After overnight incubation, samples were washed
three times with the same buffer. Afterward, the surface was stored in
TE750 to avoid drying and degradation of the samples.

Sandwich Hybridization Assay: DNA origami structures were folded
containing three capture strands (see sequences in Table S4, Supporting
Information) for the 151 nt DNA target, specific to the OXA-48 gene
carrying the antibiotic resistance.’4®° Prepared NA samples were
incubated with 4 nm target DNA (Table S4, Supporting Information)
and 12 nm AF647 labeled imager strand (17 nt, see Table S4, Supporting

© 2022 The Authors. Advanced Materials Interfaces published by Wiley-VCH GmbH
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Information) in 1 x TE containing 2 m NaCl and 0.01% polysorbate 20
(Sigma Aldrich, USA) for the denoted amount of time. After incubation,
samples were washed three times with the incubation buffer and stored
in TE750 for imaging.

Confocal Microscopy, Data, and Statistical Analysis: To detect the
fluorescence of single molecules a custom-build setup based on an
Olympus 1X-83 inverted microscope (Olympus Corporation, Japan)
with a 78 MHz pulsed supercontinuum white-light laser (SuperK
Extreme, NKT Photonics A/S, Denmark) was used. Wavelength
selection between 532 and 639 nm was achieved with an acousto-
optically tunable filter (AOTF, SuperK Dual AOTF, NKT Photonics,
Denmark) and a digital controller (AODS 20160 8R, Crystal
Technology, Inc., USA) via computer software (AODS 20160 Control
Panel, Crystal Technology, Inc. USA). A second AOTF (AA.AOTF.
ns: TN, AA-Opto-Electronic, France) was used to alternate between
the two wavelengths if required. The second AOTF, controlled
via LabVIEW software, was further used to set laser intensity and
spectrally clean the laser beam. A neutral density filter (ndF, OD 0-2,
Thorlabs, Germany) was used to manually regulate the laser intensity
followed by a linear polarizer (LPVISE100-A, Thorlabs, Germany)
and lambda quarter plate (AQWPO5M-600, Thorlabs, Germany) for
circular polarized excitation. The height difference between excitation
path and microscope body was overcome in the setup by coupling the
laser into a polarization maintaining fiber (PM-Faser, P1-488PM-FC-2,
Thorlabs, Germany). The laser was focused onto the sample with an
oil-immersion objective (UPlanSApo100x, NA = 1.4, WD = 0.12 mm,
Olympus Corporation, Japan). Positioning of the sample was
performed with a piezo stage (P-517.3CL, E-501.00, Physik Instrumente
GmbH & Co. KG, Germany). Excitation light was separated from the
emitted light through the dichroic beam splitter and then focused on
a 50 um pinhole (Linos AG, Germany). The emission channels for red
and green were spectrally filtered (red: RazorEdge 647, Semrock Inc.,
USA and green: Brightline HC582/75, Semrock Inc, USA). The light
was detected by a Single-Photon Avalanche Diode (SPCM, AQR 14,
PerkinElmer Inc., USA) and registered by a TCSPC system (HydraHarp
400, PicoQuant GmbH, Germany). Settings for scans were 2 pW,
powers of 50 nW were used to record transients of samples with NPs,
200 nW for samples without NPs. A custom-made LabVIEW software
(National Instruments, USA) was used to process the acquired
data. Background correction was performed for each transient.
Fluorescence lifetime decays were extracted and monoexponentially
fitted for the shortest lifetime component. Datapoints presented
in Figure 4 were further deconvolved from the instrument response
function using FluoFit (PicoQuant GmbH, Germany). FE values were
determined by dividing intensity values of every NA sample by the
mean intensity measured in the reference sample, normalized by the
set laser power. The extracted data were analyzed in OriginPro2019.
Samples were prepared according to the protocol described above.
Samples containing AF647 were imaged in a reducing and oxidizing
buffer system for enzymatic oxygen removal (ROXS, see Table S2,
Supporting Information).

Supporting Information

Supporting Information is available from the Wiley Online Library or
from the author.
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Figure S1. Staple strand layout of DNA origami Trident in CaDNAno.[ (Yellow: strands for
modification with biotin, magenta: strand for labeling with localization dye ATTO 542, red:
available strands in the hotspot region, green: strands for NP binding, purple: strands for further
modifications).
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Figure S2. Helix layout in CaDNAno. (Blue: modification with biotin, red: available strands in

hotspot, green: helices for NP binding).

Figure S3. CanDo simulation of structural rigidity for all three discussed DNA origami
structures. (a) Pillar, (b) Tower, (c) Trident. Color scale indicates root mean square

displacement (rmsd) due to thermal fluctuations at 298K.[ 3l
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Figure S4. Gel electrophoresis to scan for optimal MgCl> concentration to fold DNA origami
Trident.
Ultrafiltration

Figure S5. TEM images of Trident DNA origami, acquired after two different purification
methods.
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Figure S6. Incorporation efficiency of ATTO 647N (hotspot dye) in DNA origami Trident,
localized via labelling with ATTO 542. Non colocalized red spots, explained e.g., by DNA
Origami with photobleached or not incorporated green localization dye, were not taken into the

calculation.

# colocalized (yellow)spots

Colocalization [%] = # green + # yellow spots )
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Figure S7. FE versus fluorescence lifetime scatter plots for the optimization of FE values in
the Trident NA (ATTO 647N in the hotspot). (a) Comparing the FE values obtained for different
the number of NP binding strands on the DNA origami. Incubation of 25 nt functionalized NPs

in buffer containing 750 mM NaCl. (b) Comparing the FE values obtained for different lengths

of strands used for NP functionalization. Comparison was made on Trident with twelve binding
strands and buffer containing 750 mM NaCl. (c) Effect of NaCl concentration in the NP

incubation buffer on FE values for Trident origami with twelve NP binding strands (20 nt). Ref

stands for reference samples without NPs. Transients of more than 100 molecules per sample

were analyzed.
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Figure S8. FE in Monomer Structures of NACHOS Tower and Trident origami with
100 nm Ag.

Supplementary notes to Figure 3a, S7 and S8:

Trident structures including four, eight and twelve polyadenine strand extensions (20A,
distributed equally between four to eight helices on opposite sides of the two outer pillars, see
Figure 2b and Figure S2, Supporting Information) were folded with ATTO647N in the hotspot
and respective NA samples were prepared with 100 nm AgNPs.

To study formation of monomer subpopulations in detail we specifically designed a monomer
DNA origami Trident nanostructure, that was equipped with six NP binding strands on only

one side of the DNA origami towers (see Figure S2 and Figure S8). To compare the results with

7
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the previous Tower NACHOS construct, we designed a monomer Tower structure in the same
manner by including only six instead of twelve NP binding strands. As expected, we observed
longer tn and lower FE values for the monomer constructs of both Tower and Trident
NACHOS. In the scatterplot for eight and twelve binding strands on Trident (Figure S7a), the
larger fraction of values binding strands lies between 0.2 and 1.0 ns at accordingly higher FE
of ATTO647N, representing a large fraction of dimer NAs in the sample. The variance in FE
values for a population of molecules with similar T around a cut-off at 0.2 ns is explained by
the fact that our fluorescence lifetime measurements are limited in time resolution by the

instrument response function of our TCSPC system (see Methods for details).

350+
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Figure S9. Effect of NaCl concentration in the NP incubation buffer on FE values for Tower

and Trident origami with twelve NP binding strands (20 nt).
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Figure S10. Exemplary confocal fluorescence scans and transients of all DNA origami NAs
compared in this work. Reference image acquired at 2 uW excitation power (red and green
channel, 20 x 20 um) without NP to confirm colocalization. Scan of 100 nm Ag NAs (10 x
10 um, red detection channel only) acquired at 50 nW. Fluorescence intensity/time traces
acquired at 50 nW for 100 nm Ag, 200 nW for Reference without NP (multiplied 10x for visual

purposes).
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Trident 100 nm Ag
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Figure S11. Exemplary confocal fluorescence scans for determining the kinetics of binding in
the NA hotspot of two different NACHOS DNA origami structures (Figure 5). 20 x 20 pm

scans were acquired at 2 pW excitation.
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Figure S12. Simple geometrical approximations to estimate the accessible hotspot volume. (a)
Tower. (b) Trident. Calculated by multiplying with the y dimension (Tower 728.9 nm? x 6.5
nm, Trident 368.9 nm? x 19 nm).
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Figure S13. Enhancement of AF647 in Trident sandwich hybridization assay.
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Figure S14. Correlation between FE from two individual AF647 molecules in Trident. FE
values up to 160 were taken into consideration, representing majority population of molecules
(Figure S14). Quantification using Pearson’s correlation coefficient indicates a positive

relationship between the FE of two individual AF647 within the structure.
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Figure S15. Fluorescence enhancement distributions acquired for this publication compared to

previously published values for the identical DNA origami NACHOS and the new Trident DNA
origami architecture.[®!
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Table S1. Parameters for CanDo simulation
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Parameter Value
Axial rise per bp [nm] 0.34
Helix diameter [nm] 2.25
Crossover spacing [bp] 10.5
Axial stiffness [pN] 1100
Bending stiffness [pN x nmZ] 230
Torsional stiffness [pN x nm?] 460
Nick stiffness factor 0.01

Table S2. Recipes for buffers.

10 x FoB20 (1 mL) 1 M Tris 50 pL
0.5 M EDTA 20 pL
1 M MgCl; 200 pL 10
5 M NaCl pL
Fill up with H20

FoB5 (10 mL) 1M Tris 50 pL
0.5 M EDTA 20 pL
1 M MgCl; 50 pL 10 pL
5M NaCl
Fill up with H20O

TE 750 mM NacCl (40 1 M Tris 400 pL

mL) 0.5 M EDTA 80 uL
5M NaCl 6 mL
Tween20 10% 40 L
Fill up with H20

TE 1.5 mM NacCl (40 1 M Tris 400 pL

mL) 0.5 M EDTA 80 pL
5 M NaCl 12 mL
Tween20 10% 40 pL
Fill up with H20

14
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TE2M NaCl (40 mL) | 1M Tris 400 pL
0.5 M EDTA 80 L
5M NaCl 16 mL
Tween20 10% 40 pL
Fill up with H20

PBS 3300 (40 mL) 10 x PBS 4 mL
5M NaCl 26.4 mL
Fill up with H20

PBS 10 (40 mL) 10 x PBS 4 mL
0.5 M EDTA 200 pL
5M NaCl 80 uL
KH2PO4 (P8709) 84.4 uL
K2HPO, (P8584) 115.6 pL
Tween20 10% 40 pL
Fill up with H20

ROXS:

Buffer A (90%) NaCl 750 mM
Tris 50 mM
Trolox/Troloxquinone 2 mM
Glucose 1% w/v

Buffer B (10%) Glucose oxidase Img/mL
Catalase (50 pg/mL) 0.4% viv
Glycerol 30%
KCI 12.5 mM

15
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Table S3. Recipe for Tower and Pillar origami. Sequences of staple strands have been published

previously.® 7]

DNA Origami structure Pillar | Tower | Trident
Unmodified staples [UL] 35 18 18
Modified staples [UL] 4 2 2
MgCI2 [uL] 14 - -

10 X TE [pL] 7 - -
FOB5 [uL] - 5 5
p8064 scaffold [uL] 10 25 25

Table S4. Staple strands used for folding DNA origami Trident. VValues in first two columns

refer to the helix number in CaDNAnNo design (height in bp along the axis of the helix in

paranthesis). Colored sequences refer to modifications of the respective staples (green and red:

dye labelling, orange: extension of capture strand by a sequence partially complementary with

target strand, purple: complementary sequences in target and imager strands).

Start End Sequence

25[5] 68[2] | ATAAAGGTGGAATAAGTTTAT

73[5] 72[5] | TGAGAGTCTGTAAAACTA

53[5] 48[5] | AAAGTAAGCGAGGAAACG

69[2] 64[2] GACATTCAACCGTTATTCATTAAA

59[9] 53[29] | AGGGTAATTGAGCGCTATATCTTACCCGAACAAAG
15[5] 70[5] | GAGAGGGTAGTCATTGCC

47[2] 46[2] TTAATTTCATCTCCGTGTGATAAA

51[5] 22[2] | CAATAATAACTCCTTATTACG

45[2] 44[2] TGCAAATCCAATAATATATTTTAG

64[18] 60[9] GGAAAATTGAGGAGCAAGGCCGGA

75[5] 74[5] | GCATGTCAACCCAAAAAC

49[2] 16[2] | TAAGGCGTTAAAAAAAGCCTGTTT

33[58] 37[51] | AAATCGAACCACAGTTTCGTAGTACCGCCACCCTAG
20[151] 19[148] | CAGAACGCGCCTTAAGCAATA

14[136] 21[151] | ATTTACAACATGTTCAGCTAATG

14[151] 17[148] | TACCATATCAAAGCAAAAGAA

18[148] 20[134] | AAGCCTCAGAGCATAAGCAAAATGTTTAT

14[129] 15[151] | CGTATTCTGAATAATGGAAGGGTTAGAACC

16[148] 14[137] | GATGATGAAACAAACATACCTGAATT

16
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8[220] 7[216] | CCCCCACAATATTACCGCGCCTGCAACCCCC

6[217] 8[193] | CCCCCCAGTGCCACGCTGAGATTAACACCCAGCCATTG
28[217] 29[219] | CCCCCTTTGCCAGATATATTCGGTCGCCCCC

32[192] 28[188] | AACGCGAGAGGATAGTAAA

6[178] 5[171] | AATCACAGAGGACGCTCATGGAAATCCTGAGTAAAATCCGTTC
2[159] 9[160] | AGCTGCGGGTGGTTGGTGGTAATAACA

5[161] 6[160] | GAGTGTTTGTTTGATTTTCTTTCACCTTG

7[150] 2[150] | GAACCTCAAATGGCGCCAATTA

32[143] 36[139] | GAATGGTAAAAAATTGTGT

36[185] 35[171] | GAAACAAAGTACGGTGTACAACGTAACAAAGCAGAA
28[150] 30[139] | TCATAAATATTTAAACAGGGAACGAG

29[164] 35[160] | CGCCTCAGCAGCGAAAGATGCCACTCATCAGTCTTATGC
29[150] 33[160] | GATACCGATAGTGCGGAACCTCGTT

8[150] 5[150] | CAATGATTAGTTCCGAAACCCG

9[161] 2[171] | TCACTTGACCTACACAGCAGAAGATAAATAAAGCATTCACCAGAAA
35[161] 36[171] | GATTTTATGCTCATAGAGGACAGATGAACAAC

21[1] 20[18] | CCCCCTGATATTCAACCGTTCCAA

20[17] 53[16] | ATCAAAGGGTGATTAAGACGGAATAGGAAACCAGA

1[144] 1[128] | CAAAATCGGCCAACGCGCGGGGTGGAA

2[58] 9[59] | CGCCTGTGCAGGTAATGGCATCAGCGGTGGTGCCA

34[24] 28[18] | CCTATAAATCCAGGTTGAAGCCCCCAATAGCGTCA

31[115] 35[119] | TTCATACATAAGCTTGAGA

32[198] 35[216] | CGAGTTGGGAAGAAAAATCCCCCC

23[0] 26[7] | CCCCCCAGTATGTTAGCAAACGAAAGCGCATTAGACCCCCC
32[71] 37[86] | CCTTCCAGTAAGCGTCTCAGTGCAGGCGGATAA

43[0] 40[0] | CCCCCAGGGCGATCGGTAAGGGGGATGTGCCCCC

79[1] 76[3] | CCCCCATTTCTGCTATCGACATACCCCC

29[73] 31[79] | AAAACAGGTCTCCAGAGCCACCACCCCACCCTTAC

31[1] 32[0] | CCCCCCTCATTTTCCAGACGATTGGCCCCCC

45[35] 45[58] | TCATAGGTCTGAGAGACTACCCCC

3[67] 5[73] | CTTGTGTCACCAGTTGAGGATCCCAAGCCGGCTTT

82[59] 43[36] | CCCCCCCGGAAACCAGGCAAAGCGCCATTCGTAAGCTTTC
4[198] 9[219] | CACCTTGCTGGTAATATCCAGACCCCC

34[66] 28[60] | AGTGTTTACCGGCCACCAACCGGAATTACCCTGAC

32[102] 34[87] | ACCGCCAGACAGAAGTATAGCCCGGACGTCGAGAAGTTTTAACG
0[24] 2[3] CTAGGGCGCTGGGTTTCTGGGCCGTTTTCACGGTCCCCC
0[185] 4[179] | ATCAAAAGCCTCGCTTTCCAGTCGGGTGAGACGCA

54[56] 59[55] | CCCCCCGCTAACGAAAATAAACACCCCC

1[199] 5[216] | ATGAAGGGCGATAAAGAACGTGGACTCCCCCC
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54[37] 57[55] | CTTTCCTGAATCTTACCAACCCCC

31[80] 34[67] | AACGTATCACCGTACTCACAGTACCCTTGAGTAAC
39[0] 10[0] | CCCCCACGACGGCCAGTACGGATAACCTCCCCCC
67[37] 65[55] | GCTTAAGAGGTCGTACCTTTAATTGCTCCCCCC
74[16] 15[17] | AGCTCATATGGGTAATCGGAGCAACTATCAGGCTA
55[1] 50[3] | CCCCCCAAGAAACATTTTTAAGACCCCC

9[32] 10[31] | GCCAACGGCATTTAAAAAATCCTTCCGTAATGGGA
16[106] 21[95] | AACAATTTCATTTGAACCAAGTTTTCAGGTCCGAC
19[115] 15[107] | AGGCCCTGAACAAGAAAAAGTAATTAAATTGCTCC
71[0] 66[0] | CCCCCTTTGTCACAATCAGACAAAAGGGCCCCCC
15[31] 18[32] | CCTTCCTGTAGCTTAATTATAAAGCCCCTCATATA
16[45] 11[69] | GAATGAGTAACAACCCGTCGGATTCTCCCCCC
64[59] 67[36] | CCCCCAATGCTGTAGCTCAACATGTTTTATATGGCTTAGA
9[46] 1[38] | CGTCGGGGTCCGCCGCTGGAAGAAAGCGAAACTGT
67[0] 64[19] | CCCCCGGTGAATTATCACCGTCACCGACTGAAATATTGAC
28[59] 32[53] | TATTCACGTTGCGTTAGTAAATGAAAACACTGCAC
8[108] 0[102] | TCACTCTGTCCGACAGGAGAATCAGCTAAAGGGAG
71[37] 29[38] | CCAATAAAGCGAAGGAAGCAGCGGATAATT
15[108] 17[122] | TGATTGTTTGGATTATACAAACAGATTAT

37[144] 29[149] | AACTGACCAACCTGATATACGTAACAGCATCCTT
0[93] 6[101] | TTATGCTTTCCTCGTTAACGGTACTGTGTTCGTTG
41[37] 47[34] | GACGATAGTGAATTTATCGAAAGCGA

6[100] 9[87] | AAAGGAATTGTGGCTATGTAATAAAAGGGACTGAG
4[178] 7[191] | GGCGAGAAGAACTCAAACAGGAAAATGAGGCGGTC
41[0] 38[0] | CCCCCCTGCAAGGCGATCGACGTTGTAAACCCCC
53[30] 53[51] | GGCGTTTTAGCGAACCTCCCCC

35[139] 37[143] | ATCATTGTTTGCCCTACCG

10[24] 1[23] | CCGCGACAACTTAATACATGAGCCGATGCGGCGCC
34[196] 32[193] | ATTCATTATCAGGACACT

6[51] 3[66] | TAAACTGAAAGCGTAAGAATACGTTTTAGGAGTTT
29[91] 33[95] | GAGCCTTGAATGACCCTCC

101] 0[0] CCCCCCATACCGGGGCAAGTGTAGCGCCCCC

6[159] 8[151] | CTGAACGAACCACTTTTGACGCT

5[151] 1[143] | AGAGTTTTTTGGGGTCGCTCA

39[17] 41[23] | AAGCATACCGATCTGACCTAAATTTAGAAAACGGT
1[39] 9[31] | TCTGTGCTGCGGCCAGAGGTCACTGCGCTTTGAAT
18[101] 20[87] | CCCTGTAATACGCATTAACCCATCCTAAT

19[88] 16[86] | GTATTTTGCGTTGAATATTACC

9[88] 1[80] | GCCTCCTGAGTATAACGGAGCTTGACGGGGACGGG
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21[75] 19[87] | AAGAGAATACGAGCATTACTAATAGTA

28[17] 30[3] | GACTATAGAAATTTCAACAGTTTCAGCCCCCC

31[122] 31[114] | GGAACTGCTCCATGTTACTTAGCATCCAAGACTTT

3[46] 5[52] | GCTCTCTGTGTCGCGTCCGTGAGCAAGGAAGACAG

20[133] 14[130] | CAACAATAACAATAAGCA

47[35] 47[58] | TAGCTTAGATTAAGACGCTCCCCC

27[5] 20[25] | CCCCCAGAATCAAGTTTGCCTTAAAGAACAAATAAAAGAGA
2[220] 4[199] | CCCCCACATTAATTGCGTTGCGCTTGCCCTTGGTC

62[56] 67[58] | CCCCCCTTTTGATAATTGCTGAATATCCCCC

49[35] 49[58] | TCGTCGCTATTAATTAATTCCCCC

35[172] 29[163] | CTGCAGGTAGCGACGATATAGCGTCCAATACTTG

37[52] 33[44] | GATTAAACAGTTAATGCCATGGAAAGCCGCCGCAT

71[24] 25[17] | TCATGCAAAGACACCACGGCAA

51[30] 51[51] | TATAGAAGGCTTATCCGCCCCC

76[52] 77[30] | CCCCCTGAAGGGTAAAGTTAAATTTTA

60[56] 69[58] | CCCCCCAACAGGTCAAGTACGGTGTCCCCCC

16[85] 21[74] | TTTTTTAATGGAAACATTCGCCTATATACAGTAAT

69[37] 63[55] | AACTAAGGATTAGACCGGAAGCAAACTCCCCCC

5[185] 6[179] | GAGTTGCCCCAGGGCAACGCAAATGAAA

42[59] 43[58] | CCCCCCCTTTTTAACCTCCGCTTCTGGTGCCCCC

40[59] 41[36] | CCCCCCCTCAGGAAGATCGCACTCCAGCCTTCCTTGAGGG
19[109] 16[107] | TCAAACATTACGCGCAGCATTT

12[63] 9[45] | CCCCCACAAAGAAACCACCAGATTATCATATTAATGCAC
15[18] 18[0] | TTTTGATAAAGTTATACATGCCTGAGTAATGTGTAGCCCCC
32[178] 37[191] | ATTAGCTCATTATACCAGCCCAAATCAGACCAGGC

52[52] 55[29] | CCCCCAGATTAGTTGCTATTTTGCACCCATAAGCAATAGC
19[24] 10[25] | AAGGAAATGCAAAATTCTTCATAATACGTACAGAG

19[130] 16[128] | TTAAGCTAAATTTCAATTCAAG

35[129] 29[121] | TTCATCAACTAGGCATAGTCCCCCTCAAATGCTTG

11[0] 12[3] | CCCCCACCGGAAACAATCCGGAATTTCCCCC

29[1] 28[0] | CCCCCGGAGTGAGAGTAGCGCGTTTTCCCCC

38[59] 39[36] | CCCCCCATCGTAACCGTGCATCTGCCAGTAGGGAGGTCAC
46[59] 39[58] | CCCCCTTCCCTTAGAATTGTAGATGGGCGCCCCC

29[31] 31[37] | AAGGTGCATCATTATTAGCGTTTGCCCAGCATAAC

18[31] 23[30] | TTTTCCAGCTATATTTTCAAGCAAATCAGAACTTA

72[52] 78[25] | CCCCCTCAGCTCATTTTTTAACTCGATGAACTACCCCGCAG
4[224] 3[223] | CCCCCGAGAGTTGCAGCAAGCCACCGCCTGGCCCTGACCCCC
65[5] 62[26] | CCCCCAGAGCCAGCAAAATCACCAGTAGCGAATTTTTGCG
53[17] 52[3] | TAGCGAAGCCCATGAAATAGCCCAATAATAAGAGCCCCC
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7[192] 1[198] | AGTAGCCAGCAAGCTGATCACTGCCGGGGTGCCTA

4[94] 7[107] | AGAAACCGAGTAAAAGAGACGACCATAGTCTTTAA

43[25] 82[0] | CGCCCATTCAGGCTGCGCAACTGTTGGGACCCCC

39[37] 49[34] | GTTGGCCTTGAAAACATTGGGGTAAA

35[0] 34[7] | CCCCCCTTGATATTCACAAACAAATTATTCTGAAACCCCCC
24[63] 27[65] | CCCCCCGGGTATTAACTTCAAATATCCCCCC

6[72] 9[73] | ATCGGCACAGCCAACAGAGATAGACACGCAACCAG

4[136] 7[149] | CCCTAGCAATACTTCTTTCGTCTGATAAAAATACC

33[96] 29[102] | CTCAGAGCCGCCACCCAGTTCAGAAAACGATAATT

5[172] 2[160] | CAGGTGAACCATCACCCCGAGCCGGTCGTGCC

28[136] 32[144] | TGAATAAGAGCAACACTATAG

0[217] 1[219] | CCCCCCAACGTCAAGTGAGCTAACTCCCCCC

49[20] 41[17] | TAAACACCGTTTGAATTTCAGAGGTTTTCCCAGTCATAAG
18[50] 14[45] | TTGCGCGAGGCTGTCTTTCCTTCTAATTTAAGTA

37[101] 34[116] | GTTGATCGGAACGAGGCGTAG

36[162] 34[158] | GTATCATCGCTTTGAATCA

18[78] 20[66] | AGCCTTTATTCAATTCGTAGAAACCAA

43[37] 45[34] | CGGCACCGGCTTAGGTTGGCGCAAAA

9[74] 6[87] | CTATAATCAGATTCTGGACAATATTTTTGAAAGGA

17[0] 14[3] | CCCCCAGTATCATATGCTTAATGCCGCCCCC

17[32] 13[24] | AGTGAGAATCGCCATGCTTGAGAGCATGTTTAACG

4[65] 2[59] | GAGATGGTTGCGAACGTGGCGAGACTCCTCATGCG

5[0] A7 CCCCCGTCACGCTGCGCGTAACCAAATCCGCCGGGCCCCCC
2[149] 5[160] | ATGTTCCACACAACATAAAATCAATAGGGTT

48[52] 29[30] | CCCCCGTATTCTAAGAACGCGATTAGAAACGCATAAAACTA
76[24] 83[51] | CGGTAAAGCCGCACAGGCGGCCTTTAGTGACCCCC

7[122] 4[137] | GCCCTAAAACACAATATCGAAGAGGCGGTTTGAAT

68[59] 71[36] | CCCCCTAGATTTAGTTTGACCATTAGATAACATTTGATTC
21[118] 19[129] | AGACGACGGATAAGTAAGGCAAAGAA

1[129] 4[144] | ATTGTTATCCGAGGTGCCAATCAAAAGAATAGTCG

80[24] 81[51] | ATCCAAAAAGAGATTTTTTCGTCTCGTCGCCCCCC

28[178] 36[186] | CTGGAAAAACCAAAATAGGAACAACGAAAGAGCGC

77[1] 74[17] | CCCCCAGGAAGATTGTATAAGGAAA

55[30] 55[51] | TTTGAAGCCTTAAATCACCCCC

50[52] 56[26] | CCCCCCCCGACTTGCGGGAGGTTAATTTGCCCAATCCAAA
70[52] 80[25] | CCCCCAAAATAATTCGCGTCTGCTACAAAGGACAAGAGCAC
44[59] 41[58] | CCCCCGAGAAGAGTCAACGACAGTATCGGCCCCC

36[44] 29[45] | AACGTACCGTTTTTCTGAATA

31[38] 34[25] | CCATCGCCACCCTCAGAAGAGACTCTATTTCGGAA
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25[18] 24[3] | CATGCTAGAAAATACATACCCCCC

8[31] 0[25] | GGACTTGTAGAACCGCAACGCACTCCCACACCGCG

7[108] 1[114] | TGCGATCAACAAGCAAATGCCAGCGGGTCATAGCT

37[87] 29[90] | GTGCATAGGTGCCTGTAGCGATCTACCAAAAG

37[5] 30[25] | CCCCCATGAAAGTATTAAGAGGCTCCGCCACGCAAGCCAAA
20[31] 26[39] | TTGGAACATTTCGCAAATTACCGCACATCGTAAGA

20[86] 15[86] | TTATAAAGTATTAACGTGAT

20[24] 20[32] | CAGTTAATTTAACAACGCCAACATGAATAACCTGT

10[70] 10[45] | CCCCCCGTGGGAACAAACGGCGGAT

35[96] 32[103] | TGATGATACAGGAGGGCGCCTCAGA

10[44] 3[45] | TGATGCCCGATAGATTATGCG

5[74] 6[73] | GACGAGCACGAAGTGTTCATAAACTTATCTAAAAT

81[1] 78[3] | CCCCCGGGATAGCTCAAACTTAACCCCC

8[16] 39[16] | CAGACAATTCCACGGGAGCC

75[31] 75[51] | TTAAATTTTTGTTAAACCCCC

29[122] 29[114] | CTTTACAGAGGCTTTGAGGACTACTATCGGTTTAT

36[170] 28[179] | GGACACCAACGTCACCCGACAATGACAACAAAGA

58[66] 71[58] | CCCCCGCGTTTTAATTCGAGCTTCTCTGCGAACGAGCCCCC
23[31] 71[23] | TTTTCTCATCGGATTAAGACAGCAGCACCGTAAAT

26[66] 33[57] | CCCCCAATAGCAGCCTTATTTTTTATAGTCATCATAATCA
56[25] 56[7] | ACCCTGAACAAAGTCAGCCCCC

17[123] 19[114] | TCATCGGTTGTACCAAATAC

37[66] 29[72] | TGCTGGAGGTTTCACCAGTTCCAGAAAAATCTCCA

o[1] 8[17] | CCCCCGGTCTGGTCAGCAGCAACGT

7[0] 8[3] CCCCCTAGACTTTACAACGTGGTGCTCCCCC

16[127] 21[117] | AAAACAAAATTAATTAAGGCGAAAATAAAGCTGTCC

83[1] 78[17] | CCCCCAAAAAATCCCGTAAAATGTGTACCATTTGCAGCG
29[46] 23[58] | ATATACAGAGGGAATCATTACCCCCCC

74[52] 76[25] | CCCCCATTTTGTTAAAATTCGCTGATAATCACAAATATGGG
22[59] 16[46] | CCCCCGCGCCCAATAGCATTTGGGTTTAGAACAACGCTAGT
37[124] 30[129] | GGTCAATCACCGCGACGTTTCCAAACG

4[38] 8[32] | GCAGGTTGCCCGAGCCGTCAATAGACGTATTAGTC

1[81] 4[66] | TACGACGATCCAGCGCATGCTCGTTTTTACGGCTG

32[217] 31[219] | CCCCCTACGTTAATTAAAACACTCATCCCCC

15[87] 18[102] | GGCAATTCATCAATATAAGTAGATTACAAAATTGA

19[61] 16[58] | AAGGTGGCATTCAACGTAACGGAGTACATAAATCA

21[96] 19[108] | AAAAGGTAAATAATATCATCCAATAAA

78[52] 75[30] | CCCCCCCGGCAAACGCGGTCCGCGGTA

14[44] 14[58] | GGGCCAGAAGGAGCGGAATTATCATACCT
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1[115] 0[130] | GTTTCGGAACCAGCGGGAGCTAAACAGGAGTAGTA

57[5] 54[26] | CCCCCCACAAGAATTGAGTGCTACAATTTTATCCAGAGCC
36[138] 35[128] | CGAAATTAAGGGAGACGAGAAACACCAAAT

41[18] 43[24] | TTGTTTTTCACGCAAGACAAAGAAGTTATATTCTT

62[25] 62[7] | TGAGCCATTTGGGAATTCCCCC

37[192] 29[198] | GCATTACCAAGGCAAAAGAAAGGCCCCACGCATAA

1[24] 4[39] | AGCACGCGTGCGGAGCGGCGCCGCGCTTAATGATT

54[25] 54[7] | ATATCAGAGAGATAACCCCCCC

30[24] 19[23] | CAACGGAACAAACAGGGAGCCGTTTTGGCATGAGA
0[101] 4[95] | CCCCTAATCATGTGCCGGTGCCCCCACACTGGGCC

0[129] 3[114] | AAGCACTAAATCCTGTGTCCGGGTTACCTGCACGT

13[25] 73[51] | GAACGTGCTTGCCAGAGAACAATAGGAACGCCATCACCCCC
13[1] 49[19] | CCCCCGTGAGAGATAGACTATACCAGTCCGGCGAATACTAGATAAGAA
20[65] 15[67] | TCACGAGCCAGTAACAGTCATA

56[56] 61[65] | CCCCCGCCATATTAGTTTAACGTCAAAAATGAACCCCC
33[161] 36[163] | TACCAGAAAAGATTACGAAGGGATTT

77[31] 77[51] | AATTGTAAACGTTAATCCCCC

30[220] 32[199] | CCCCCCTGAGGCTTGCAGGGAGTTAATACACAAAA

28[78] 32[72] | ATAAAGGCTAAGTTTTGTCGTCTTACAAACCAGAG

10[30] 17[31] | TTGGCTTAAATGTGAGCAACCTTGCTTCTAATACC

3[122] 8[109] | ATCATGGTCAGTTGGCAACGAACTGGATTCACCAG

33[45] 24[45] | CTTTGAAGCAACCGAAAGAACC

63[5] 60[26] | CCCCCAACGTCACCAATGAAACCATCGATCAGAACCATTA
34[115] 37[100] | TAAATTTGTACTGGTAATAGG

8[136] 3[121] | GGATTATTTACCCGTTGTTAGCCGATTAAAGGGGC

41[24] 43[17] | AACGACGCCAGCTGGCGAGCGG

66[59] 69[36] | CCCCCTGGAAGTTTCATTCCATATAACAGGGGGAATATGC
26[38] 54[38] | ATAAATTTTTTTTTATCCAGTTACAGCGT

35[32] 36[45] | TAAAGCCAGACCCTGCCCTCAAGAGAAGGATTCAG
29[199] 33[216] | CCGAGGGGGTACTTTTGCAAAAGAAGTCCCCC

43[18] 42[0] | GCCAACTATATGTAAATGCTGACCCCC

33[0] 31[17] | CCCCCCATCGGCATTTTCGGTCATGGCAGGTAGGG

29[103] 35[95] | GTCATAGTTAGCGTAACATTCCACACCCTCGCTTT

24[44] 25[62] | AAGGGTATCATTCCAAGAACCCCC

4[143] 8[137] | GCAACGTATTGATCAAACCCTCAATTCGCCATAAT

14[57] 19[60] | TTTACATACGGCAGAGGCATTTTATAATCGCTGAA

16[57] 18[51] | ATATATGTGCACGGGAGAAACAACAAGGATAAAAA
28[187] 32[179] | ATGTTTCCATCGCGCTTTTGCGGGATCCTAAAACATT

5[53] 6[52] | GGCGCGTACTGTGTCCAGGTAAAGGCACTAACAAC

22




WILEY-VCH

78[24] 79[51] | AAACCGCCAGCAGCGATGCTGATTGCCGTTCCCCC

80[52] 15[30] | CCCCCTGGCAGCCTCCGGAGTAACCTTTCATCAACAGCATG
30[128] 28[137] | GCTCGAGGTGAATTTCTCAT

60[25] 66[17] | CCATTGAGGGAATTTACCAGCGC

15[68] 18[79] | TTCCTGATTATCAGATCAGATGAGATTGCTGGAGA

36[220] 34[197] | CCCCCCTTTGACCCCCAGCGATTAAGGCTGGCCGGAT
3[115] 7[121] TAACGATTTTAATCACGCAAATTAAATTGGCAATA

31[18] 36[3] ATACCTCAGAGCCACCACCCCCCC

19[0] 20[3] | CCCCCGTAAAGATTCAACCATCAATACCCCC

34[86] 28[79] | GGGATACATGAGAGCCAGGAACCGCATAAATCAAAA

6[86] 0[94] AGGATCCCTTTGCATCACGAGCTCGAATTCGCGAT

9[60] 13[62] | TCCACCCTTCTGACCGTTTTTGCGGACCCCC

66[16] 58[7] CAAAATAGAAATCAGTAGCGACCCCCC

2[170] 5[184] CCTGAAGCATAAAGTGTCCACTACTTTGGAACAA

35[120] 37[123] | TGGTTTGAACGAGCAGAC

3[5] 6[0] CCCCCGCGGTTGCGGTATTTGAGGATTTAGAAGTATCCCCC
78[16] 80[3] GATCTCACGGTCTTCTCCGTGGTGAACCCCC

34[157] 28[151] | GTGAATAAGGCGAATTACTGAGATTTCATAACTCG

8[192] 0[186] CAACTATCGGCGCTGGTTCCACTATAAAACCGTCT

29[115] 31[121] | CAGCTTTAAACAAAAGGAATTACGAATGCAGATGA

32[52] 37[65] CAGAGCGCAGTCTCTGAACCCGTATAGCGGGGTTT

61[5] 51[29] CCCCCGGGAGAATTAACTGAACTAACCAGAACCCAAAAGA
30[138] 35[138] | GGTAGCTTAAACGACCACATACTTTA

29[39] 35[31] | GCGTATGGGATTTTGCTCAATAGGTGACAGGTCAT

34[224] 37[223] | CCCCCGTAATCTTGACAAGAACTGACCTTCATCAAGACCCCC
Start End Sequence + Modification

25[5] 68[2] ATAAAGGTGGAATAAGTTTAT[Biotin]

73[5] 72[5] TGAGAGTCTGTAAAACTA[BIotin]

53[5] 48[5] | AAAGTAAGCGAGGAAACGI[BIotin]

69[2] 64[2] | GACATTCAACCGTTATTCATTAAA[BIotin]

59[9] 53[29] | [Biotin]AGGGTAATTGAGCGCTATATCTTACCCGAACAAAG
15[5] 70[5] | GAGAGGGTAGTCATTGCC[Biotin]

47[2] 46[2] | TTAATTTCATCTCCGTGTGATAAA[Biotin]

51[5] 22[2] | CAATAATAACTCCTTATTACG[Biotin]

45[2] 44[2] | TGCAAATCCAATAATATATTTTAGIBiotin]

64[18] 60[9] | GGAAAATTGAGGAGCAAGGCCGGA[Biotin]

75[5] 74[5] | GCATGTCAACCCAAAAACI[BIotin]

49[2] 16[2] | TAAGGCGTTAAAAAAAGCCTGTTT[Biotin]

6[178] 5[171] | AATCACAGAGGACGCTCATGGAAATCCTGAGTAAAATCCGTTC[25A]
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2[159] 9[160] | AGCTGCGGGTGGTTGGTGGTAATAACA[25A]

5[161] 6[160] | GAGTGTTTGTTTGATTTTCTTTCACCTTG[25A]

7[150] 2[150] | GAACCTCAAATGGCGCCAATTA[25A]

32[143] 36[139] | GAATGGTAAAAAATTGTGT[25A]

36[185] 35[171] | GAAACAAAGTACGGTGTACAACGTAACAAAGCAGAA[25A]

28[150] 30[139] | TCATAAATATTTAAACAGGGAACGAG[25A]

29[164] 35[160] | CGCCTCAGCAGCGAAAGATGCCACTCATCAGTCTTATGC[25A]

29[150] 33[160] | GATACCGATAGTGCGGAACCTCGTT[25A]

8[150] 5[150] | CAATGATTAGTTCCGAAACCCG[25A]

9[161] 2[171] TCACTTGACCTACACAGCAGAAGATAAATAAAGCATTCACCAGAAA[25A]

35[161] 36[171] | GATTTTATGCTCATAGAGGACAGATGAACAAC[25A]

33[58] 37[51] | AAATCGAACCACAGTTTCGTAGTACCGCCACCCTAG|ATTO542]

18[148] [ATTO647N]JAAGCCTCAGAGCATAAGCAAAATGTTTAT or

20[134] | [Alexa647] AAGCCTCAGAGCATAAGCAAAATGTTTAT
18[148] TTTA AGC CTC AGA GCATAA GCA AAA
20[134] | TGT TTA T (Capture strand 1)
14[136] ATT TAC AACATGTTCAGC TAATGTTT
21[151] | (Capture strand 2)
20[151] CAG AAC GCG CCTTAAGCAATATTT
19[148] | (Capture strand 3)

Target TTCGAATACCACCGTCGAGCCAGAAACTGTCTACATTGCCC
GAAATGTCCTCATTACCATAATCGAAAGCATGTAGCATCTTG
CTCATACGTGCCTCGCCAATTTGGCGGGCAAATT

ACTGAATATTTCATCGC

Imager GCGATGAAATATTCAGT[Alexab47]

Table S5. Annealing ramp for DNA origami folding.

Temperature [°C] Cooling rate [s/°C]
65 120
64 to 61 180
60 to 59 900
58 1800
57 2700
56 3600

24




WILEY-VCH

55 4500
54 to 44 5400
43 3600
42 2700
41to 39 1800
38 900
371030 480
29t0 25 120

Table S6. Nanoparticle preparation protocol. Each step was followed by 2 minutes of stirring.

Step PBS 3300 added [pL]
1 10
2 10
3 20
4 20
5 20
6 20
7 50
8 50
9 50
10 50
11 100
12 100
13 100
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