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Abstract

The ability to visualize and interact with nanoscale objects is of great importance for biology, as
many biological phenomena can ultimately be broken down to processes on these length-scales.
In this context, fluorescence microscopy and especially the distance dependent fluorescence
resonance energy transfer (FRET) between two fluorescent labels have developed into valuable
tools, because they allow for the elucidation of biomolecular dynamics with low invasiveness,
at near physiological conditions and at the single-molecule level. Recent developments in the
bottom-up self assembly of DNA nanostructures have now also made it possible to construct
nanoscale components that can perform designed tasks and enabled many new applications.
In this thesis, | utilized the nanoscale arranging capabilities offered by DNA nanotechnology
to construct new tools for the visualization of biomolecular interactions with single molecule
FRET.

In the first part, | developed a new generation of DNA origami nanoantennas, which are
self-assembling nanophotonic devices comprising two gold or silver nanoparticles. In the
zeptoliter volume between the two nanoparticles, plasmonic effects increase the electric field
intensity by orders of magnitude. The DNA origami structure here serves as a positioning
device, selectively immobilizing molecular entities in this volume of highest enhancement.
The increased electric field strongly increases the fluorescence intensity of fluorophores, while
simultaneously making them more resistant to photobleaching. In this thesis, | made these
plasmonic hotspots accessible for larger molecules such as diagnostic assays and proteins. |
showed that the fluorescence intensity in single molecule FRET experiments can be increased
by approximately an order of magnitude, which increases the time resolution and facilitates
the observation of ultrafast processes such as the diffusive barrier crossing events between
two potential energy minima, e.g. in the coupled folding and binding of two intrinsically

disordered proteins.

In the second part, | developed a DNA origami based tunable and modular biosensing platform.
A problem that is often encountered in the field of biosensing is that on the one hand, it
is difficult to determine whether a small molecule such as a metabolite has bound to a
receptor, because the conformational change upon binding is too small to be directly read out
with methods such as FRET. On the other hand, the sensitive concentration range of these
interactions is dictated by the thermodynamics of the binding reaction and cannot easily be
adjusted in the case that the concentrations of interest are not falling within this range. The
platform | developed opens up new strategies to overcome these challenges by arranging the

sensor components on a DNA origami scaffold. This enables the spatial decoupling of the



sensing interaction from the signalling element, meaning that the signal contrast is not any
longer defined by the conformational change that the ligand binding causes at its receptor
binding site, but rather by the larger conformational change of the DNA origami scaffold that
is a consequence of the binding. Furthermore, the DNA origami technique and its nanometer
precise positioning capabilities open up the possibility to arrange several sensing elements on
the same backbone, which enables the tuning of the sensors response window and even can

give rise to cooperative responses.

In summary, this thesis adds new tools to the repertoire of fluorescence based single-molecule
biophysics and hopefully opens up new research directions for the more detailed understanding

of biomolecular interactions.
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1 Introduction

The development of new tools has been a driver for progress throughout the history of
humanity and constantly improved the quality of life on earth, be it by creating machines that
help in performing physical work such as the steam engine or by providing means to “make the
invisible visible”, such as a microscope or telescope. Scientific progress, therefore, has always
been tightly linked to developments of new instruments and measurement techniques — maybe
even more so in recent years, as our models and theories become more and more detailed and
testing them requires distinguishing smaller and smaller differences. For example, new staining
methods as well as improvements in the manufacturing of microscopes directly led to the
discovery of bacteria as a major pathogen and subsequently helped curing diseases like anthrax
or tuberculosis (Figure 1.1a [1-3]). A more recent example is the development of fluorescent
tags based on the green fluorescent protein (GFP [4]) which among many other applications
enabled the visualization of cancer processes in vivo and led to a new understanding of this
complex disease (Figure 1.1b[5]). With access to more advanced microscopy techniques
provided by the scientific progress, new tools are required in order to not only visualize but also
interact with objects on very small scales. However, the construction of useful tools on the
nanoscale is a very challenging task, because it is hard to directly and specifically manipulate
larger objects to fabricate tools of these dimensions from the “top down”. Another problem
is often referred to as “fat and sticky fingers”: on the one hand, it is difficult to specifically
pick up a molecule without picking up a lot of other surrounding molecules, because the
smallest entity that can be imagined to work as the “finger” would be an atom, which still is
similar in size to the molecule that is to be moved. On the other hand, once a molecule is
picked up using, for example, coulombic interactions, it is hard (though not impossible) to let
go of it again when it is placed at the desired location (Figure 1.1c[7, 8]). These points were
raised in a public controversy in the early 2000s, discussing whether it would ever be possible

to construct sophisticated nanoscale molecular machines [9].

A more successful strategy for the construction of such tools therefore does not rely on
direct manipulation of the components but leverages fundamental physical properties for the

programmed self-assembly of these structures from the “bottom up”. Deoxyribonucleic acid



Fig. 1.

Figure 1.1: The development of new tools drives scientific progress. (a) The introduction of new
microscopes led to the discovery of Bacillus anthracis as the pathogen responsible for anthrax[1]. (b)
Green fluorescent protein (GFP) and its colourful derivatives helped in the understanding of cancer
processes. Here, a fluorescence microscope image of GFP expressing lung cancer cells (green) invading
a tissue is shown. Image created by S. Wilkonson and A. Marcus, National Cancer Institute [6]. (c)
Single-molecule cut-and-paste: an example of direct interaction with nanoscale components. An
atomic force microscope's cantilever was used to selectively transport single-stranded DNA molecules
from a reservoir to a target site. From [7]. Reprinted with permission from AAAS.

(DNA) is an ideal material for this approach because of its regular, well defined features as
well as the fact that two single strands will only form a stable double helix if the sequence
of their nucleobases are matched. The detailed knowledge of the DNA sequences can be
utilized to construct complex structures without the need for symmetry, which significantly
increases the design options when compared to many other self-assembly methods. This has
been realized in the 1980s by Seeman [10] and a clever revamping of the synthesis strategy
by Rothemund in 2006 [11] made this technology so robust that even non-experts are now
able to create nano-objects in a matter of hours. In early days of the technique termed
“DNA origami”, the structures that were created were not of much real use other than to
showcase the impressive control over the features of the structures, but researchers from
many different fields quickly realized the potential of DNA origami to become a valuable
scheme for the construction of nanoscale tools. Examples include the development of a DNA
origami nanopore [12], a nanorobot that can transport cargo to specific cells [13], a calibration
standard for superresolution microscopes [14] or a DNA origami adapter for the deterministic

positioning of molecules on a surface[15].

Single-molecule fluorescence microscopy is a method that exquisitely complements the DNA

origami technique [16]. On the one hand, it enables the visualization of nanoscale dynamics,



for example via the distance dependent Fluorescence Resonance Energy Transfer (FRET [17]).
On the other hand, the DNA origami technique allows for easy, selective and nanometer
precise arrangement of functional components such as fluorescent dyes, metallic nanoparticles,
proteins and other chemical modifications, opening the door to very complex experimental
setups. This synergy is the foundation for this thesis, in which | applied the DNA origami
technique to two different challenges that can be adressed by the precise arrangement of

different components on the nanoscale.

1.1 DNA origami nanoantennas

In the first part, | developed a new generation of DNA origami nanoantennas, which are
nanostructures comprising a DNA origami backbone and two metallic nanoparticles. Generally,
an antenna is a structure that enables the coupling of electromagnetic radiation to an emitter
or receiver. For the case of radio-frequency radiation — with wavelengths on the order of mm to
m — antennas make it possible to transmit signals over very large distances. This is exemplified
by the space probe Voyager 1 (Figure 1.2a), which is currently® 24.345.840.227 km away from
earth and still can transmit and receive data to and from the NASA Deep Space Network using
its 3.7 m diameter Cassegrain antenna[18]. As a rule of thumb, the characteristic distance
for the size of the antenna is the wavelength of the electromagnetic radiation. Interestingly,
for visible light (wavelengths of ca. 400 — 700 nm), an analogous function emerges if the
antenna size matches this length scale. Then, light can get focussed to very small areas, and
furthermore, the emission of a fluorescent molecule can be enhanced significantly (Figure
1.2b). The fabrication of these optical antennas has conventionally been achieved top-down
with methods such as electron-beam milling (Figue 1.2c). The drawback of this method is
that it offers no room for parallelization, i.e. every antenna needs to be fabricated separately.
An even greater problem is the fact that there is no straightforward way to selectively place
molecules such as fluorophores into the antenna, and the researcher mostly has to rely on
“luck”, that is, the fact that in a large enough sample there will be some molecules that are
randomly deposited in the desired location. To overcome these limitations, the DNA origami
approach has been employed successfully for many years[20, 22]. Here, the components
forming the optical antenna (metallic nanoparticles) are held in the desired orientation by the
DNA origami nanostructure which simultaneously is used to immobilize a fluorescent molecule
in the small gap between the nanoparticles and immobilize the assembled nanoantenna on a

glass coverslip (Figure 1.2d). The effect of these so-called plasmonic hotspots on fluorescence

'As of December 5th, 2023.
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Figure 1.2: (a) The space probe Voyager 1 with its directional antenna. (b) Scheme showing the
two functions of an antenna: help receive weak input signals (left) and help transmit weak output
signals (right). (c) An example for an optical antenna fabricated with focussed ion-beam milling.
Reproduced with permission from Springer Nature [19]. (d) llustration showing the first optical
antenna self-assembled via the DNA origami technique [20]. (e) The smartphone microscope used
for mobile detection of diagnostically relevant DNA with the help of DNA nanoantennas [21]. (f)
Schematic representation of diffusion over a potential energy surface (blue = lower potential energy)
taking a system from state 1 to state 2. The time needed for this diffusion is called transition path
time.

was characterized thoroughly [20, 23-25], in some cases reaching enhancement factors of
over 3 orders of magnitude [23, 26]. The key steps in the development of DNA origami
nanoantennas are reviewed in the associated publication 1 in chapter 4.1. Altogether, the
strongly increased brightness of fluorescent molecules placed in plasmonic hotspots via DNA

origami nanoantennas opened up several interesting applications.

In the field of biosensing, where the detection of disease specific molecules in a complex mixture
of analytes is usually aggravated by high background signal, e.g. from autofluorescence of
blood, this serves as a mechanism to “highlight” the target molecule, facilitating its detection.
Conceptually, the antenna in this case offers an amplification mechanism based on a physical
phenomenon. In contrast to molecular amplification mechanisms, such as the polymerase
chain reaction (PCR), the amplification is instantaneous, which significantly reduces the
time to result and circumvents the introduction of possible errors during the amplification.
Furthermore, the high fluorescence intensity of targets captured in the hotspot enables the
detection of pathogens with low-tech instruments, which is attractive for the use in settings

where expensive diagnostic devices are not available. To accomplish these goals, a challenge



that had to be overcome was the fact that DNA origami designs thus far blocked most of the
plasmonic hotspot regions with the construction material and it was therefore not possible
to immobilize larger entities such as diagnostic essays or proteins directly into the hotspot
region [27]. Therefore, in the associated publication 2 in chapter 4.2, a new antenna design
was introduced which was capable of hosting much larger units than previous designs while
maintaining the high fluorescence enhancement factors. This is exemplified by carrying out a
diagnostic assay for the detection of antibiotic resistance in Klebsiella pneumonia using a
portable microscope constructed with a smartphone camera, a cheap objective, and a laser

running on a USB power bank (Figure 1.2¢).

In single-molecule biophysical experiments, the same amplification mechanism would be of use
for conducting experiments at higher concentrations of labelled species. A typical observation
volume in single-molecule fluorescence microscopy is on the order of approximately one
femtoliter. To ensure that only one molecule is observed at the same time, the concentration
of labelled species thus is limited to the low nanomolar range. However, many biological
interactions occurr with micromolar affinity constants, making them very hard to observe
with conventional methods. In contrast, the zeptoliter plasmonic hotspot would still only
be occupied by less than 1 molecule at these concentrations [28]. Beyond that, plasmonic
hotspots can also be used to boost the performance of fluorophores in single molecule FRET
experiments. The observation of ultrafast (submillisecond) biomolecular reactions thus far
has been limited to reactions in which both educt and product states are occupied significant
amounts of time, enabling the use of statistical methods such as nanosecond fluorescence
correlation spectroscopy [29]. This is due to the fact that the required time resolution for
such observations on the single-molecule level thus far was out of reach: even the best labels
photobleach within a few milliseconds under strong irradiation, and at the same time also only
emit around 1000 photons per millisecond, a count rate that is hardly enough to examine the
many biologically relevant processes on the microsecond timescale such as protein folding [30,
31].

Plasmonic hotspots have been shown to increase the photostability [32] and decrease saturation
effects [33, 34] of fluorescent labels at high excitation intensities and thus could be used
to facilitate these types of experiments. In the associated publication 3 in chapter 4.3, we
studied the effects of such high excitation intensities on different classes of fluorophores and
quenchers and found that certain fluorophores like ATTO 647N exhibit pronounced dark
state formation. This severely hampers their photon output, while cyanine based fluorohores
like AlexaFluor 647 do not suffer from this problem as much, but are instead limited by

increased blinking on ms — ps timescales due to photoisomerization reactions [35]. With the



help of these findings, in the associated publication 4 in chapter 4.4, we were able to carry
out biologically relevant single-molecule FRET experiments in a plasmonic hotspot. More
specifically, we observed the binding of two intrinsically disordered proteins to one another.
This coupled binding and folding was shown to occur via an intermediate encounter complex
with lifetimes on the order of 100 ps [36], which we were able to confirm with our experiments,
underlining the compatibility of the plasmonic hotspot with biological reactions. In a second
set of experiments, we then observed the hybridization reaction of two single-stranded DNAs
with photon count rates of up to > 10 MHz and found mean transition path times — the
average time for the diffusion on the free energy surface between two minima (Figure 1.2f) —

on the order of ~ 17 ps.

1.2 Engineering single-molecule sensors with the help of DNA

origami

In the second part, | applied the toolkit provided by the DNA origami technology to the
construction of modular biosensors. A biosensor is a structure that can bind a target
molecule, such as a pathogen marker or a metabolite, with high specificity and selectivity
and simultaneously translates the binding event into a measurable signal change. As such, it
enables the diagnosis of diseases or the elucidation of cellular processes. With the exception
of de novo engineered proteins and aptamers, generally, a naturally occurring biointeraction is
used as a sensing element. Then, if the binding of the target induces a sufficient conformational
change, translating the binding event into a signal change can be achieved by simply labelling
the binder with a FRET pair comprising two fluorophores at suitable positions. However, the
oftentimes subnanometer conformational changes severely limit the signal contrast of these
types of sensors (Figure 1.3a) and more generally, most natural binders do not even undergo
large enough conformational changes upon binding at all [37]. This problem fueled intense
research efforts, and several strategies to overcome this issue have been devised. For example,
by linking the binding of the ligand to the binding site to a larger conformational change,
e.g. the connection of two split proteins which then form a functional luciferase [38] or the
displacement of a fluorescently labelled tethered ligand from the binding site [37], it became

possible to translate the binding of small molecules into a large signal change.

A further problem, that has so far only been adressed in a few specific examples [39] originates
from the thermodynamics of binding to a single site receptor, which will always result in a

dose-response curve with a certain mid-point and steepness (Figure 1.3b). These parameters,
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Figure 1.3: (@) In order to visualize the binding of a target molecule to a receptor with fluorescence
microscopy, positions for the labels need to be found at which the receptor undergoes a large enough
conformational change. (b) Illustration of the ramifications of the labelling position on the FRET
contrast. For the case of too small differences in fluorophore separation (left) it becomes hard to
distinguish the bound from the unbound state. If the conformational change is large enough (right),
the populations can be readily distinguished. (c) Exemplary dose-response curve for a ligand binding
to a receptor. The target concentration resulting in half-occupation of the receptor (K,) as well as
the curve steepness defining the response window are values that are dictated by the theromdynamics
of the ligand binding reaction.

termed Ky, and ny (or “Hill coefficient”) are fundamental properties of the receptor-ligand
interaction. Changing Ky, traditionally would involve the perturbation of this interaction,
e.g. by the introduction of point mutations in the binding site that reduce or increase the
interaction strength. Of note, this could bring with it potentially unwanted changes to
substrate specificity [40] as well as requires knowledge of the full mechanism of target binding

— or alternatively the trial of several positions by brute force.

To change the steepness of the response, however, it is not enough to change the interaction
strength and strategies of coupling two or more binding events are required. In nature, there
are several examples of such strategies. The prime example is binding of O, to hemoglobin.
Although the complete mechanism of action is still not entirely understood [41], it is known
that hemoglobin is a heterotetramer with four equivalent heme groups which each can bind
one Oy molecule. Upon binding of the first O, the hemoglobin undergoes a conformational
change which facilitates the binding of the next Oz molecule to the next heme group etc.,
resulting in a much steeper dose-response than in single-site binding [42]. This phenomenon
termed “cooperativity” enables the efficient uptake and release of oxygen despite the fact
that venous and arterial O, concentrations only vary by around threefold [43, 44]. In the
context of biosensing, a cooperative system would thus be of use in situations where the
analyte concentrations vary only slightly, but unambiguous diagnostic answers are needed.
This is the case, e.g. when overseeing the glucose levels in the blood of diabetic persons [45],
or monitoring the concentrations of therapeutic drugs [46]. However, achieving cooperative

responses in synthetic biosensors is challenging [39], and most of the strategies developed



for the design of modular sensors do not offer the possibility to have multiple biorecognition

elements interacting with each other.

The DNA origami approach has the potential to synthesize these strategies into a modular
system that is easily adoptable to new targets, offers mechanisms of tuning the biosensor's
dose-response behavior while simultaneously serving as an interface to several possible signal
readout mechanisms. To do so, it is pivotal to understand the interplay of multivalent
interactions in artificial sensors. To this end, | set out to develop a biosensing platform based
on a dynamic DNA origami with a large, controllable conformational change [47]. Using
reversible DNA-DNA interactions as a model for receptor-ligand binding, we studied the
effects of multivalency, allosteric control and mechanical strain on the binding properties of
the sensor and found several potentially generalizable mechanisms for tuning of the response

window. This project is described in the associated publication 5 in chapter 5.1.



2 Theoretical Background

2.1 Single-molecule fluorescence
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Figure 2.1: lllustrating the advantages of single molecule experiments: while ensemble measurements
give quick access to the average parameters describing a mixture, the underlying properties such as
distributions of properties or the dynamics of interconversions between different states can only be
observed when single molecules can be distinguished.

Given the enormous size difference between our percievable reality and the fundamental
building blocks of life, it may come as no surprise that the macroscopic properties we
experience are usually the result of a complex interplay of different agents forming a complex
ensemble. What we observe are usually property averages, although the underlying property
distribution might actually be quite heterogenous or dynamically interchanging. To learn
about this property distribution and potential kinetic heterogeneities (Figure 2.1), it is pivotal
to be able to observe single molecules “at work”, a task that has been achieved for the first
time with methods such as scanning tunneling microscopy [48] and the related technique of
atomic force microscopy [49] in the early 1980s and which has been expanded to the much less
invasive field of optical microscopy in 1989 for molecules at cryogenic temperatures [50]. With
the next evolution step of optical single molecule detection in biologically relevant conditions
(i.e. in aqueous solution and at room temperature [51]), the technique has rapidly developed

into a valuable tool in all domains of natural science which was recognized with a Nobel



prize in Chemistry in 2014 [52]. The physical phenomenon of fluorescence is very important
for optical single-molecule detection. As fluorescence photons are always less energetic than
excitation photons, the excitation light can simply be filtered out in the detection channel and
only the fluorescence can be observed — which results in comparably high signal-to-background

ratios when compared to methods that use elastically scattered light [53].

2.1.1 Fluorescence

Fluorescence is a process by which a molecule in an excited state — which is induced by
absorption of an excitation photon of a certain energy given by the product of Planck’s
constant h with the frequency of the light wave f — returns to the ground state and emits a
photon of lower energy and thus higher wavelength. The absorption of the excitation photon
only occurrs when its energy exactly matches the energy difference between the fluorophore’s
ground state Sy and one of the vibrational microstates vy of an excited state Sy. Since the
absorption process is much faster than the reorganization time of the nucleus, the excitation
usually occurrs not to the vibrational ground state of the excited state but to the vibrational
microstate which has a maximum of the wave function at the same nuclear coordinates
as the ground state [54] (Franck-Condon principle, Figure 2.2a). The rate of this process
is determined by the intensity of the incident field and the absorption cross section of the

molecule.

The processes following the absorption of a photon can be illustrated in a Jabtoriski diagram [55]
(Figure 2.2b): typically, the excitation occurrs not to the vibrational ground state but to
a higher microstate. Then, on the timescale of picoseconds, the molecule relaxes to the
vibrational ground state of the S; excited state, giving off heat in the process (internal
conversion and vibrational relaxation) [56]. From the S; state, the system can relax in
multiple different ways: energy can be dissipated non-radiatively with the rate k,  or via
emission of a photon (fluorescence, k). Another possibility is the conversion of the system
to a triplet excited state Ty (intersystem crossing, kisc). This S—T transition, however, is
spin-forbidden and thus occurrs with much lower probability. Analogously, triplet excited
states can then decay to the singlet ground state via non-radiative pathways or also with
emission of a photon (phosphoresence, kyh). The probability of observing a fluorescence

photon after excitation of the molecule is called fluorescence quantum yield ®¢:

ke

O = ——7—"7—
kfl + knr + kisc

(2.1)
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Figure 2.2: Physical processes in fluorescence: (@) lIllustration of the Franck-Condon principle:
excitation by a molecule usually occurs from the ground state to an excited vibronic microstate v,
with a maximum of the wave function at the same distance to the nucleus. (b) Jabtoriski diagram
showing the different processes occurring after excitation of a molecule from its ground state Sy
to an excited state Sy with suitable energy (blue). Typically the molecule very quickly relaxes to
the vibrational ground state of the S; state by energy dissipation to the environment via internal
conversion (ic) or vibrational relaxation (vib). From there, it can return to the ground state via
nonradiative (nr) or radiative processes (fluorescence, fl). Another process that can occur, with usually
lower likelihood, is the intersystem crossing (isc) to a triplet excited state (Ty). The return to the
ground state then analogously occurrs via nonradiative or radiative (phosphorescence, ph) pathways.
(c) Absorption (blue) and emission (orange) spectrum of the commonly used fluorophore AlexaFluor
647. The emission is red shifted from the absorption.

and the average time spent in the Sy state before emission of a fluorescence photon is called

fluorescence lifetime T4: )

B kﬂ + knr + kisc
Analogously, the intersystem crossing quantum yield ®;sc and the triplet lifetime 7, are given
by

(2.2)

TH

kisc 1
and Ty = — (2.3)

Brge = ——
* kﬂ + knr + kisc kph

For organic fluorophores, fluorescence quantum yields can be as high as 70% and fluorescence
lifetimes typically are on the order of a few ns. Intersystem crossing yields are usually below
5% [35, 57|, and unquenched triplet lifetimes are on the order of 100 ps.

2.1.2 Limitations of fluorescent dyes

Despite great advances in the last quarter of a decade, organic fluorophores are far away from
being perfect emitters without limitations and especially in highly demanding applications,
such as single-molecule studies, they often are the major bottleneck in the success of an
experiment [58, 59].

11



On the one hand, this is due to the problem of photoblinking and photobleaching: whenever
the fluorphore populates long lived excited states — with lifetimes on the order of ps to ms —
such as the triplet state or photoisomers, it is not available for fluorescence emission. The
highly energetic excited states can react with surrounding molecules and form long-lived non
emitting intermediates or even irreversibly convert to non-fluorescing species (photobleaching).
Generally, triplet states are more prone to these side reactions than singlet states because
of their orders-of-magnitude higher lifetimes. The most common pathway for this is the
reaction of the triplet excited state with ambient oxygen, in which the fluorophore transfers
its energy to the oxygen resulting in the formation of singlet oxygen or other highly reactive
oxygen species (ROS). By using enzymatic systems that consume oxygen, such as glucose
oxidase/catalase, the probability of these side reactions can be reduced. However, since
oxygen also acts as a triplet quencher, the removal of oxygen leads to increased triplet
and radical blinking. This can in turn be mitigated by other additives that serve as triplet
quenchers, such as the reducing and oxidizing system (ROXS [60]), e.g. trolox/troloxquinone
or methyl viologen /ascorbic acid or physical triplet quenchers such as cyclooctatetraene [61]
(COT) or Ni** [62].

Energy

Sq -

Figure 2.3: Jabtonski diagram of the ROXS mechanism. After intersystem crossing into the triplet
state, the fluorophore can be either reduced or oxidized by additives in solution forming radical anion
or radical cation species. From there, the complementary reduction or oxidation, respectively, can
recover the singlet ground state. The rate of these reactions is dependent on the concentrations of
the additives and can be faster than the “native” recovery of the ground state via phosphorescence.

In this thesis, only the ROXS approach was employed. It can be illustrated with a Jabtonski
diagram (Figure 2.3): if an additive with matching redox potential collides with a molecule in
the triplet state, electron transfer reactions occur, leading to formation of a radical anion
for the case of a reducing agent and to the formation of a radical cation for the case of an
oxidizing agent. From these dark intermediate states, the ground state can be recovered by
the subsequent reaction with the complementary reaction partner (e.g. the reduction of the
radical cation) [63]. If the concentration of these additives is high enough (typically mM),
both of these reactions will occur within hundreds of microseconds which leads to dark times

12



of the fluorophore on almost the same timescale as the triplet lifetimes in ambient oxygen —
but without the generation of harmful ROS.

On the other hand, the finite lifetimes of the excited states themselves pose a fundamental
limit to the obtainable photon output per unit time: even if the ROXS system is used to
depopulate the triplet state, since the mechanism requires a collision of the fluorophore with
both the reductant and the oxidant in the correct order, the speed of this process is limited
by the concentration of the addivites in the solution. At very high concentrations, however,
photoinduced electron transfer reactions of the singlet excited state [64] occur, leading to
quenching of the fluorescence. These two factors have to be weighed against each other,
which limits the dark times to the low microsecond timescale. The same low microsecond
timescale limit is also hit by photoinduced isomerization reactions between bright and dark
states of fluorophores from the class of cyanines, which poses an additional limitation for
these kinds of fluorophores [35].

2.1.3 Resonance energy transfer

If a fluorophore in an excited state is in close proximity to a second electronic system, such
as another fluorophore or a quencher, another relaxation pathway becomes feasible. In this
case, energy can be transferred non-radiatively from the excited state of the first molecule
to the second molecule, which in turn enters an excited state from which it can then relax
following the aforementioned pathways. The rate of this Fluorescence Resonance Energy
Transfer (FRET), kpreT, between a donor and an acceptor system separated by distance r is
given by the equation [56]

dpk2 /9000(In 10
kere(r) = — ( (In 10)

Fo(\)ea(M)A4dA 2.4
Tprd 1287r5NAn4>,/0 D(A)ea(A) (2:4)

and is dependent on several parameters, which are briefly explained below (Na = Avogadro’s

number).

Firstly, since FRET is a dipole-dipole interaction, the efficiency of the process scales with
1/r®. When the electronic systems get too close to each other (approx. < 2 nm), other
types of energy transfer, such as photoinduced electron transfer or direct electron exchange
interactions dominate the behavior, while FRET typically is the dominating process at
intermediate distances around 3-10 nm (commonly characterized by the distance at which

the energy transfer efficiency is 50%, the so-called “Forster radius”, Rg, Figure 2.4a).
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Figure 2.4: (a) Dependency of the FRET efficiency E on the dye-dye distance r: at r = Ry, the
efficiency is 50%. (b) Exemplary emission spectrum of Cy3B (blue), absorption spectrum of AF647
(orange) as well as their spectral overlap (green) in arbitrary units. The efficiency of the energy
transfer increases with the spectral overlap.

Secondly, the (photo-)physical properties of donor and acceptor dyes as well as the medium.
This includes the refractive index n, the quantum yield ®p and fluorescence lifetime mp of

the donor in absence of the acceptor, but also the overlap integral J
o0
J= / Fo(\)ea(M)A*dA (2.5)
0

of the emission spectrum of the donor Fp(\) with the acceptor absorption spectrum ea(X)
(Figure 2.4b): it is necessary that there is a transition from the ground state of the acceptor
to an excited state with an energy difference that matches the energy of the excited state of

the donor for efficient energy transfer to occur.
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Figure 2.5: Influence of the orientations of the transition dipole moment of the donor and acceptor in
FRET experiments. (a) Depiction of the nomenclature of the angles and distances between donor
(D) and acceptor (A). (b) If the rotations of the fluorophores are hindered, the orientation of the
transition dipole moments of the donor and the acceptor dye can influence the overall rate of FRET.
For the extreme case of orthogonal moments, FRET can theoretically vanish completely. (c) A
real-world example of this intricacy was shown in [65], where the sticking of the dye molecules to a
DNA backbone hindered their rotation and resulted in a deviation of the measured FRET efficiency
(blue) from the theoretical prediction (green). Copyright 2008 National Academy of Sciences.

Lastly, the extent of FRET depends on the relative orientation of the two electronic systems
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to each other, encoded by the orientation factor K2:

k% = (cos(67) — 3 cos(fp) cos(6a))? (2.6)

Usually, both fluorophores can be assumed to rotate freely, which leads to an averaging of the
value for k2 to % However, if their rotation is hindered, e.g. by sticking of the dyes to their
surroundings, k2 can be as high as 4 for head-to-tail alligned transition dipole moments and
as low as 0 for orthogonal transition dipole moments (Figure 2.5a and b). In this extreme
case, FRET can theoretically completely vanish. A nice illustration of this dependence of
FRET on the orientation of the dyes to one another was shown in [65], where sticking of
the Cy3 and Cy5 fluorophores to a DNA backbone prevented their free rotation and led
to deviations of the observed FRET efficiency from the expected values assuming k? = %

(Figure 2.5¢).

FRET has become an extremely important tool in the investigation of biomolecular dy-
namics [17, 30, 66], which stems from the fact that the sensitive distance range of FRET
of ca. 2-10 nm nicely overlaps with the dimensions of biomolecules such as proteins and
nucleic acids. Furthermore, the time resolution that is offered by this method (milliseconds
to minutes) is highly relevant for many biological processes, and the labelling and imaging

conditions are generally compatible with in vitro and even in vivo studies.

2.1.4 Plasmonic fluorescence enhancement

Similar to other dipoles, the electromagnetic field itself can also affect the fluorescence
properties of a molecule. A special case of this interaction involves the generation of locally
enhanced electromagnetic fields with the use of specifically arranged metallic nanoparticles.
To understand why these strong fields are generated, it is beneficial to first consider what
happens to a metallic nanoparticle as it is irradiated with light. Metallic nanoparticles show
non-localized conduction band electrons which in the Drude-Sommerfeld theory [68, 69] are
approximated as an ideal electron gas. This gas responds to changes in the local electric field
like a damped harmonic oscillator (without a restoring force) damped by collisions between

the electrons with frequency «y and with a characteristic mass m:
mx + myx = —eE(t) (2.7)

For the case of light, where the electric field intensity oscillates with a certain frequency w

perpendicular to the propagation direction of the wave (Figure 2.6a), the displacement of the
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Figure 2.6: (a) lllustration of the behavior of a plasmonic nanoparticle upon irradiation with light:
the electromagnetic field leads to a charge separation inside of the metal and induces a dipole moment.
(b) Simulations of the dependency of the emission rate yem of a fluorescent molecule on the distance
z to a gold nanoparticle of diameter d compared to the free space emission rate 42 . Reproduced
figure with permission from [67]. Copyright 2023 by the American Physical Society. (c) Simulations
of the electric field around a monomer (left) as well as a dimer with a 23 nm interparticle spacing
(right) of 80 nm AuNPs. From [20]. Reprinted with permission from AAAS.

electron gas is given by
e

E(t) (2.8)

and the electric dipole moment per unit volume P of the nanoparticle is given by

M= )

n€2

P:—;Kﬁ:jaﬁEU) (2.9)

which can in turn be used to calculate the dielectric displacement D via

w2
D= 1——P | E=¢peE 2.10
2 ( oy | E=eoe (210)

with wg = é’oi; as the plasma frequency of the electron gas and ¢g as the electric permittivity

of the vacuum. From this expression, it follows that the dielectric constant of the nanoparticle

is frequency dependent:

w2

=1-—F 2.11
€(w) w? + iyw (2.11)
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With this, it is possible to calculate the dipole moment p of the nanoparticle:

€s — €
=4 e 2.12
p = AM€0ema €s + 2em 0 ( )
This implies a maximum at es(w) = —2em, (“Frohlich condition”) and the effect of the

incident light on the dipole moment of the nanoparticle is maximal at this frequency, which
is called the plasmon resonance frequency [70]. This frequency usually is in the visible range,
for gold nanoparticles with a diameter of 100 nm for example, it lies at approx. 620 nm [71].
The electromagnetic field influences the properties of fluorescent molecules, firstly by increase
of the excitation rate, which is proportional to the product of the transition dipole w of the
fluorophore and the electric field E[72]:

kexe o |WE|? (2.13)

Secondly, the relaxation pathways from the excited state are modified by the vicinity of
the nanoparticles: there are additional routes for non-radiative decay, where the energy is
dissipated into the nanoparticle [73]. Furthermore, the radiative decay rate (the emission of
a fluorescence photon) is accelerated by the electric field (also called the Purcell effect [74,
75]). Whether radiative or non-radiative decay pathways are more pronounced is dependent
on the distance of the fluorescent molecule to the nanoparticle: at shorter distances, the
non-radiative decay is dominating, which leads to quenching of the fluorescence, while at
intermediate distances there is an overall increase of the emission rate, because the radiative

decay is accelerated the most (Figure 2.6b).

When two of these nanoparticles are in close proximity, the induced dipole moments can
interact and couple to each other, forming so called plasmonic hotspots — zeptoliter volumes
in which the electric field can be several orders of magnitude stronger than the incident
electric field [72, 76] (Figure 2.6c). These plasmonic nanostructures were first constructed
using lithographic methods[19, 72, 77], but more recently, the DNA origami technology has
emerged as a promising alternative method for their construction [20, 22, 78].

2.2 DNA nanotechnology

The determination of the crystal structure of B-Form deoxyribonucleic acid (DNA) [79, 80] in
the 1950s was a cornerstone for the biological revolution in the following decades. Being able

to relate the physical structure of DNA to the way in which genetic information is passed on
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between living organisms was crucial for a deeper understanding of life in general, but also
enabled the development of new diganostic and therapeutic methods — the swiftness of the
development of diagnostic tests and vaccines to fight the global SARS-CoV2 pandemic in the
years 2020-2023 [81] was an impressive demonstration of the power of modern biology.

HO

Figure 2.7: The molecular structure of DNA. (a) Original model proposed by Watson and Crick in
1953[79] (CC-BY, The Science Museum). (b) Molecular structure of the four fundamental building
blocks of dsDNA: in antiparallel alignment, the nucleobase thymine can form two hydrogen bonds
with adenine while guanine can form three hydrogen bonds with cytosine. (c) Crystal structure of
double stranded DNA [82] showing how the nucleobases align in space.

DNA is a biopolymer consisting of four different building blocks, the nucleotides adenine,
thymine, guanine and cytosine (Figure 2.7). One strand of several of these nucleotides
covalently linked via phosphodiester bonds can antiparallely interweave (hybridize) with a
second single strand of DNA, given that the sequence of bases follows a certain pattern: due
to the chemical structure of each nucleobase, the energetically most favourable alignment
is reached when an adenine base is met with a thymine base on the other strand and when
a guanine base is met with a cytosine base on the other strand, and vice versa, permitting
hydrogen bridges between the two bases and forming a regular, double helical structure. This
double-stranded DNA (dsDNA) is the central storage unit for genetic information, which is

given by the sequence of the nucleobases.

To read, write and copy information to and from dsDNA, living systems developed a toolshed
of DNA processing enzymes such as DNA helicases, which split a double stranded DNA into
two single strands [83], or DNA topoisomerases, which can relax supercoiled dsDNA (dsDNA
with higher-order secondary structure resulting from over- or underwinding [84]) by transiently
breaking a DNA strand and passing the other strand through the gap[85]. In some of these
processes, the dsDNA forms a so-called replicational junction, in which the parent dsDNA
splits up and forms two new dsDNA strands. When exchanging information between two
copies of DNA, as it is done during the recombination phase of the cellular cycle, the strands

also form so-called Holliday junctions [86] — junctions with a four-way intersection. It is these
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secondary structures that inspired researchers to think of DNA not only as a means of storing
genetic information but also as a nanoscale construction material [L0]. Since the way in
which single DNA strands align with each other can be pre-programmed by their sequences it

became concievable to form 3D nanostructures with ever growing complexity.
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Figure 2.8: Some structural considerations for building DNA nanostructures: (a) the basic inspirational
element of DNA nanostructures, an immobilized version of a Holliday junction. (b) Crystal structure
of the junction shown in a)[87]. (c) One of the pioneers of DNA nanotechnology, Ned Seeman,
presenting a model of the first synthetic nanostructure made with DNA: a cube with an edge length
of =~ 7 nm[88]. From [89]. Reproduced with permission from Springer Nature.

2.2.1 DNA as a building material

The key step in using DNA as a building material for 3D nanostructures was the creation of
immobile junctions [90] — junctions between DNA strands that do not spontaneously resolve
themselves due to the process of branch migration but remain “trapped” in the junction
state (Figure 2.8a and b) and thus serve as a stable joint. Using these immobile junctions,
researchers managed to create nanostructures such as a DNA cube [88] (Figure 2.8¢c), in
which a total of ten ssDNAs were combined in a specific manner. However, the synthesis
remained challenging, since it involved several steps of purification, and yields were relatively

low.

This changed in 2006, when a new method for the creation of DNA nanostructures[11]
was introduced. This method — termed “DNA origami” — uses a long (ca. 8k nucleotides)
ssDNA as a scaffold strand to which shorter ssDNA strands hybdridize and thereby join
distal parts, forming a well-defined 2D structure. Since the sequence of the scaffold strand is
known, the exact way in which the shorter strands will hybridize can be programmed. The
advantage in terms of simplicity of this method is that exact stoichometric ratios are not
necessary for the formation of a structure and there are also no intermediate purification

steps required. The scaffold and the staple strands are simply combined in a reaction tube,
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Figure 2.9: The DNA origami technique. (@) lllustration of the general approach: a long, single
stranded scaffold strand is mixed with ca. 100-200 short staple strands. After denaturation at high
temperature and slow cooling to room temperature, the staples connect distal parts of the scaffold
strand to form a nanostructure. (b) The natural helicity of dsDNA imposes certain rules on the
spacing of crossovers to other helices. A threefold symmetry (violet) is suited the best as it matches
the natural helicity. A fourfold symmetry (orange) is also possible, but may lead to twists in the
structure due to slight underwinding [91, 92]. (c) Depiction of the two most common approaches to
form 3-dimensional DNA origami structures (each circle represents a DNA double helix).

denatured with a high temperature and then slowly cooled down to room temperature to
allow the thermodynamically most stable configuration to form (Figure 2.9a). With this, the
development of new structures was accelerated significantly and soon after was extended
to three dimensions, which was done by placing crossovers between helices at non-integer
multiples of full helix turns [93] (Figure 2.9b and c). Because of its ease of use and the endless
possibilities with which the staple strands — at positions known a priori — can be modified
with fluorescent dyes, reactive groups such as thiols or click-chemistry functionalites and other
molecules, the DNA origami technique has become widely used as a nanoscale molecular

breadboard [94-97] and tool to construct functional components on the nanoscale [13, 98].

2.2.2 Dynamic DNA nanostructures

With the ability to precisely construct nanostructures of almost arbitrary shape and complexity,
the goal of many researchers was to transform these structures from passive units into
structures that can perform actions on the nanoscale. One of the first examples of such
structures was the “molecular tweezer structure” designed by Turberfield, Yurke and co-

workers [99]. The critical point for their system was the realization that they can displace
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one strand of dsDNA with another incumbent ssDNA by branch migration. This “toehold-
mediated strand displacement” (Figure 2.10) works as long as the incumbent strand is able
to form a more stable complex with the parent strand than the strand that is to be displaced.
To a certain extent, this even works if the incumbent strand is forming a less stable complex

with the parent strand, if the concentration of the incumbent strand is much higher [100].

displaced strand

incumbent branch migration —
———— -
— N — N A! NN

3 5

Figure 2.10: Toehold mediated strand displacement. An incumbent strand can displace one strand
of the double stranded DNA by branch migration. Because the incumbent strand has a part of the
opposing DNA to which it can bind exclusively, it will win the “tug-of-war” with the displaced strand:
once the branch migration reaches a point where this strand is not stably bound to its partner anymore
it will dissociate and diffuse away, leaving no chance for retaliation.

Another straightforward way to introduce dynamic behavior is to intentionally leave some
regions of the nanostructure single stranded. Single stranded DNA is much more flexible than
dsDNA — its persistence length was found to be 1.98 nm [101] as compared to ca. 50 nm for
the case of dsDNA. Using these two strategies as the starting point, researchers soon were
able to design structures that can adopt multiple conformations, such as a structures that
could open and relase cargo upon addition of trigger strands[13, 102] or nanoscale joints
and hinges [47]. Recently, other examples of dynamic DNA nanostructures were shown by
the combination of several stiff components into a ratchet motor [103] and a DNA turbine

powered by an ion gradient [104].

2.3 Biomolecular binding reactions

One could make the point that the non-covalent binding of one molecule to a partner is the
most fundamental process of biology, and indeed there are countless examples. In glycolysis,
a central process of aerobic respiration, the metabolite glucose is sequentially bound and
enzymatically reacted by not less than 10 different enzymes to yield pyruvate [105]. The
reversible binding of DNA and RNA processing enzymes to the nucleic acid is central to
replication and translation. The transport of proteins to the different subcellular compartments
such as the endopasmatic reticulum is mediated by transient interactions of signal recognition
particles with specific signal peptides [106, 107]. Furthermore, almost all sensory processes,

e.g. the perception of umami taste [108], involve the binding of a ligand to a receptor, which
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then triggers downstream signalling pathways. Conceptually, the binding of two molecules a
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Figure 2.11: Biomolecular binding reactions. (a) Potential energy diagram of the complex formation
of compounds a and b. The curvature of the energy surface is shown by w. AG shows the difference
in potential energy between the states. (b) The dissociation constant, which is the concentration
at which half of the receptor is occupied, of a binding reaction can be determined by titration with
one of the partners while monitoring the complex concentration. (c) Top: Heterotropic allostery,
in which an effector molecule that is structurally different from the ligand influences the binding
reaction, is one of the strategies used by living systems for the regulation of enzyme activities. Bottom:
The other strategy, in which the ligand simultaneously acts as effector, can lead to cooperative or
anticooperative behavior. (d) Effect of heterotropic allosteric regulation on the dose-response curve
of a biological binding reaction. Binding of the effector can shift the dissociation constant to higher
or lower values. (e) Homotropic allosteric regulation, or cooperativity, furthermore, can have an effect
on the steepness of the curve, leading to potentially very sensitive responses to a ligand or a very
broad response window (indicated by the colored areas).

and b to form a complex ab is driven by a favorable change in free energy AG < 0, which
in turn results from the combination of entropic effects, where the reduction in degrees of
freedom of the two binding partners is opposing the increase in degrees of freedom of the
solvent, and enthalpic effects through e.g. the formation of new hydrogen bonds [109] (Figure
2.11a). Experimentally, usually the association or dissociation constants K, or Kq can be

determined, which are related to AG via
AG = —-kgTIh K (2.14)

where kg is Boltzmann's constant and T is the temperature. This is typically done by adding
a known concentration of one of the binding partners to the other binding partner and

monitoring the resulting change in occupancy ( “titration”, Figure 2.11b). According to the
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law of mass action, the dissociation constant is given by

_ [a][5]
Ko =" (2.15)

However, typically only the initially added amount of a and b are known, which seperate into

bound and unbound fractions:
[alo = [a][ab] and [b]o = [b][ab] (2.16)

Substitution of this expression for [a] into Eq. 2.15 allows to retrieve the dissociation constant
from known parameters:

[ab] = K[:]i[?}o] (2.17)

which can be further divided by [a]o to yield the fractional saturation/occupancy

_ [ab] _ _ [h]

~[alo Ka+[b] (2.18)

It is important to note that the known parameter in a titration experiment is usually the total

added amount [b]g, which means that the extraction of Ky with this expression assumes
[b] = [blo e [a] < Ky (2.19)

which has to be validated before the experiment [110]. Most binding constants lie in the
micromolar regime [28] but in some cases, they can be as low as femtomolar [111]. The
dissociation constant K4 on the molecular level can be understood as a measure for the
strength of the interaction or a probability for a spontaneous dissociation event and is a
fundamental property for any given pair of receptor and ligand. For a single-site receptor,
the window in which the receptor occupancy can be translated to a ligand concentration,
traditionally the window between 10% and 90% occupancy, spans an 81-fold change in ligand

concentration.

2.3.1 Allostery

As mentioned above, the binding of a ligand to its partner can have huge effects, e.g. by the
subsequent triggering of a signalling cascade. Yet, the binding to a single site will always
follow a sigmoidal dose-response curve with fixed mid-point and steepness (Figure 2.11b).

It is therefore important for living systems to be able to modulate this behavior, in order
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to ensure that they can react dynamically to e.g. environmental changes. Several of these
modulation mechanisms have been discovered, which involve the modulation either by a
different modulator molecule (heterotropic allostery) or by the ligand itself (homotropic
allostery [112]).

In heterotropic allostery, the modulator molecule, which can be as small as a sodium ion [113],
binds to the protein and leads to a change in its conformation [114] or structural dynamics [115]
which in turn changes AG of the binding interaction and thus the dissociation constant
(Figure 2.11c and d).

In homotropic allostery, the modulator is the ligand itself, and thus this mechanism can
only occur in multivalent systems. Here, the binding of the first ligand leads to structural
rearrangements of the system resulting in an altered affinity of the binding of the next ligand
to the next site (Figure 2.11c) which can in turn result in a steepening or flattening of
the dose-response curve (Figure 2.11e). Often also termed “cooperativity”, this behavior is
extremely important for efficient transport and sensing of molecules with smaller or larger
differences in concentrations. The mechanisms of cooperativity are still not completely
understood [41, 116], however, there are models that describe the behavior quite well. A
relatively simple model was presented by Hill [117]: for the case of n ligands binding to one

receptor, he defined the dissociation constant according to the law of mass action as [118]

_ [al[b]"
Ky = ab.] (2.20)

which can be rearranged in an analogous way to Eq. 2.17 to yield

o I

CPEACH 221

with the exponent n as the “Hill coefficient”, often also denoted ny. Hill's equation describes
cooperative binding reasonably well, but failed at retrieving the total number of binding sites
of hemoglobin, which was the original goal. This is due to the fact that the model only
assumes simultaneous binding of all ligands and does not account for intermediate binding
steps, which is only true in the edge case of infinitely strong cooperativity [118]. Adair[119]
therefore derived a more realistic equation, where each binding step is assigned its own binding

constant:

_ [ab] + 2[aby] + 3[abs] + - - - + n[ab,]

[a] + [ab] + [ab2] + - - - + [aby] (2.22)

which results in a binding curve whose steepness depends on the difference between the

24



individual binding constants for each subsequent step: for the case that the individual binding
constants are equal, the steepness of the binding curve becomes 1, indicating non-cooperative
binding behavior. The higher the difference between the individual steps, the more the
steepness will approach its maximum value of n. The Hill coefficient ny thus is a relative
measure of how cooperative the binding reaction is, rather than a concrete measure for the

number of binding sites.

2.3.2 Transition paths

While the macroscopic behavior of the binding interaction is sufficiently characterized by
the thermodynamic parameters AG and K4, many of the mechanistic insights are contained
in the kinetics of the transition of the unbound to the bound state or generally between
two conformational states. Specifically, informations on the shape of the free energy barrier
between the two states as well as potential trap states or short-lived intermediates [120-122]
along the reaction coordinate can be obtained, possibly leading to new druggable targets and

a deepening of the understanding of processes such as protein aggregation or misfolding. By
ke T
C*
Smoluchowski equation) — in which {* is the friction coefficient which is related to the

analyzing the Brownian motion of a particle with diffusion coefficient D* = (Einstein-
viscosity of the solution [123] — in a potential energy surface with two wells and a transition
barrier with barrier height AG* and curvatures of the energy surface in the educt state and
at the transition state (wy)? and (w*)? connecting them (Figure 2.11a), Kramers [123-125]

derived an expression for the rate k of the reaction:

D*w*w, _AG*
k= 2 9% (225 2.23
dmkaT exp( keT ) (2.23)

Interestingly, unlike the macroscopic rate of the reaction, which is exponentially sensitive to
the height of the free energy barrier, the mean transition path time () is only logarithmically

sensitive to the barrier height, as was shown by Szabo [125-127]:

(1ep) = Df(ic)z n <2expk(l;y7)_AG*> (220)

with -y as Euler’s constant. This theoretical prediction was also confirmed experimentally [128]
by comparing transition path times for a fast-folding and a slow-folding protein. In general,
the simple description of the process as one dimensional diffusion over the potential energy

surface is remarkably successful at explaining experimental observations [129, 130].
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Measurements of transition path times require single molecule methods, because the barrier
crossing event is a rare process that can not be synchronized. However, as these times are
typically on the order of a few microseconds, extreme sensitivity and time resolution is needed.
This is why the most detailed measurements of these processes so far have been done with
optical tweezers [131, 132]. Single molecule FRET experiments also have been used for the
determination of transition path times[36, 125, 128, 133, 134], but so far the time resolution
of these experiments does not permit direct observation of the transition paths but relies on
statistic analysis using a Maximum Likelihood estimator [128, 135]. This method explicitly
imposes a certain shape of the transition path (usually a step function) on the data and thus

might under- or overestimate the transition path times[136].
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3 Materials and Methods

3.1 Microscopy setups

Sample

Laser
i Objective
Laser a Dichroic mirror

—|— Pinhole

Detector ?
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beamsplitter EH
[j Detector

Photon counting unit

Figure 3.1: Schematic drawing showing the setup of the confocal microscopes.

Setup 1

Data was acquired on a home-built setup based on an Olympus IX-71 microscope body. A
LDH-D-C-640 laser (636 nm) and optionally a LDH-P-FA-530B laser (532 nm) were focussed
to a diffraction-limited spot and sent through a linear polarizer (LPVISE100-A, Thorlabs
GmbH) and a A\/4 plate (AQWPO05M-600, Thorlabs GmbH) for circularly polarized light.
An oil-immersion objective (UPLSAPO100XO, NA1.40, Olympus Deutschland GmbH) was
employed to focus the light onto the sample. A piezo stage (P-517.3CD, Physik Instrumente
GmbH & Co. KG) and a piezo controller (E-727.3CDA, Physik Instrumente GmbH & Co.
KG) was used to scan the sample. Fluorescence was separated from the excitation light with
a dichroic beam splitter (zt488/543/635/730rpc or zt532/640rpc, Chroma Technologies)
and focussed on a pinhole (50 pym diameter, Thorlabs GmbH). The fluorescence was then
split between the red and infrared or red and green channel using a beam splitter (HC BS
749 SP or 640 LPXR, Chroma Technologies). The red fluorescence was sent to one APD
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(SPCM-AQRH-14-TR, Excelitas Technologies GmbH & Co. KG, Germany) or distributed to
2 APDs (SPCM-AQRH-14-TR and SPCM-AQR-15, Excelitas Technologies GmbH & Co. KG,
Germany) using a nonpolarizing 50:50 beam splitter (CCM1-BS013/M, Thorlabs GmbH). The
green or infrared channel was sent to one APD (SPCM-AQRH-14-TR, Excelitas Technologies
GmbH & Co. KG, Germany) or distributed to 2 APDs (SPCM-AQRH-14-TR and SPCM-
AQR-15, Excelitas Technologies GmbH & Co. KG, Germany) using a nonpolarizing 50:50
beam splitter (CCM1-BS014/M, Thorlabs GmbH). Events were registered by a multichannel
picosecond event timer (HydraHarp 400, PicoQuant GmbH) and the hardware was controlled

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

Setup 2

Data was acquired on a home-built confocal microscope based on an Olympus 1X-83 body
(Japan). A supercontinuum white light laser pulsed at 78 MHz (SuperK Extreme, NKT
Photonics, Denmark) was used for excitation of the samples. The appropriate wavelengths
were selected by using an acousto-optically tunable filter (SuperK Dual AOTF, NKT Photonics,
Denmark) controlled with a digital controller (AODS 20160 8R, Crystal Technology, USA).
Optionally, a second acousto-optically tunable filter (AA.AOTF.ns:TN, AA Opto-Electronic,
France) controlled with a home-written LabVIEW (National Instruments, USA) programm
was used to alternate between two wavelengths. A neutral density filter, a linear polarizer and
a A\/4 plate were used to achieve circularly polarized excitation light of the desired intensity.
The excitation light was sent to the sample through an oil immersion objective (UPlanSApo
100x, NA=1.4, WD=0.12 mm, Olympus, Japan) via a dichroic beam splitter (zt532/640rpc,
Chroma, USA). A piezo stage (P-517.3CL, E-501.00, Physik Instrumente GmbH & Co. KG,
Germany) was used to move the sample in X-Y. The fluorescence light was collected with
the same objective and separated from the excitation light with the dichroic. Then, the
fluorescence light was sent through a 50 pm pinhole, the two emission channels were split
using another beam splitter (640DCXR, AHF Analysetechnik AG, Germany) and focused
onto the single photon detectors (SPCM, AQR 14, PerkinElmer, USA).
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3.2 Design and production of DNA origami nanostructures

Design of DNA origamis

DNA origami nanostructures were designed in caDNAno [137] and iteratively optimized
with the simulation tools CanDo[138, 139] and oxDNA [140-144]. For the analysis and
optimization of the folding, as well as the purification of the origamis, protocols inspired by
[145] were used:

Agarose gel electrophoresis

50 mL TAE buffer with 10 mM MgCl, were mixed with 0.75 g agarose. After heating the
mixture in a microwave to dissolve the agarose, it was poured in a gel tray with large combs.
If staining of the DNA was needed, 1 pL of ROTI® GelStain (Carl Roth GmbH & Co. KG,
Germany) was added beforehand. The gel was placed into the gel chamber and submerged
in the same TAE buffer. 50 pyL of the DNA origami sample was mixed with 5 pL of 10x
BlueJuice™ (Thermo Fisher Scientific, USA) and loaded into the gel well. The gel chamber
was placed into an ice bath and then run at 70 V for at least 3 hours. Afterwards, the gel
was placed in a gel documentation system (Fusion FX, Vilber Deutschland GmbH, Germany)
to identify the bands with the DNA origami structures. The respective bands were cut out of
the gel with a scalpel and placed on a Parafilm surface, where the samples were squeezed out

of the gel using a glass slide that was also covered in Parafilm.

Filter purification

For filter purification of DNA origami structures, Amicon® Ultra 0.5 mL centrifugal filters
with 100 kDa molecular weight cut-off were used. The filters were washed by filling them
with 450 pL of FoB5 buffer (10 mM TRIS, 5 mM MgCl,, 5 mM NaCl, 1 mM EDTA) and
centrifuging at 10 krcf for 7 minutes. Then, 50 pL of unpurified DNA origami solution and
450 pL of FoB5 buffer were filled into the filter tubes and the mixture was centrifuged for
12:30 minutes at 7 krcf. The filtrate was discarded and the procedure was repeated for 3
times. Then, the filter was placed upside down into a new centrifuge tube and the purified

origami mixture was recovered by centrifuging for 3 minutes at 7 krcf.
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3.3 Sample preparation

Microscopy slides (24 mm x 60 mm size and 170 pm thickness (Carl Roth GmbH, Germany))
were cleaned at 100 °C for 30 mins in an ozonator (PSD-UV4, Novascan Technologies, USA).
Then, 2 CoverWell™ Perfusion Chamber gaskets (9 mm diameter, 0.5 mm deep, Grace
Bio-Labs, USA) were glued on the microscopy slides and the glue was activated by shortly
(30 seconds) placing the slide on a 100 °C heating plate. Surfaces were cleaned by incubating
with 1 M KOH for 10 minutes. The chambers were washed with PBS (4 times). The surfaces
then were passivated with BSA-Biotin (1 mg/mL in 10 mM TRIS, 1 mM EDTA, 50 mM
NaCl, Sigma Aldrich, USA) for 10 minutes. The chambers were then washed with PBS
(3 times). Then, the chambers were incubated with NeutrAvidin™ (0.25 mg/mL in PBS,
freshly diluted from a 1 mg/mL stock in ultrapure H,O, Thermo Fisher Scientific, USA) for
10 minutes. After washing with PBS another 3 times, the chambers were ready for use. If
photostabilization required sealing the slides off from ambient air, or the sample needed to
be protected from evaporation, the chambers were closed with adhesive seal tabs (Grace
Bio-Labs, USA).

3.4 Data analysis

Data was analysed using custom Python and C++ code. To import time correlated single
photon counting data, the module phconvert [146] was used. Further modules that were used
for data analysis and visualization purposes were NumPy [147], Matplotlib [148], SciPy [149]
and Eigen [150].
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4 Fluorescence enhancement with DNA

origami nanoantennas

4.1 Associated Publication 1

DNA origami nanoantennas for fluorescence enhancement

Viktorija Glembockyte*, Lennart Grabenhorst*, Kateryna Trofymchuk* and Philip Tinnefeld

*equal contribution

Accounts of Chemical Research 54, 17, 3338-3348 (2021). doi: 10.1021/acs.accounts.1c00307

(open access)

The DNA origami method has proven extremely valuable for the field of nanophotonics. The
possibility of selectively immobilizing molecules in nanophotonic devices such as plasmonic
nanoantennas offers unprecedented flexibility in experimental setups and has great potential for
fields such as biosensing and biophysics. In this review article, we summarize the developmental
steps for DNA origami nanoantennas from the first measurements of fluorescence quenching
by single gold nanoparticles on a flat 2D DNA origami to the successful incorporation of

complex diagnostic assays into plasmonic hotspots, enabling the detection of DNA relevant
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to antibiotic resistance genes in Klebsiella pneumonia with a cheap and portable smartphone

microscope.

In the first section, we review fundamental aspects of the interaction of fluorophores with
plasmonic nanoparticles. Briefly, for smaller nanoparticles, the non-radiative decay is the
only photophysical rate that is affected while for larger (> 20 nm) nanoparticles, also the

excitation and radiative decay are accelerated.

The second section focusses on the key developments that helped maximize fluorescence
enhancement and optimize the DNA origami nanoantennas for the use with fluorophores
covering a broader range of the visible spectrum as well as making the plasmonic more

accessible for the use in various applications.

In the third section, we highlight the potential of DNA origami nanoantennas to be used in
single molecule biophysics. Here, we expand on three key advantages we identified, namely
the ability to work at higher background concentrations of labelled molecules, the possibility
of increasing the photon count rate for better time resolution as well as the beneficial effects

of the plasmonic hotspot on fluorophore photostability.

In the last section, the potential of DNA origami nanoantennas for diagnostics is showcased,
which originates from its function as a physical amplification mechanism. Unlike biological
amplification strategies such as the polymerase chain reaction, which usually needs some
time as well as equipment, the nanoantenna can in principle amplify the signal in situ, leading

to an instant result which could be detected with a low-tech camera.

Author contributions

For this publication, | gathered the data of previous publications, wrote parts of the manuscript
(“Introduction”, “DNA origami nanoantennas for single molecule biophysics” and “Conclusions

and Outlook”) and designed all 5 figures as well as the ToC figure and a cover figure.
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4.2 Associated Publication 2

Addressable nanoantennas with cleared hotspots for single-molecule
detection 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 Zahringer, Qingshan Wei, Aydogan Ozcan, Birka Lalkens, Guillermo P. Acuna
and Philip Tinnefeld

*equal contribution

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

(open access)

The use of DNA origami nanoantennas for diagnostic purposes was severely limited by the
fact that the volume of highest fluorescence enhancement was mostly blocked by the DNA
origami nanostructures, which resulted in problems when larger entities — such as diagnostic
assays — were supposed to be immobilized in the plasmonic hotspot. As a consequence, only
moderate fluorescence enhancement values were obtained, which prevented the further use of

these structures for diagnostic applications.

In this contribution, we sought to solve this problem with a new DNA origami design. Here,
the attachment sites for the plasmonic nanoparticles were distributed to two pillars instead of
one, resulting in precise placement of the plasmonic hotspot to the region exactly between
these two pillars. This “cleared hotspot” was now available for the placement of a complex
diagnostic sandwich assay for the detection of DNA specific to antibiotic resistance genes in

Klebsiella pneumonia. With the large fluorescence enhancement values provided by the new
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design, it then became possible to carry out this diagnostic assay on a portable smartphone
microscope with all required power provided by a USB power bank. This new design thus
paved the way for many follow-up projects in which larger biomolecules such as proteins could

be placed in plasmonic hotspots.

Author contributions

P.T., A.O. and G.P.A. conceived the project, L.G. and B.L. developed the DNA origami
structure, K.T., V.G. and M.P. optimized the solution synthesis procedure, F.Se. performed
the TEM measurements, K.T., V.G., C.C., M.P. and R.Y. developed the sandwich assay and
prepared samples, performed and analyzed the measurements on the confocal microscope,
CV. LR, ML.S., QW., A.O. and G.P.A. worked on an earlier version of the smartphone
microscope, K.T., V.G., F.St. and J.Z. constructed the portable smartphone microscope, K.T.,
V.G. and F.St. performed and analyzed the measurements on the smartphone microscope,
K.T., V.G,, L.G,, F.St. and P.T. wrote the manuscript.
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4.3 Associated Publication 3

Fluorophore photostability and saturation in the hotspot of DNA
origami nanoantennas

Lennart Grabenhorst*, Kateryna Trofymchuk*, Florian Steiner, Viktorija Glembockyte and
Philip Tinnefeld

*equal contribution

Methods and Applications in Fluorescence 8, 024003 (2020). doi: 10.1088/2050-6120/ab6ac8

(open access)

During the development of the new DNA origami nanoantenna presented in Publication 4.2,
many details on the effects of fluorescence enhancement on the photophysical properties of
fluorescent dyes and quenchers were discovered, which we summarized in this publication. It
is well-known that the increased electric field in the plasmonic hotspot leads to acceleration
of the excitation rate as well as the non-radiative and radiative decay rates from the singlet
excited state. We confirm previous studies showing that this has beneficial effects on the
stability of fluorescent labels: even the most photostable fluorescent dye, ATTO 647N, emitted
an average of approximately ten times more photons before photobleaching, even though the
excitation power was =/ 5.6 times lower. However, at these drastically changed excitation
and emission rates, new photophysical processes start to appear, which have to be accounted

for in the design of an experiment.

Firstly, we discovered that dyes from several different classes start to show reversible or
irreversible transformations to less emissive states, which we hypothesized could be due

to formation of spectrally shifted forms of the dyes. Importantly, it is sometimes difficult
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to tell whether such rearrangement has happened, which might lead to underestimation
of fluorescence enhancement values. We also highlight that saturation of the fluorescence
becomes noticeable at higher excitation powers, which is most pronounced in dyes where
additional power-dependent processes such as photoisomerization take place. Lastly, we
also demonstrate that also fluorescence quenchers are influenced by the strong excitation
intensities. These molecules can photobleach prematurely, leading to possible false positives

in diagnostic essays.

Altogether, in this contribution we summarize key aspects of working with fluorescent dyes at
elevated excitation intensities as they can be found in plasmonic hotspots. Our findings pave
the way towards high-countrate experiments, e.g. for studying biological interactions (as it

will be shown in Publication 4).

Author contributions

For this publication, | designed research with Philip Tinnefeld, Viktorija Glembockyte, Kateryna
Trofymchuk and Florian Steiner. For the FCS data | prepared samples and acquired and
analysed the data, discussed all data and wrote the manuscript with Philip Tinnefeld, Viktorija
Glembockyte, Kateryna Trofymchuk and Florian Steiner.
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4.4 Associated Publication 4
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Single-molecule FRET at 10 MHz count rates

Lennart Grabenhorst, Flurin Sturzenegger, Moa Hasler, Benjamin Schuler and Philip Tin-
nefeld

bioRxiv (2023). doi: 10.1101/2023.12.08.570755

Single molecule FRET experiments are important for the understanding of biomolecular
dynamics. Many interesting processes, however, occurr on timescales that are hard to
access with conventional fluorescent labels because of their limited photostability. In this
publication, we show that plasmonic hotspots can be used to increase photon count rates
and fluorophore photostabilities in these types of experiments. We use a well-studied pair
of intrinsically disordered proteins (IDPs) which form a short-lived encounter complex upon
binding as a model system for biomolecular reactions. One of the IDPs was immobilized
in the plasmonic hotspot and binding of the other IDP was observed at high illumination
intensities. Analysis of the binding events yielded lifetimes consistent with previous results,

affirming the biocompatibility of our system.

We then observed the hybridization of a short ssDNA to a ssDNA docking site in the plasmonic
hotspot. Here we achieved maximum photon count rates of > 10 MHz, which enabled us to
reveal a transition path time for the hybridization reaction of ~ 17 ps. This shows that DNA
origami nanoantennas can be of use in biophysical experiments, and could potentially help

gain new insights on ultrafast biological processes such as protein folding.
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Author contributions

For this publication, | designed the research with Philip Tinnefeld, Benjamin Schuler and Flurin
Sturzenegger, prepared all samples, acquired and analysed all data, wrote the manuscript

with Philip Tinnefeld and Benjamin Schuler and designed all figures.
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5 Decoupling signal transduction from
recognition in DNA origami biosensors

5.1 Associated Publication 5

Engineering modular and tunable single-molecule sensors by de-
coupling sensing from signal output

Lennart_Grabenhorst*, Martina Pfeiffer*, Thea Schinkel, Mirjam Kiimmerlin, Jasmin B.
Maglic, Gereon A. Briiggenthies, Florian Selbach, Alexander T. Murr, Philip Tinnefeld and
Viktorija Glembockyte

bioRxiv (2023). doi: 10.1101/2023.11.06.565795

*equal contribution

The binding of a molecule a to another molecule b is arguably the most fundamental form of
biological information transfer. While living systems can process this information directly, we
as researchers have to find ways to visualize this information transfer in order to have access
to the full picture of cellular processes and diseases. The difficulty in this lies in the fact

that especially small molecules like hormones, neurotransmitters or metabolites most often
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only lead to miniscule conformational changes in the binding molecule, which are extremely
hard to detect with any in vivo or in vitro method. This typically results in the need for
tedious optimization of the signal (typically FRET), which slows down the development of
new sensors. The second challenge then is of thermodymamic origin: given that the analyte
concentration range of interest is far away from the dissociation constant of the biological
interaction, or the change of concentrations we are interested in is smaller than the two
orders of magnitude dicated by the binding curve, how do we find out whether something has
changed? In this publication, we developed a modular sensor platform in an effort to tackle

these problems.

By arranging the sensor components on a dynamic DNA origami that is able to undergo
large conformational changes, we spatially decoupled the signal transduction unit from the
sensing unit. This ensured a large FRET contrast between the bound and the unbound state,
independent of the biointeraction that we used. We then used a DNA-DNA interaction as
a model for reversible ligand binding to demonstate several strategies for the tuning of the
sensor's response window (given by K1, and ny). We then demonstrated the modularity of
this platform by adapting it to a range of different biomolecular targets such as antibodies
and nucleases, without the need for re-engineering the signalling unit and under retention
of the high FRET contrast. Altogether, this work is a starting point for the development of
many new biosensors with tunable response windows and highlights key strategies for the

tuning of a sensor’s response window.

Author contributions

V.G. and P.T. conceived the idea and directed the project. V.G., P.T., L.G. and M.P. further
conceptualized the research. L.G. designed the DNA origami sensor and performed oxDNA
simulations. L.G., V.G., M.K., and J.M. tested and optimized the design of the sensor and
the signal transduction element. F.S. and G.A.B. performed TEM measurements. L.G. and
V.G. implemented the sensor tuning strategies and carried out and analyzed single molecule
titration experiments with the help of G.A.B. and A.T.M.; T.S. and V.G. designed and carried
out the sensor specificity studies. M.P. carried out and analyzed antibody, nuclease detection,
multiplexed detection assays. L.G. wrote the code for single-molecule data analysis. L.G. and
V.G. prepared figures. V.G., L.G. and P.T. wrote the manuscript with additional input from
M.P.
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6 Conclusions and Outlook

The DNA origami technique is a powerful method for the construction of higher-order
nanoscale assemblies. The ease at which complex molecular arrangements can be realized
offers unprecedented possibilities for single molecule experiments, two of which | realized in
this thesis.

6.1 DNA origami nanoantennas for single-molecule biophysics

The successful redesign of the DNA origami nanostructure used in plasmonic nanoantennas
for fluorescence enhancement opened up many new applications and avenues of research. The
option to incorporate larger molecular entities not only enabled the first portable diagnostic
assay based on fluorescence with a portable microscope (chapter 4.2), but also already made
it possible to detect another diagnostic target, namely antibodies, using this setup [151].
This is a big step towards the realization of a point-of-care diagnostic device that can be
used in settings without access to stable power supply and trained personnel or in areas
far away from diagnostic laboratories. In this thesis, the focus was put on developing DNA
origami nanoantennas to the point where they can be useful in biophysical FRET experiments,
specifically in increasing the attainable photon count rates when observing single FRET
pairs, an application that has long been anticipated [20, 28]. To this end, a thorough
characterization of the effects of high excitation intensities on the photophysics of fluorescent
dyes was carried out (chapter 4.3), and several key points were identified. It was shown that
most fluorophores exhibit pronounced dim state formation, which makes them less suitable
for the use in these conditions. However, for cyanine dyes this dim state formation occurred
less frequently, which generally allowed for longer observation times at high count rates.
Furthermore, higher fluorescence intensities were obtained when a FRET pair covering the
red and near IR wavelength regions was used, as opposed to a FRET pair covering the more

commonly used green and red spectral regions.
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The successful incorporation of the ACTR protein into the plasmonic hotspot, as well as
the fact that the binding reaction with NCBD could be observed at photon count rates
much higher than it was possible without the plasmonic fluorescence enhancement, shows the
promises of this approach for single molecule FRET experiments. However, the much lower
average observation times as well as the much lower average photon count rates in comparison
to the experiment with the labelled DNA shows that there still is room for improvement. As
hypothesized in chapter 4.4, a plausible explanation for this discrepancy is the proximity of
the thioether group [152] due to our linking chemistry, which relies on cysteine labelling via
Michael addition of dye-maleimides[153]. An obvious next step thus would involve either
changing the linking strategies to labelling of amines, or the use of unnatural amino acids
and click-chemistry [154]. Furthermore, the submicrosecond blinking of the dyes used in this
study still aggravate the analysis, and ways to improve these characteristics are of particular
interest. It can be assumed that the main source of submicrosecond blinking is either ROXS-
induced radical blinking or triplet blinking, with the additional possibility of blinking caused
by photoisomerization reactions in cyanines. Therefore, these experiments would greatly
benefit from new fluorecent labels, which show less blinking at these timescales [155, 156] and
from new photostabilization strategies that circumvent long lived intermediates (e.g., efficient
triplet energy transfer or geminate recombination [62, 157]). ldeally, these improvements
would then enable the direct visualization of even the faster transitions without the need for

a maximum likelihood analysis.

As the previously determined lifetimes for the encounter complex of the two proteins [36] were
also obtained in these experiments, there is good reason to believe that the general biological
reaction is not significantly influenced by the crowded nanoantenna environment. In the case
that even larger biomolecules should be placed in the hotspot region, newer designs have
already been developed that retain the attainable fluorescence enhancement while offering
even more room for the molecules of interest [158]. As mentioned in chapter 4.4, it would
be interesting to study the transition path times of DNA hybridization reactions in more
detail (Figure 6.1a). The effect of a single nucleotide mismatch has been glimpsed at, but
more data is needed to corroborate these findings. Beyond that, other influences could be
studied. How does the transition path time change with G/C-content? How does it change
in the case of an ssRNA as one of the binding partners? Does the transition get influenced
by overlapping strands that block parts of the available hybridization site?

As a next possible step, the investigation of protein folding processes could be of interest.
By immobilizing a protein in the plasmonic hotspot and increasing denaturant (such as

guanidinium chloride or urea) concentration, a state of reversible folding and unfolding can be
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reached. It then should become possible to observe several folding and unfolding transitions
on a single protein (Figure 6.1b), which would significantly increase the number of transitions
that can be extracted and analysed — currently, several thousand single molecules have to be
analysed in order to be able to observe enough transitions for statistical significance [128].
The information obtained from the observation of these folding transition paths could lead to
new insights on folding and misfolding of proteins[31] and close the gap towards molecular
dynamics simulations, where they would serve as valuable observables for the assessment of
the quality of the simulations [159, 160].
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Figure 6.1: (a) More detailed studies on nucleic acid hybridization reactions can be envisioned. For
example, the impact of mismatches or blocking strands could be investigated. (b) At high count rates,
the transition path times of protein folding processes could become accessible, and reveal potential
trap states or intermediates [161]. (c) Visualization of short lived bound states: here, the binding of a
6 nt ssDNA including an AT mismatch to a docking site is shown (estimated [162] K4 &~ 200 puM, blue:
donor (AlexaFluor 647) fluorescence, red: acceptor (ATTO740) fluorescence, green: proximity ratio).

Apart from the measurement of transition path times, there are many other biomolecular
processes where the higher photon count rates provided by the DNA origami nanoantenna
could be beneficial for the experiment. A longstanding goal is the real-time observation
of the synthesis of a new DNA strand by a DNA polymerase, where the zeptoliter sized
plasmonic hotspot could reduce the observation volume and make it possible to work at
labelled nucleotide concentrations in the micromolar range, in a similar way as it is done
with zeromode waveguides in commercial systems[163]. Going beyond that, the possibility
to work at these concentrations makes accessible the world of low-affinity biointeractions:
interactions that are essential for the functioning of cells but are very difficult to detect and
study on the single molecule level [164]. For example, the dissociation constants between

cell-surface molecules of leukocytes, which are important parameters in the investigation of
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tumor mechanisms and for judging the efficacy of anti-cancer drugs, can be as high as several
hundred micromolar [165], translating to submillisecond lifetimes of the bound states [166],
which is impossible to measure with conventional smFRET based methods. However, with
the decreased excitation volume and the fluorescence enhancement provided by the DNA

origami nanoantenna, these short lived states can be identified (Figure 6.1c).

6.2 Modular and tunable single molecule biosensors

The modular biosensor platform presented in this work (chapter 5.1) can potentially solve
many of the issues that slow down the speed at which new biosensors are developed. By
spatially decoupling the signal recognition from the signal transduction, the large FRET signal
contrast is retained even when the recognition element is changed to adapt to a completely
new target and recognition mechanism. More importantly, it was shown that the parameters
that describe the dose-response of the biosensor, namely Kl/2 and ny, can be tuned without
interfering with the recognition interaction itself, e.g. by introducing changes to the DNA
origami backbone or by arranging multiple recognition sites on the same backbone. The
latter added the additional possibility of introducing cooperative behavior, which has been
challenging to implement in biosensors thus far [39] and significantly enhanced the selectivity
of the sensor when facing structurally/energetically different off-targets when compared to
the single binding interaction. While cooperativity in de novo designed protein has recently
been demonstrated [167], whether or not these proteins can be converted to useful biosensors
will ultimately depend on the conformational change upon the last binding event that can be

achieved in these systems.

The combination of the arranging capabilities of the DNA origami approach and the tuning
options offered by this method with other biological interactions such as e.g. glucose binding
by the glucose binding protein or even de novo designed binder proteins [38, 168, 169] is
a promising route to versatile biosensors. By harnessing the multiplexing options not only
offered by the possibility to arrange multiple sensing units on one DNA nanosensor, but also by
the possibility to selectively immobilize DNA origami nanostructures to specific locations [170]
on e.g. a DNA chip, a universal point-of-care sensor can be envisioned. In this sensor (Figure
6.2a), a plethora of different analytes can be tested for in the same ultralow sample volume.
At the same time, the high signal contrast and the possibility to tune the sharpness of the
response could allow for high-confidence and easily understandable test results. Furthermore,

several other readout mechanisms such as an electrochemical readout [171] or a readout
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based on graphene-based fluorescence quenching [172, 173] could be readily implemented
in the system. Another target of particular interest in this context would be proteases —
proteins which cleave polypeptides at sequence specific cleavage sites. Closing the hinge with
a polypeptide, in the same way as it has already been achieved with DNA strands, presents a
straightforward way to construct protease sensors. The multiplexing capabilities would allow
testing for several different protease activities in the same sample, which is necessary in many
diagnostic settings: proteases are involved in cancer, Alzheimer’s disease, diabetes and other
disorders [174, 175].
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Figure 6.2: (a) The modularity of the DNA origami approach in combination with the ability to
immobilize these origamis at specific positions on a DNA chip could enable point-of-care biosensors
with unprecedented multiplexing capabilities. (b) In the current DNA origami design, there are two
competing cooperative reactions which could decrease the maximally attainable cooperativity. (c) To
introduce further tuning mechanisms, the length of the ssDNAs connecting the two hinge arms (inset)
could be adjusted. (d) An alternative sensing mechanism based on chemically induced dimerization
could be employed, in order to fully tap the potential of cooperativity. (e) Another DNA origami
design that could be tested for cooperativity is the DNA slider mechanism [47].

A drawback of the current design of the scaffolding dynamic DNA origami is that there
are two competing mechanisms for cooperativity: on the one hand, the opening of the
structure is cooperative because opening of the first closing interaction by a target should
increase the force applied to the remaining closing interactions and thus increase the likelihood
of opening[176]. At the same time, the reclosing is also cooperative, because once one
closing interaction is formed again, the local concentration of the other closing interactions
is drastically increased which facilitates the remaining toehold displacement reactions for

full reclosing (Figure 6.2b). Furthermore, currently the only mechanism for tuning towards
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lower Ki/, and higher ny requires changing the ionic strength of the buffer, which is not
easily achievable in real diagnostic settings. Thus, additional mechanisms for exerting a strain
onto the binding interactions would be beneficial. Ideally, a redesign of the DNA origami
nanostructure would therefore factor in the points: changes to the hinge nanostructure
could involve the inclusion of selectable additional ssDNA spacer elements between the two
arms of the hinge, which should affect the influence of the coloumbic repulsion between
the two arms on the binding interactions [47] (Figure 6.2c). Furthermore, the relationship
between the positioning of the binding interactions on the hinge axis and the influence of
the spacer elements that determine the maximal closed angle of the nanostructure have not
been investigated in detail and could offer additional means of tuning. Lastly, the hinge
nanostructure could be modified so that the two mechanisms for cooperativity work in
the same direction. For this, an assay based on the closing of the hinge nanostructure by
chemically induced dimerization [38, 177] could be envisioned (Figure 6.2d). Additionally,
computational studies of cooperative mechanisms[178] identified two other fundamental
structural classes of such mechanisms next to the hinge-like structure: a sliding box, and a
twist design. A DNA origami structure that resembles one of these structural classes (such
as the DNA origami slider [47], Figure 6.2e) could be another promising scaffolding element

for cooperative multivalent biosensors.

In conclusion, the tools developed in this thesis open up new possibilities for the investigation
of biomolecular interactions and provide means to extract more information from single-
molecule FRET experiments, potentially leading to new insights in processes as diverse as

protein folding, cell-cell recognition or mechanisms of disease.

46



7 Bibliography

10.

11.

12.

13.

Koch, R. Untersuchungen (iber die Aetiologie der Wundinfectionskrankheiten de. http:
//archiv.ub.uni-marburg.de/eb/2013/0081 (Philipps-Universitat Marburg,
1878).

Koch, R. Die Atiologie der Tuberkulose de. https://edoc.rki.de/handle/176904/
5166 (Robert Koch-Institut, 2010).

Robert-Koch-Institute. 1901 bis 1910: Erregern auf der Spur — die Rolle der Mikroskopie
bei der Erkennung und Erforschung von Krankheitserregern https://wuw.rki.de/
DE/Content/Institut/Geschichte/Bildband_Salon/1901-1910.html (2023).

Chalfie, M., Tu, Y., Euskirchen, G., Ward, W. W. & Prasher, D. C. Green Fluorescent
Protein as a Marker for Gene Expression. Science 263, 802-805. https://doi.org/
10.1126/science.8303295 (Feb. 1994).

Hoffman, R. M. The multiple uses of fluorescent proteins to visualize cancer in vivo.
Nature Reviews Cancer 5, 796-806. https://doi.org/10.1038/nrc1717 (Oct.
2005).

Wilkinson, S. & Marcus, A. Lung Cancer Metastasis https ://visualsonline .
cancer.gov/details.cfm?imageid=10578.

Kufer, S. K., Puchner, E. M., Gumpp, H., Liedl, T. & Gaub, H. E. Single-Molecule
Cut-and-Paste Surface Assembly. Science 319, 594-596. https://doi.org/10.
1126/science. 1151424 (Feb. 2008).

Smalley, R. E. Of Chemistry, Love and Nanobots. Scientific American 285, 76-77.
https://doi.org/10.1038/scientificamerican0901-76 (Sept. 2001).

Chang, K. Yes, They Can! No, They Can't: Charges Fly in Nanobot Debate. The New
York Times. https://www.nytimes.com/2003/12/09/science/yes-they-can-
no-they-can-t-charges-fly-in-nanobot-debate.html (2024) (Dec. 9, 2003).

Seeman, N. C. Nucleic acid junctions and lattices. Journal of Theoretical Biology 99,
237-247. https://doi.org/10.1016/0022-5193(82)90002-9 (Nov. 1982).

Rothemund, P. W. K. Folding DNA to create nanoscale shapes and patterns. Nature
440, 297-302. https://doi.org/10.1038/nature04586 (Mar. 2006).

Bell, N. A. W. et al. DNA Origami Nanopores. Nano Letters 12, 512-517. https:
//doi.org/10.1021/n1204098n (Dec. 2011).

Douglas, S. M., Bachelet, I. & Church, G. M. A Logic-Gated Nanorobot for Targeted
Transport of Molecular Payloads. Science 335, 831-834. https://doi.org/10.
1126/science. 1214081 (Feb. 2012).

47


http://archiv.ub.uni-marburg.de/eb/2013/0081
http://archiv.ub.uni-marburg.de/eb/2013/0081
https://edoc.rki.de/handle/176904/5166
https://edoc.rki.de/handle/176904/5166
https://www.rki.de/DE/Content/Institut/Geschichte/Bildband_Salon/1901-1910.html
https://www.rki.de/DE/Content/Institut/Geschichte/Bildband_Salon/1901-1910.html
https://doi.org/10.1126/science.8303295
https://doi.org/10.1126/science.8303295
https://doi.org/10.1038/nrc1717
https://visualsonline.cancer.gov/details.cfm?imageid=10578
https://visualsonline.cancer.gov/details.cfm?imageid=10578
https://doi.org/10.1126/science.1151424
https://doi.org/10.1126/science.1151424
https://doi.org/10.1038/scientificamerican0901-76
https://www.nytimes.com/2003/12/09/science/yes-they-can-no-they-can-t-charges-fly-in-nanobot-debate.html
https://www.nytimes.com/2003/12/09/science/yes-they-can-no-they-can-t-charges-fly-in-nanobot-debate.html
https://doi.org/10.1016/0022-5193(82)90002-9
https://doi.org/10.1038/nature04586
https://doi.org/10.1021/nl204098n
https://doi.org/10.1021/nl204098n
https://doi.org/10.1126/science.1214081
https://doi.org/10.1126/science.1214081

14.

15.

16.

17.

18.

19.

20.

21.

22,

23.

24.

25.

26.

Steinhauer, C., Jungmann, R., Sobey, T. L., Simmel, F. C. & Tinnefeld, P. DNA
Origami as a Nanoscopic Ruler for Super-Resolution Microscopy. Angewandte Chemie
International Edition 48, 8870-8873. https://doi.org/10.1002/anie.200903308
(Nov. 2009).

Gopinath, A., Miyazono, E., Faraon, A. & Rothemund, P. W. K. Engineering and
mapping nanocavity emission via precision placement of DNA origami. Nature 535,
401-405. https://doi.org/10.1038/nature18287 (July 2016).

Platnich, C. M., Rizzuto, F. J., Cosa, G. & Sleiman, H. F. Single-molecule methods in
structural DNA nanotechnology. Chemical Society Reviews 49, 4220-4233. https:
//doi.org/10.1039/c9cs00776h (2020).

Lerner, E. et al. Toward dynamic structural biology: Two decades of single-molecule
Forster resonance energy transfer. Science 359. https://doi.org/10.1126/
science.aan1133 (Jan. 2018).

US National Aeronautics and Space Administration. Voyager 1 mission homepage
https://voyager.jpl.nasa.gov/ (2023).

Novotny, L. & van Hulst, N. Antennas for light. Nature Photonics 5, 83-90. https:
//doi.org/10.1038/nphoton.2010.237 (Feb. 2011).

Acuna, G. P. et al. Fluorescence Enhancement at Docking Sites of DNA-Directed
Self-Assembled Nanoantennas. Science 338, 506-510. https://doi.org/10.1126/
science. 1228638 (Oct. 2012).

Trofymchuk, K. et al. Addressable nanoantennas with cleared hotspots for single-
molecule detection on a portable smartphone microscope. Nature Communications 12.
https://doi.org/10.1038/s41467-021-21238-9 (Feb. 2021).

Glembockyte, V., Grabenhorst, L., Trofymchuk, K. & Tinnefeld, P. DNA Origami
Nanoantennas for Fluorescence Enhancement. Accounts of Chemical Research 54,
3338-3348. https://doi.org/10.1021/acs.accounts.1c00307 (Aug. 1, 2021).

Puchkova, A. et al. DNA Origami Nanoantennas with over 5000-fold Fluorescence
Enhancement and Single-Molecule Detection at 25 pM. Nano Letters 15, 8354-83509.
https://doi.org/10.1021/acs.nanolett.5b04045 (Nov. 2015).

Vietz, C., Kaminska, |., Paz, M. S., Tinnefeld, P. & Acuna, G. P. Broadband Fluores-
cence Enhancement with Self-Assembled Silver Nanoparticle Optical Antennas. ACS
Nano 11, 4969-4975. https://doi.org/10.1021/acsnano.7b01621 (Apr. 2017).

Holzmeister, P. et al. Quantum yield and excitation rate of single molecules close to
metallic nanostructures. Nature Communications 5. https://doi.org/10.1038/
ncomms6356 (Nov. 2014).

Trofymchuk, K. et al. Gold Nanorod DNA Origami Antennas for 3 Orders of Magnitude
Fluorescence Enhancement in NIR. ACS Nano 17, 1327-1334. https://doi.org/
10.1021/acsnano.2c09577 (Jan. 2023).

48


https://doi.org/10.1002/anie.200903308
https://doi.org/10.1038/nature18287
https://doi.org/10.1039/c9cs00776h
https://doi.org/10.1039/c9cs00776h
https://doi.org/10.1126/science.aan1133
https://doi.org/10.1126/science.aan1133
https://voyager.jpl.nasa.gov/
https://doi.org/10.1038/nphoton.2010.237
https://doi.org/10.1038/nphoton.2010.237
https://doi.org/10.1126/science.1228638
https://doi.org/10.1126/science.1228638
https://doi.org/10.1038/s41467-021-21238-9
https://doi.org/10.1021/acs.accounts.1c00307
https://doi.org/10.1021/acs.nanolett.5b04045
https://doi.org/10.1021/acsnano.7b01621
https://doi.org/10.1038/ncomms6356
https://doi.org/10.1038/ncomms6356
https://doi.org/10.1021/acsnano.2c09577
https://doi.org/10.1021/acsnano.2c09577

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

Ochmann, S. E. et al. Optical Nanoantenna for Single Molecule-Based Detection of
Zika Virus Nucleic Acids without Molecular Multiplication. Analytical Chemistry 89,
13000-13007. https://doi.org/10.1021/acs.analchem.7b04082 (Nov. 2017).

Holzmeister, P., Acuna, G. P., Grohmann, D. & Tinnefeld, P. Breaking the concentration
limit of optical single-molecule detection. Chem. Soc. Rev. 43, 1014-1028. https:
//doi.org/10.1039/c3cs60207a (2014).

Nettels, D., Gopich, I. V., Hoffmann, A. & Schuler, B. Ultrafast dynamics of protein
collapse from single-molecule photon statistics. Proceedings of the National Academy
of Sciences 104, 2655-2660. https://doi.org/10.1073/pnas.0611093104 (Feb.
2007).

Schuler, B. & Eaton, W. A. Protein folding studied by single-molecule FRET. Current
Opinion in Structural Biology 18, 16-26. https://doi.org/10.1016/j.sbi.2007.
12.003 (Feb. 2008).

Chung, H. S. & Eaton, W. A. Protein folding transition path times from single
molecule FRET. Current Opinion in Structural Biology 48, 30-39. IsSSN: 0959-440X.
http://dx.doi.org/10.1016/j.sbi.2017.10.007 (Feb. 2018).

Pellegrotti, J. V. et al. Controlled Reduction of Photobleaching in DNA Origami—Gold
Nanoparticle Hybrids. Nano Letters 14, 2831-2836. https://doi.org/10.1021/
n1500841n (Apr. 2014).

Wientjes, E., Renger, J., Cogdell, R. & van Hulst, N. F. Pushing the Photon Limit:
Nanoantennas Increase Maximal Photon Stream and Total Photon Number. The
Journal of Physical Chemistry Letters 7, 1604-1609. https://doi.org/10.1021/
acs.jpclett.6b00491 (Apr. 2016).

Wang, Y., Horac¢ek, M. & Zijlstra, P. Strong Plasmon Enhancement of the Saturation
Photon Count Rate of Single Molecules. The Journal of Physical Chemistry Letters
11, 1962-1969. https://doi.org/10.1021/acs. jpclett.0c00155 (Feb. 2020).

Widengren, J. & Schwille, P. Characterization of Photoinduced Isomerization and
Back-Isomerization of the Cyanine Dye Cy5 by Fluorescence Correlation Spectroscopy.
The Journal of Physical Chemistry A 104, 6416—6428. https://doi.org/10.1021/
jp000059s (June 2000).

Sturzenegger, F. et al. Transition path times of coupled folding and binding reveal the
formation of an encounter complex. Nature Communications 9. https://doi.org/
10.1038/s41467-018-07043-x (Nov. 2018).

Brun, M. A., Tan, K.-T., Nakata, E., Hinner, M. J. & Johnsson, K. Semisynthetic
Fluorescent Sensor Proteins Based on Self-Labeling Protein Tags. Journal of the Amer-
ican Chemical Society 131, 5873-5884. https://doi.org/10.1021/3ja900149%e
(Apr. 2009).

Glasgow, A. A. et al. Computational design of a modular protein sense-response system.
Science 366, 1024-1028. https://doi.org/10.1126/science.aax8780 (Nov.
2019).

49


https://doi.org/10.1021/acs.analchem.7b04082
https://doi.org/10.1039/c3cs60207a
https://doi.org/10.1039/c3cs60207a
https://doi.org/10.1073/pnas.0611093104
https://doi.org/10.1016/j.sbi.2007.12.003
https://doi.org/10.1016/j.sbi.2007.12.003
http://dx.doi.org/10.1016/j.sbi.2017.10.007
https://doi.org/10.1021/nl500841n
https://doi.org/10.1021/nl500841n
https://doi.org/10.1021/acs.jpclett.6b00491
https://doi.org/10.1021/acs.jpclett.6b00491
https://doi.org/10.1021/acs.jpclett.0c00155
https://doi.org/10.1021/jp000059s
https://doi.org/10.1021/jp000059s
https://doi.org/10.1038/s41467-018-07043-x
https://doi.org/10.1038/s41467-018-07043-x
https://doi.org/10.1021/ja900149e
https://doi.org/10.1126/science.aax8780

39.

40.

41.

42.

43.

44,

45.

46.

47.

48.

49.

50.

51.

Ortega, G., Chamorro-Garcia, A., Ricci, F. & Plaxco, K. W. On the Rational Design
of Cooperative Receptors. Annual Review of Biophysics 52, 319-337. https://doi.
org/10.1146/annurev-biophys-091222-082247 (May 2023).

Tinberg, C. E. et al. Computational design of ligand-binding proteins with high affinity
and selectivity. Nature 501, 212-216. https://doi.org/10.1038/nature12443
(Sept. 2013).

Eaton, W. A. A retrospective on statistical mechanical models for hemoglobin allostery.
The Journal of Chemical Physics 157. https://doi.org/10.1063/5.0127585
(Nov. 2022).

Perutz, M. F. Stereochemistry of Cooperative Effects in Haemoglobin: Haem—Haem
Interaction and the Problem of Allostery. Nature 228, 726-734. https://doi.org/
10.1038/228726a0 (Nov. 1970).

Habler, O. P. & Messmer, K. F. The physiology of oxygen transport. Transfusion
Science 18, 425-435. https://doi.org/10.1016/s0955-3886(97)00041-6 (Sept.
1997).

Perutz, M. F. Hemoglobin Structure and Respiratory Transport. Scientific Ameri-
can 239, 92-125. 1ssn: 00368733, 19467087. http://www. jstor.org/stable/
24955868 (2023) (1978).

Reach, G. & Wilson, G. S. Can continuous glucose monitoring be used for the treatment
of diabetes? Analytical Chemistry 64, 381A-386A. https://doi.org/10.1021/
ac00030a001 (Mar. 1992).

Chamorro-Garcia, A. et al. The sequestration mechanism as a generalizable approach to
improve the sensitivity of biosensors and bioassays. Chemical Science 13, 12219-12228.
https://doi.org/10.1039/d2sc039015 (2022).

Marras, A. E., Zhou, L., Su, H.-J. & Castro, C. E. Programmable motion of DNA
origami mechanisms. Proceedings of the National Academy of Sciences 112, 713-718.
https://doi.org/10.1073/pnas.1408869112 (Jan. 2015).

Binnig, G. & Rohrer, H. Scanning tunneling microscopy—from birth to adolescence.
Reviews of Modern Physics 59, 615—625. https://link.aps.org/doi/10.1103/
RevModPhys.59.615 (3 July 1987).

Binnig, G., Quate, C. F. & Gerber, C. Atomic Force Microscope. Physical Review Letters
56, 930-933. https://link.aps.org/doi/10.1103/PhysRevLett.56.930 (9
Mar. 1986).

Moerner, W. E. & Kador, L. Optical detection and spectroscopy of single molecules
in a solid. Physical Review Letters 62, 2535-2538. https://doi.org/10.1103/
physrevlett.62.2535 (May 1989).

Funatsu, T., Harada, Y., Tokunaga, M., Saito, K. & Yanagida, T. Imaging of single
fluorescent molecules and individual ATP turnovers by single myosin molecules in
aqueous solution. Nature 374, 555-559. https://doi.org/10.1038/374555a0
(Apr. 1995).

50


https://doi.org/10.1146/annurev-biophys-091222-082247
https://doi.org/10.1146/annurev-biophys-091222-082247
https://doi.org/10.1038/nature12443
https://doi.org/10.1063/5.0127585
https://doi.org/10.1038/228726a0
https://doi.org/10.1038/228726a0
https://doi.org/10.1016/s0955-3886(97)00041-6
http://www.jstor.org/stable/24955868
http://www.jstor.org/stable/24955868
https://doi.org/10.1021/ac00030a001
https://doi.org/10.1021/ac00030a001
https://doi.org/10.1039/d2sc03901j
https://doi.org/10.1073/pnas.1408869112
https://link.aps.org/doi/10.1103/RevModPhys.59.615
https://link.aps.org/doi/10.1103/RevModPhys.59.615
https://link.aps.org/doi/10.1103/PhysRevLett.56.930
https://doi.org/10.1103/physrevlett.62.2535
https://doi.org/10.1103/physrevlett.62.2535
https://doi.org/10.1038/374555a0

52.

53.

54.

55.

56.

57.

58.

59.

60.

61.

62.

63.

64.

Noorden, R. V. Nobel for microscopy that reveals inner world of cells. Nature 514,
286-286. https://doi.org/10.1038/nature.2014.16097 (Oct. 2014).

Taylor, R. W. & Sandoghdar, V. Interferometric Scattering Microscopy: Seeing Single
Nanoparticles and Molecules via Rayleigh Scattering. Nano Letters 19, 4827-4835.
https://doi.org/10.1021/acs.nanolett.9b01822 (July 2019).

Atkins, P., de Paula, J. & Keeler, J. Atkins' physical chemistry 12th ed. ISBN:
978-0-19-884781-6 (Oxford University press, Oxford, UK, 2022).

Jablonski, A. Efficiency of Anti-Stokes Fluorescence in Dyes. Nature 131, 839-840.
ISSN: 1476-4687. http://dx.doi.org/10.1038/131839b0 (June 1933).

Lakowicz, J. R. Principles of Fluorescence Spectroscopy 3rd ed. https://doi.org/
10.1007/978-0-387-46312-4 (Springer, New York, USA, 2006).

Kolmakov, K. et al. Red-Emitting Rhodamine Dyes for Fluorescence Microscopy
and Nanoscopy. Chemistry — A European Journal 16, 158-166. ISSN: 1521-3765.
http://dx.doi.org/10.1002/chem.200902309 (Dec. 2009).

Ha, T. & Tinnefeld, P. Photophysics of Fluorescent Probes for Single-Molecule Bio-
physics and Super-Resolution Imaging. Annual Review of Physical Chemistry 63,
595-617. https://doi.org/10.1146/annurev-physchem-032210-103340 (May
2012).

Grimm, J. B. & Lavis, L. D. Caveat fluorophore: an insiders’ guide to small-molecule
fluorescent labels. Nature Methods 19, 149-158. https://doi.org/10.1038/
s41592-021-01338-6 (Dec. 2021).

Vogelsang, J. et al. A Reducing and Oxidizing System Minimizes Photobleaching and
Blinking of Fluorescent Dyes. Angewandte Chemie International Edition 47, 5465-5469.
https://doi.org/10.1002/anie.200801518 (July 2008).

Widengren, J., Chmyrov, A., Eggeling, C., Lofdahl, P-A. & Seidel, C. A. M. Strategies
to Improve Photostabilities in Ultrasensitive Fluorescence Spectroscopy. The Journal of
Physical Chemistry A 111, 429-440. https://doi.org/10.1021/jp0646325 (Dec.
2006).

Glembockyte, V., Lincoln, R. & Cosa, G. Cy3 Photoprotection Mediated by Ni*
for Extended Single-Molecule Imaging: Old Tricks for New Techniques. Journal of
the American Chemical Society 137, 1116-1122. https://doi.org/10.1021/
jab09923e (Jan. 2015).

Vogelsang, J. Advancing single-molecule fluorescence spectroscopy and super-resolution
microscopy with organic fluorophores PhD thesis (Ludwig-Maximilians-Universitat
Miinchen, 2009). https://edoc.ub.uni-muenchen.de/id/eprint/11480.

Vogelsang, J., Cordes, T., Forthmann, C., Steinhauer, C. & Tinnefeld, P. Controlling the
fluorescence of ordinary oxazine dyes for single-molecule switching and superresolution
microscopy. Proceedings of the National Academy of Sciences 106, 8107-8112. https:
//doi.org/10.1073/pnas.0811875106 (May 2009).

51


https://doi.org/10.1038/nature.2014.16097
https://doi.org/10.1021/acs.nanolett.9b01822
http://dx.doi.org/10.1038/131839b0
https://doi.org/10.1007/978-0-387-46312-4
https://doi.org/10.1007/978-0-387-46312-4
http://dx.doi.org/10.1002/chem.200902309
https://doi.org/10.1146/annurev-physchem-032210-103340
https://doi.org/10.1038/s41592-021-01338-6
https://doi.org/10.1038/s41592-021-01338-6
https://doi.org/10.1002/anie.200801518
https://doi.org/10.1021/jp0646325
https://doi.org/10.1021/ja509923e
https://doi.org/10.1021/ja509923e
https://edoc.ub.uni-muenchen.de/id/eprint/11480
https://doi.org/10.1073/pnas.0811875106
https://doi.org/10.1073/pnas.0811875106

65.

66.

67.

68.

69.

70.

71.

72,

73.

74.

75.

76.

77.

78.

Igbal, A. et al. Orientation dependence in fluorescent energy transfer between Cy3
and Cy5 terminally attached to double-stranded nucleic acids. Proceedings of the
National Academy of Sciences 105, 11176-11181. https://doi.org/10.1073/
pnas.0801707105 (Aug. 2008).

Mazal, H. & Haran, G. Single-molecule FRET methods to study the dynamics of
proteins at work. Current Opinion in Biomedical Engineering 12, 8-17. https://doi.
org/10.1016/j.cobme.2019.08.007 (Dec. 2019).

Anger, P., Bharadwaj, P. & Novotny, L. Enhancement and Quenching of Single-
Molecule Fluorescence. Physical Review Letters 96. https://doi.org/10.1103/
physrevlett.96.113002 (Mar. 2006).

Drude, P. Zur Elektronentheorie der Metalle. Annalen der Physik 306, 566—613.
https://doi.org/10.1002/andp.19003060312 (1900).

Sommerfeld, A. & Bethe, H. Elektronentheorie der Metalle https://doi.org/10.
1007/978-3-642-95002-5 (Springer-Verlag Berlin, Heidelberg, 1967).

Maier, S. A. Plasmonics: Fundamentals and Applications https://doi.org/10.
1007/0-387-37825-1 (Springer, New York, USA, 2007).

Soénnichsen, C., Franzl, T., Wilk, T, von Plessen, G. & Feldmann, J. Plasmon resonances
in large noble-metal clusters. New Journal of Physics 4, 93-93. https://doi.org/
10.1088/1367-2630/4/1/393 (Nov. 2002).

Kinkhabwala, A. et al. Large single-molecule fluorescence enhancements produced by
a bowtie nanoantenna. Nature Photonics 3, 654-657. https://doi.org/10.1038/
nphoton.2009.187 (Oct. 2009).

Ruppin, R. Decay of an excited molecule near a small metal sphere. The Journal of
Chemical Physics 76, 1681-1684. https://doi.org/10.1063/1.443196 (Feb.
1982).

Thomas, M., Greffet, J.-J., Carminati, R. & Arias-Gonzalez, J. R. Single-molecule
spontaneous emission close to absorbing nanostructures. Applied Physics Letters 85,
3863-3865. https://doi.org/10.1063/1.1812592 (Oct. 2004).

Purcell, E. M. Spontaneous emission probabilities at radio frequencies. Physical Review
69, 674-674. https://doi.org/10.1103/physrev.69.674 (June 1946).

Xu, H., Bjerneld, E. J., Kall, M. & Borjesson, L. Spectroscopy of Single Hemoglobin
Molecules by Surface Enhanced Raman Scattering. Physical Review Letters 83, 4357—
4360. https://doi.org/10.1103/physrevlett.83.4357 (Nov. 1999).

Miihlschlegel, P., Eisler, H.-J., Martin, O. J. F., Hecht, B. & Pohl, D. W. Resonant
Optical Antennas. Science 308, 1607-1609. 1SSN: 1095-9203. http://dx.doi.org/
10.1126/science. 1111886 (June 2005).

Kuzyk, A., Jungmann, R., Acuna, G. P. & Liu, N. DNA Origami Route for Nanopho-
tonics. ACS Photonics 5, 1151-1163. I1SSN: 2330-4022. http://dx.doi.org/10.
1021/acsphotonics.7b01580 (Feb. 2018).

52


https://doi.org/10.1073/pnas.0801707105
https://doi.org/10.1073/pnas.0801707105
https://doi.org/10.1016/j.cobme.2019.08.007
https://doi.org/10.1016/j.cobme.2019.08.007
https://doi.org/10.1103/physrevlett.96.113002
https://doi.org/10.1103/physrevlett.96.113002
https://doi.org/10.1002/andp.19003060312
https://doi.org/10.1007/978-3-642-95002-5
https://doi.org/10.1007/978-3-642-95002-5
https://doi.org/10.1007/0-387-37825-1
https://doi.org/10.1007/0-387-37825-1
https://doi.org/10.1088/1367-2630/4/1/393
https://doi.org/10.1088/1367-2630/4/1/393
https://doi.org/10.1038/nphoton.2009.187
https://doi.org/10.1038/nphoton.2009.187
https://doi.org/10.1063/1.443196
https://doi.org/10.1063/1.1812592
https://doi.org/10.1103/physrev.69.674
https://doi.org/10.1103/physrevlett.83.4357
http://dx.doi.org/10.1126/science.1111886
http://dx.doi.org/10.1126/science.1111886
http://dx.doi.org/10.1021/acsphotonics.7b01580
http://dx.doi.org/10.1021/acsphotonics.7b01580

79.

80.

81.

82.

83.

84.

85.

86.

87.

88.

89.

90.

91.

92.

93.

Watson, J. D. & Crick, F. H. C. Molecular Structure of Nucleic Acids: A Structure
for Deoxyribose Nucleic Acid. Nature 171, 737-738. https://doi.org/10.1038/
17173720 (Apr. 1953).

Franklin, R. E. & Gosling, R. G. Molecular Configuration in Sodium Thymonucleate.
Nature 171, 740-741. https://doi.org/10.1038/171740a0 (Apr. 1953).

Collins, F. et al. The NIH-led research response to COVID-19. Science 379, 441-444.
https://doi.org/10.1126/science.adf5167 (Feb. 2023).

Drew, H. R. et al. Structure of a B-DNA dodecamer: conformation and dynamics.
Proceedings of the National Academy of Sciences 78, 2179-2183. https://doi.org/
10.1073/pnas.78.4.2179 (Apr. 1981).

Abdel-Monem, M., Durwald, H. & Hofmann-Berling, H. Enzymic Unwinding of DNA.
2. Chain Separation by an ATP-Dependent DNA Unwinding Enzyme. European Journal
of Biochemistry 65, 441-449. https://doi.org/10.1111/j.1432-1033.1976.
tb10359.x (June 1976).

Bauer, W. R., Crick, F. H. C. & White, J. H. Supercoiled DNA. Scientific American 243,
118-133. I1ssN: 00368733, 19467087. http://www. jstor.org/stable/24966373
(2023) (1980).

Lima, C. D., Wang, J. C. & Mondragén, A. Three-dimensional structure of the
67K N-terminal fragment of E. coli DNA topoisomerase |. Nature 367, 138-146.
https://doi.org/10.1038/367138a0 (Jan. 1994).

Holliday, R. A mechanism for gene conversion in fungi. Genetical Research b, 282-304.
https://doi.org/10.1017/s0016672300001233 (July 1964).

Coll, M. et al. Nature Structural Biology 6, 913-917. https://doi.org/10.1038/
13277 (Oct. 1999).

Chen, J. & Seeman, N. C. Synthesis from DNA of a molecule with the connectivity of
a cube. Nature 350, 631-633. https://doi.org/10.1038/350631a0 (Apr. 1991).

Hargittai, |. & Hargittai, B. Nadrian C. Seeman (1945-2021): pioneer of DNA nan-
otechnology. Structural Chemistry 33, 631-633. IssN: 1572-9001. http://dx.doi.
org/10.1007/s11224-022-01894-3 (Mar. 2022).

Kallenbach, N. R., Ma, R.-l. & Seeman, N. C. An immobile nucleic acid junction
constructed from oligonucleotides. Nature 305, 829-831. https://doi.org/10.
1038/305829a0 (Oct. 1983).

Ke, Y. et al. Multilayer DNA Origami Packed on a Square Lattice. Journal of the
American Chemical Society 131, 15903-15908. https://doi.org/10. 1021/
ja906381y (Oct. 2009).

Dietz, H., Douglas, S. M. & Shih, W. M. Folding DNA into Twisted and Curved
Nanoscale Shapes. Science 325, 725-730 (Aug. 2009).

Douglas, S. M. et al. Self-assembly of DNA into nanoscale three-dimensional shapes.
Nature 459, 414-418. https://doi.org/10.1038/nature08016 (May 2009).

53


https://doi.org/10.1038/171737a0
https://doi.org/10.1038/171737a0
https://doi.org/10.1038/171740a0
https://doi.org/10.1126/science.adf5167
https://doi.org/10.1073/pnas.78.4.2179
https://doi.org/10.1073/pnas.78.4.2179
https://doi.org/10.1111/j.1432-1033.1976.tb10359.x
https://doi.org/10.1111/j.1432-1033.1976.tb10359.x
http://www.jstor.org/stable/24966373
https://doi.org/10.1038/367138a0
https://doi.org/10.1017/s0016672300001233
https://doi.org/10.1038/13277
https://doi.org/10.1038/13277
https://doi.org/10.1038/350631a0
http://dx.doi.org/10.1007/s11224-022-01894-3
http://dx.doi.org/10.1007/s11224-022-01894-3
https://doi.org/10.1038/305829a0
https://doi.org/10.1038/305829a0
https://doi.org/10.1021/ja906381y
https://doi.org/10.1021/ja906381y
https://doi.org/10.1038/nature08016

94.

95.

96.

97.

98.

99.

100.

101.

102.

103.

104.

105.

106.

107.

Stein, I. H., Steinhauer, C. & Tinnefeld, P. Single-Molecule Four-Color FRET Visualizes
Energy-Transfer Paths on DNA Origami. Journal of the American Chemical Society
133, 4193-4195. https://doi.org/10.1021/ja1105464 (Jan. 2011).

Acuna, G. P. et al. Distance Dependence of Single-Fluorophore Quenching by Gold
Nanoparticles Studied on DNA Origami. ACS Nano 6, 3189-3195. https://doi.
org/10.1021/nn2050483 (Mar. 2012).

Schmied, J. J. et al. Fluorescence and super-resolution standards based on DNA
origami. Nature Methods 9, 1133-1134. https://doi.org/10.1038/nmeth.2254
(Dec. 2012).

Derr, N. D. et al. Tug-of-War in Motor Protein Ensembles Revealed with a Pro-
grammable DNA Origami Scaffold. Science 338, 662—-665. https://doi.org/10.
1126/science. 1226734 (Nov. 2012).

Langecker, M. et al. Synthetic Lipid Membrane Channels Formed by Designed DNA
Nanostructures. Science 338, 932-936. https://doi.org/10.1126/science.
1225624 (Nov. 2012).

Yurke, B., Turberfield, A. J., Mills, A. P., Simmel, F. C. & Neumann, J. L. A DNA-
fuelled molecular machine made of DNA. Nature 406, 605-608. https://doi.org/
10.1038/35020524 (Aug. 2000).

Simmel, F. C., Yurke, B. & Singh, H. R. Principles and Applications of Nucleic
Acid Strand Displacement Reactions. Chemical Reviews 119, 6326-6369. https:
//doi.org/10.1021/acs.chemrev.8b00580 (Feb. 2019).

Roth, E., Azaria, A. G., Girshevitz, O., Bitler, A. & Garini, Y. Measuring the Conforma-
tion and Persistence Length of Single-Stranded DNA Using a DNA Origami Structure.
Nano Letters 18, 6703-6709. https://doi.org/10.1021/acs.nanolett.8b02093
(Oct. 2018).

Andersen, E. S. et al. Self-assembly of a nanoscale DNA box with a controllable lid.
Nature 459, 73-76. https://doi.org/10.1038/nature07971 (May 2009).

Pumm, A.-K. et al. A DNA origami rotary ratchet motor. Nature 607, 492—-498.
https://doi.org/10.1038/s41586-022-04910-y (July 2022).

Shi, X. et al. A DNA turbine powered by a transmembrane potential across a nanopore.
Nature Nanotechnology. https://doi.org/10.1038/s41565-023-01527-8 (Oct.
2023).

Nelson, D. L. & Cox, M. M. Lehninger principles of biochemistry 8th ed. en (W. H.
Freeman, Jan. 2021).

Grabenhorst, E. “Genetic Engineering” von Glycoproteinen: Transfer von Glyco-
sylierungsdomanen humaner Proteine, Charakterisierung der Produkte nach Expression
in eukaryontischen Wirtszellen PhD thesis (Technische Universitat Braunschweig, 1994).
https://katalog.ub.tu-braunschweig.de/vufind/Record/167953648.

Janda, C. Y. et al. Recognition of a signal peptide by the signal recognition particle.
Nature 465, 507-510. https://doi.org/10.1038/nature08870 (Apr. 2010).

54


https://doi.org/10.1021/ja1105464
https://doi.org/10.1021/nn2050483
https://doi.org/10.1021/nn2050483
https://doi.org/10.1038/nmeth.2254
https://doi.org/10.1126/science.1226734
https://doi.org/10.1126/science.1226734
https://doi.org/10.1126/science.1225624
https://doi.org/10.1126/science.1225624
https://doi.org/10.1038/35020524
https://doi.org/10.1038/35020524
https://doi.org/10.1021/acs.chemrev.8b00580
https://doi.org/10.1021/acs.chemrev.8b00580
https://doi.org/10.1021/acs.nanolett.8b02093
https://doi.org/10.1038/nature07971
https://doi.org/10.1038/s41586-022-04910-y
https://doi.org/10.1038/s41565-023-01527-8
https://katalog.ub.tu-braunschweig.de/vufind/Record/167953648
https://doi.org/10.1038/nature08870

108.

100.

110.

111.

112.

113.

114.

115.

116.

117.

118.

119.

120.

121.

122.

Zhang, F. et al. Molecular mechanism for the umami taste synergism. Proceedings of
the National Academy of Sciences 105, 20930-20934. https://doi.org/10.1073/
pnas.0810174106 (Dec. 2008).

Du, X. et al. Insights into Protein—Ligand Interactions: Mechanisms, Models, and
Methods. International Journal of Molecular Sciences 17, 144. https://doi.org/
10.3390/1jms17020144 (Jan. 2016).

Jarmoskaite, ., AlSadhan, |., Vaidyanathan, P. P. & Herschlag, D. How to measure
and evaluate binding affinities. eLife 9 (eds Deindl, S. & Kuriyan, J.) e57264. I1SSN:
2050-084X. https://doi.org/10.7554/eLife.57264 (Aug. 2020).

Green, N. M. Avidin. 1. The Use of 14C-Biotin for kinetic studies and for assay.
Biochemical Journal 89, 585-591. https://doi.org/10.1042/bj0890585 (Dec.
1963).

Alberts, B. et al. Molecular Biology of the Cell 6th ed. en (Garland Science, Taylor &
Francis Group, LLC, 2015).

Liu, W. et al. Structural Basis for Allosteric Regulation of GPCRs by Sodium lons.
Science 337, 232-236. https://doi.org/10.1126/science. 1219218 (July 2012).

Reynolds, K. A., McLaughlin, R. N. & Ranganathan, R. Hot Spots for Allosteric
Regulation on Protein Surfaces. Cell 147, 1564-1575. https://doi.org/10.1016/
j.cell.2011.10.049 (Dec. 2011).

Tzeng, S.-R. & Kalodimos, C. G. Dynamic activation of an allosteric regulatory protein.
Nature 462, 368—-372. https://doi.org/10.1038/nature08560 (Nov. 2009).

Cui, Q. & Karplus, M. Allostery and cooperativity revisited. Protein Science 17, 1295-
1307. https://doi.org/10.1110/ps.03259908 (Aug. 2008).

Hill, A. V. The possible effects of the aggregation of the molecules of haemoglobin on
its dissociation curves. The Journal of Physiology 40, i—vii. http://jp.physoc.org/
content/40/supplement/i.short (Jan. 1910).

Bisswanger, H. Enzyme Kinetics 3rd ed. https://doi.org/10.1002/9783527806461
(Wiley-VCH Verlag, Weinheim, June 2017).

Adair, G., Bock, A. & Field, H. The Hemoglobin System. Journal of Biological Chemistry
63, 529-545. https://doi.org/10.1016/s0021-9258(18)85018-9 (Mar. 1925).

Sen Mojumdar, S. et al. Partially native intermediates mediate misfolding of SOD1
in single-molecule folding trajectories. Nature Communications 8. 1SSN: 2041-1723.
http://dx.doi.org/10.1038/s41467-017-01996-1 (Dec. 2017).

Dutta, R. & Pollak, E. What can we learn from transition path time distributions for
protein folding and unfolding? Physical Chemistry Chemical Physics 23, 23787-23795.
ISSN: 1463-9084. http://dx.doi.org/10.1039/d1cp03296h (2021).

Mehlich, A., Fang, J., Pelz, B., Li, H. & Stigler, J. Slow Transition Path Times Reveal
a Complex Folding Barrier in a Designed Protein. Frontiers in Chemistry 8. ISSN:
2296-2646. http://dx.doi.org/10.3389/fchem.2020.587824 (Dec. 2020).

55


https://doi.org/10.1073/pnas.0810174106
https://doi.org/10.1073/pnas.0810174106
https://doi.org/10.3390/ijms17020144
https://doi.org/10.3390/ijms17020144
https://doi.org/10.7554/eLife.57264
https://doi.org/10.1042/bj0890585
https://doi.org/10.1126/science.1219218
https://doi.org/10.1016/j.cell.2011.10.049
https://doi.org/10.1016/j.cell.2011.10.049
https://doi.org/10.1038/nature08560
https://doi.org/10.1110/ps.03259908
http://jp.physoc.org/content/40/supplement/i.short
http://jp.physoc.org/content/40/supplement/i.short
https://doi.org/10.1002/9783527806461
https://doi.org/10.1016/s0021-9258(18)85018-9
http://dx.doi.org/10.1038/s41467-017-01996-1
http://dx.doi.org/10.1039/d1cp03296h
http://dx.doi.org/10.3389/fchem.2020.587824

123.

124.

125.

126.

127.

128.

129.

130.

131.

132.

133.

134.

Henriksen, N. E. & Hansen, F. Y. Theories of Molecular Reaction Dynamics https:
//doi.org/10.1093/0s0/9780198805014 .001.0001 (Oxford University Press,
Oxford, UK, Nov. 2018).

Kramers, H. Brownian motion in a field of force and the diffusion model of chemical
reactions. Physica 7, 284-304. https://doi.org/10.1016/s0031-8914(40) 90098~
2 (Apr. 1940).

Chung, H. S. & Eaton, W. A. Single-molecule fluorescence probes dynamics of barrier
crossing. Nature 502, 685-688. https://doi.org/10.1038/nature12649 (Oct.
2013).

Hummer, G. From transition paths to transition states and rate coefficients. The
Journal of Chemical Physics 120, 516-523. https://doi.org/10.1063/1.1630572
(Dec. 2003).

Chung, H. S., Louis, J. M. & Eaton, W. A. Experimental determination of upper bound
for transition path times in protein folding from single-molecule photon-by-photon
trajectories. Proceedings of the National Academy of Sciences 106, 11837-11844.
https://doi.org/10.1073/pnas.0901178106 (July 2009).

Chung, H. S., McHale, K., Louis, J. M. & Eaton, W. A. Single-Molecule Fluorescence
Experiments Determine Protein Folding Transition Path Times. Science 335, 981-984.
https://doi.org/10.1126/science.1215768 (Feb. 2012).

Truex, K., Chung, H. S., Louis, J. M. & Eaton, W. A. Testing Landscape Theory
for Biomolecular Processes with Single Molecule Fluorescence Spectroscopy. Physical
Review Letters 115. 1sSN: 1079-7114. http://dx.doi.org/10.1103/PhysRevLett.
115.018101 (July 2015).

Neupane, K., Manuel, A. P. & Woodside, M. T. Protein folding trajectories can be
described quantitatively by one-dimensional diffusion over measured energy landscapes.
Nature Physics 12, 700-703. ISSN: 1745-2481. http://dx.doi.org/10.1038/
nphys3677 (Mar. 2016).

Neupane, K. et al. Direct observation of transition paths during the folding of proteins
and nucleic acids. Science 352, 239-242. 1ssN: 1095-9203. http://dx.doi.org/10.
1126/science.aad0637 (Apr. 2016).

Hoffer, N. Q., Neupane, K. & Woodside, M. T. Observing the base-by-base search
for native structure along transition paths during the folding of single nucleic acid
hairpins. Proceedings of the National Academy of Sciences 118. 1ssN: 1091-6490.
http://dx.doi.org/10.1073/pnas.2101006118 (Dec. 2021).

Kim, J.-Y., Meng, F., Yoo, J. & Chung, H. S. Diffusion-limited association of disordered
protein by non-native electrostatic interactions. Nature Communications 9. 1SSN: 2041-
1723. http://dx.doi.org/10.1038/s41467-018-06866-y (Nov. 2018).

Kim, J.-Y. & Chung, H. S. Disordered proteins follow diverse transition paths as
they fold and bind to a partner. Science 368, 1253-1257. 1SSN: 1095-9203. http:
//dx.doi.org/10.1126/science.aba3854 (June 2020).

56


https://doi.org/10.1093/oso/9780198805014.001.0001
https://doi.org/10.1093/oso/9780198805014.001.0001
https://doi.org/10.1016/s0031-8914(40)90098-2
https://doi.org/10.1016/s0031-8914(40)90098-2
https://doi.org/10.1038/nature12649
https://doi.org/10.1063/1.1630572
https://doi.org/10.1073/pnas.0901178106
https://doi.org/10.1126/science.1215768
http://dx.doi.org/10.1103/PhysRevLett.115.018101
http://dx.doi.org/10.1103/PhysRevLett.115.018101
http://dx.doi.org/10.1038/nphys3677
http://dx.doi.org/10.1038/nphys3677
http://dx.doi.org/10.1126/science.aad0637
http://dx.doi.org/10.1126/science.aad0637
http://dx.doi.org/10.1073/pnas.2101006118
http://dx.doi.org/10.1038/s41467-018-06866-y
http://dx.doi.org/10.1126/science.aba3854
http://dx.doi.org/10.1126/science.aba3854

135.

136.

137.

138.

139.

140.

141.

142.

143.

144.

145.

146.

147.

148.

Gopich, I. V. & Szabo, A. Decoding the Pattern of Photon Colors in Single-Molecule
FRET. The Journal of Physical Chemistry B 113, 10965-10973. 1ssN: 1520-5207.
http://dx.doi.org/10.1021/jp903671p (July 2009).

Taumoefolau, G. H. & Best, R. B. Estimating transition path times and shapes from
single-molecule photon trajectories: A simulation analysis. The Journal of Chemical
Physics 154. I1ssN: 1089-7690. http://dx.doi.org/10.1063/5.0040949 (Mar.
2021).

Douglas, S. M. et al. Rapid prototyping of 3D DNA-origami shapes with caDNAno.
Nucleic Acids Research 37, 5001-5006. https://doi.org/10.1093/nar/gkp436
(June 2009).

Kim, D.-N., Kilchherr, F., Dietz, H. & Bathe, M. Quantitative prediction of 3D solution
shape and flexibility of nucleic acid nanostructures. Nucleic Acids Research 40, 2862—
2868. https://doi.org/10.1093/nar/gkr1173 (Dec. 2011).

Castro, C. E. et al. A primer to scaffolded DNA origami. Nature Methods 8, 221-229.
https://doi.org/10.1038/nmeth.1570 (Feb. 2011).

Poppleton, E., Romero, R., Mallya, A., Rovigatti, L. & Sule, P. OxDNA.org: a public
webserver for coarse-grained simulations of DNA and RNA nanostructures. Nucleic
Acids Research 49, W491-W498. https://doi.org/10.1093/nar/gkab324 (May
2021).

Snodin, B. E. K. et al. Introducing improved structural properties and salt dependence
into a coarse-grained model of DNA. The Journal of Chemical Physics 142. https:
//doi.org/10.1063/1.4921957 (June 2015).

Sulc, P. et al. Sequence-dependent thermodynamics of a coarse-grained DNA model.
The Journal of Chemical Physics 137. 1SSN: 1089-7690. http://dx.doi.org/10.
1063/1.4754132 (Oct. 2012).

Rovigatti, L., éulc, P., Reguly, I. Z. & Romano, F. A comparison between parallelization
approaches in molecular dynamics simulations on GPUs. Journal of Computational
Chemistry 36, 1-8. https://doi.org/10.1002/jcc.23763 (Oct. 2014).

Ouldridge, T. E., Louis, A. A. & Doye, J. P. K. Structural, mechanical, and thermody-
namic properties of a coarse-grained DNA model. The Journal of Chemical Physics
134. https://doi.org/10.1063/1.3552946 (Feb. 2011).

Wagenbauer, K. F. et al. How We Make DNA Origami. ChemBioChem 18, 1873-1885.
https://doi.org/10.1002/cbic.201700377 (Aug. 2017).

Ingargiola, A. phconvert - Library and converter for Photon-HDF5 files http://
photon-hdf5.github.io/phconvert (2023).

Harris, C. R. et al. Array programming with NumPy. Nature 585, 357-362. https:
//doi.org/10.1038/s41586-020-2649-2 (Sept. 2020).

Hunter, J. D. Matplotlib: A 2D graphics environment. Computing in Science &
Engineering 9, 90-95. https://doi.org/10.1109/MCSE.2007.55 (2007).

57


http://dx.doi.org/10.1021/jp903671p
http://dx.doi.org/10.1063/5.0040949
https://doi.org/10.1093/nar/gkp436
https://doi.org/10.1093/nar/gkr1173
https://doi.org/10.1038/nmeth.1570
https://doi.org/10.1093/nar/gkab324
https://doi.org/10.1063/1.4921957
https://doi.org/10.1063/1.4921957
http://dx.doi.org/10.1063/1.4754132
http://dx.doi.org/10.1063/1.4754132
https://doi.org/10.1002/jcc.23763
https://doi.org/10.1063/1.3552946
https://doi.org/10.1002/cbic.201700377
http://photon-hdf5.github.io/phconvert
http://photon-hdf5.github.io/phconvert
https://doi.org/10.1038/s41586-020-2649-2
https://doi.org/10.1038/s41586-020-2649-2
https://doi.org/10.1109/MCSE.2007.55

149.

150.
151.

152.

153.

154.

155.

156.

157.

158.

159.

160.

161.

162.

Virtanen, P. et al. SciPy 1.0: Fundamental Algorithms for Scientific Computing in
Python. Nature Methods 17, 261-272. https://doi.org/10.1038/s41592-019-
0686-2 (2020).

Guennebaud, G., Jacob, B., et al. Eigen v3 http://eigen.tuxfamily.org. 2010.

Pfeiffer, M. et al. Single antibody detection in a DNA origami nanoantenna. iScience
24, 103072. https://doi.org/10.1016/j.isci.2021.103072 (Sept. 2021).

Zhang, Y. et al. General Strategy To Improve the Photon Budget of Thiol-Conjugated
Cyanine Dyes. Journal of the American Chemical Society 145, 4187-4198. https:
//doi.org/10.1021/jacs.2c12635 (Feb. 2023).

Nair, D. P. et al. The Thiol-Michael Addition Click Reaction: A Powerful and Widely
Used Tool in Materials Chemistry. Chemistry of Materials 26, 724—744. 1SsSN: 1520-5002.
http://dx.doi.org/10.1021/cm402180t (Sept. 2013).

Sletten, E. M. & Bertozzi, C. R. Bioorthogonal Chemistry: Fishing for Selectivity in a
Sea of Functionality. Angewandte Chemie International Edition 48, 6974-6998. ISSN:
1521-3773. http://dx.doi.org/10.1002/anie. 200900942 (Sept. 2009).

Michie, M. S. et al. Cyanine Conformational Restraint in the Far-Red Range. Journal
of the American Chemical Society 139, 12406-12409. https://doi.org/10.1021/
jacs.7b07272 (Sept. 2017).

Matikonda, S. S. et al. Impact of Cyanine Conformational Restraint in the Near-Infrared
Range. The Journal of Organic Chemistry 85, 5907-5915. https://doi.org/10.
1021/acs.joc.0c00236 (Apr. 2020).

Holzmeister, P., Gietl, A. & Tinnefeld, P. Geminate Recombination as a Photoprotection
Mechanism for Fluorescent Dyes. Angewandte Chemie International Edition 53, 5685—
5688. https://doi.org/10.1002/anie.201310300 (Apr. 2014).

Close, C. et al. Maximizing the Accessibility in DNA Origami Nanoantenna Plasmonic
Hotspots. Advanced Materials Interfaces 9. https://doi.org/10.1002/admi .
202200255 (July 2022).

Shaw, D. E. et al. Atomic-Level Characterization of the Structural Dynamics of Proteins.
Science 330, 341-346. 1ssN: 1095-9203. http://dx.doi.org/10.1126/science.
1187409 (Oct. 2010).

Lindorff-Larsen, K., Piana, S., Dror, R. O. & Shaw, D. E. How Fast-Folding Proteins
Fold. Science 334, 517-520. I1ssN: 1095-9203. http://dx.doi.org/10.1126/
science.1208351 (Oct. 2011).

Bhatt, H. et al. Structure of an Unfolding Intermediate of an RRM Domain of ETR-
3 Reveals Its Native-like Fold. Biophysical Journal 118, 352—-365. 1SsSN: 0006-3495.
http://dx.doi.org/10.1016/j.bpj.2019.11.3392 (Jan. 2020).

Zadeh, J. N. et al. NUPACK: Analysis and design of nucleic acid systems. Journal of
Computational Chemistry 32, 170-173. 1SSN: 1096-987X. http://dx.doi.org/10.
1002/jcc.21596 (Nov. 2010).

58


https://doi.org/10.1038/s41592-019-0686-2
https://doi.org/10.1038/s41592-019-0686-2
https://doi.org/10.1016/j.isci.2021.103072
https://doi.org/10.1021/jacs.2c12635
https://doi.org/10.1021/jacs.2c12635
http://dx.doi.org/10.1021/cm402180t
http://dx.doi.org/10.1002/anie.200900942
https://doi.org/10.1021/jacs.7b07272
https://doi.org/10.1021/jacs.7b07272
https://doi.org/10.1021/acs.joc.0c00236
https://doi.org/10.1021/acs.joc.0c00236
https://doi.org/10.1002/anie.201310300
https://doi.org/10.1002/admi.202200255
https://doi.org/10.1002/admi.202200255
http://dx.doi.org/10.1126/science.1187409
http://dx.doi.org/10.1126/science.1187409
http://dx.doi.org/10.1126/science.1208351
http://dx.doi.org/10.1126/science.1208351
http://dx.doi.org/10.1016/j.bpj.2019.11.3392
http://dx.doi.org/10.1002/jcc.21596
http://dx.doi.org/10.1002/jcc.21596

163.

164.

165.

166.

167.

168.

1609.

170.

171.

172.

173.

174.

175.

Eid, J. et al. Real-Time DNA Sequencing from Single Polymerase Molecules. Science
323, 133-138. https://doi.org/10.1126/science. 1162986 (Jan. 2009).

Nooren, I. M. & Thornton, J. M. Structural Characterisation and Functional Significance
of Transient Protein—Protein Interactions. Journal of Molecular Biology 325, 991-1018.
https://doi.org/10.1016/s0022-2836(02)01281-0 (Jan. 2003).

Davis, S. J. et al. The nature of molecular recognition by T cells. Nature Immunology
4, 217-224. https://doi.org/10.1038/n10303-217 (Mar. 2003).

Sanders, C. R. Biomolecular ligand-receptor binding studies: theory, practice, and
analysis. Nashville: Vanderbilt University, 1-43 (2010).

Pillai, A. et al. De novo design of allosterically switchable protein assemblies 2023.
bioRxiv: 11.01.565167 (Biophysics). https://doi.org/10.1101/2023.11.01.
565167.

Quijano-Rubio, A. et al. De novo design of modular and tunable protein biosensors.
Nature 591, 482—487. 1sSN: 1476-4687. http://dx.doi.org/10.1038/s41586~
021-03258-z (Jan. 2021).

Krishna, R. et al. Generalized Biomolecular Modeling and Design with RoseT TAFold
All-Atom Oct. 2023. http://dx.doi.org/10.1101/2023.10.09.561603.

Shetty, R. M., Brady, S. R., Rothemund, P. W. K., Hariadi, R. F. & Gopinath, A.
Bench-Top Fabrication of Single-Molecule Nanoarrays by DNA Origami Placement.
ACS Nano 15, 11441-11450. 1ssN: 1936-086X. http://dx.doi.org/10.1021/
acsnano.1c01150 (July 2021).

Williamson, P., ljas, H., Shen, B., Corrigan, D. K. & Linko, V. Probing the Conforma-
tional States of a pH-Sensitive DNA Origami Zipper via Label-Free Electrochemical
Methods. Langmuir 37, 7801-7809. https://www.ncbi.nlm.nih.gov/pubmed/
34128683 (2021).

Ghosh, A. et al. Graphene-based metal-induced energy transfer for sub-nanometre
optical localization. Nat. Photonics 13, 860-865 (2019).

Kaminska, |. et al. Graphene Energy Transfer for Single-Molecule Biophysics, Biosensing,
and Super-Resolution Microscopy. Adv. Mater. 33, €2101099. https://www.ncbi.
nlm.nih.gov/pubmed/33938054 (2021).

Oliveira-Silva, R. et al. Monitoring Proteolytic Activity in Real Time: A New World
of Opportunities for Biosensors. Trends in Biochemical Sciences 45, 604—618. I1SSN:
0968-0004. http://dx.doi.org/10.1016/j.tibs.2020.03.011 (July 2020).

Rodriguez-Rios, M., Megia-Fernandez, A., Norman, D. J. & Bradley, M. Peptide
probes for proteases — innovations and applications for monitoring proteolytic activity.
Chemical Society Reviews 51, 2081-2120. 1SSN: 1460-4744. http://dx.doi.org/10.
1039/D1CS00798J (2022).

59


https://doi.org/10.1126/science.1162986
https://doi.org/10.1016/s0022-2836(02)01281-0
https://doi.org/10.1038/ni0303-217
11.01.565167
https://doi.org/10.1101/2023.11.01.565167
https://doi.org/10.1101/2023.11.01.565167
http://dx.doi.org/10.1038/s41586-021-03258-z
http://dx.doi.org/10.1038/s41586-021-03258-z
http://dx.doi.org/10.1101/2023.10.09.561603
http://dx.doi.org/10.1021/acsnano.1c01150
http://dx.doi.org/10.1021/acsnano.1c01150
https://www.ncbi.nlm.nih.gov/pubmed/34128683
https://www.ncbi.nlm.nih.gov/pubmed/34128683
https://www.ncbi.nlm.nih.gov/pubmed/33938054
https://www.ncbi.nlm.nih.gov/pubmed/33938054
http://dx.doi.org/10.1016/j.tibs.2020.03.011
http://dx.doi.org/10.1039/D1CS00798J
http://dx.doi.org/10.1039/D1CS00798J

176.

177.

178.

Hart, D. J., Jeong, J., Gumbart, J. C. & Kim, H. D. Weak tension accelerates
hybridization and dehybridization of short oligonucleotides. Nucleic Acids Research 51,
3030-3040. 1sSN: 1362-4962. http://dx.doi.org/10.1093/nar/gkad118 (Mar.
2023).

Spencer, D. M., Wandless, T. J., Schreiber, S. L. & Crabtree, G. R. Controlling
Signal Transduction with Synthetic Ligands. Science 262, 1019-1024. 1ssn: 1095-9203.
http://dx.doi.org/10.1126/science.7694365 (Nov. 1993).

Yan, L., Ravasio, R., Brito, C. & Wyart, M. Principles for Optimal Cooperativity in
Allosteric Materials. Biophysical Journal 114, 2787-2798. 1ssN: 0006-3495. http:
//dx.doi.org/10.1016/j.bpj.2018.05.015 (June 2018).

60


http://dx.doi.org/10.1093/nar/gkad118
http://dx.doi.org/10.1126/science.7694365
http://dx.doi.org/10.1016/j.bpj.2018.05.015
http://dx.doi.org/10.1016/j.bpj.2018.05.015

8 List of publications

Peer reviewed publications

1. Viktorija Glembockyte*, Lennart Grabenhorst*, Kateryna Trofymchuk*, and Philip Tin-

nefeld. DNA Origami Nanoantennas for Fluorescence Enhancement. Accounts of Chemical
Research 54, 17, 3338-3348 (2021). doi: 10.1021/acs.accounts.1c00307

2. Lennart Grabenhorst*, Kateryna Trofymchuk*, Florian Steiner, Viktorija Glembockyte,

and Philip Tinnefeld. Fluorophore photostability and saturation in the hotspot of DNA
origami nanoantennas. Methods and Applications in Fluorescence 8, 024003 (2020). doi:
10.1088/2050-6120/ab6ac8

3. Kateryna Trofymchuk*, Viktorija Glembockyte*, Lennart Grabenhorst, Florian Steiner,
Carolin Vietz, Cindy Close, Martina Pfeiffer, Lars Richter, Max L. Schiitte, Florian Selbach,
Renukka Yaadav, Jonas Zahringer, Qingshan Wei, Aydogan Ozcan, Birka Lalkens, Guillermo

P. Acuna, and Philip Tinnefeld. Addressable nanoantennas with cleared hotspots for single-
molecule detection on a portable smartphone microscope. Nature Communications 12, 950
(2021). doi: 10.1038/s41467-021-21238-9

4. Jakob Schedlbauer, Philipp Wilhelm, Lennart Grabenhorst, Maria-Elisabeth Federl, Birka
Lalkens, Florian Hinderer, Ullrich Scherf, Sigurd Hoger, Philip Tinnefeld, Sebastian Bange,

Jan Vogelsang, and John M. Lupton. Ultrafast Single-Molecule Fluorescence Measured by
Femtosecond Double-Pulse Excitation Photon Antibunching. Nano Letters 20, 2, 1074-1079
(2020). doi: 10.1021/acs.nanolett.9b04354

5. Patrick Eiring*, Ryan McLaughlin*, Siddharth S. Matikonda*, Zhongying Han*, Lennart
Grabenhorst*, Dominic A. Helmerich, Mara Meub, Gerti Beliu, Michael Luciano, Venu Bandi,
Niels Zijlstra, Zhen-Dan Shi, Sergey G. Tarasov, Rolf Swenson, Philip Tinnefeld, Viktorija
Glembockyte, Thorben Cordes, Markus Sauer, and Martin J. Schnermann. Targetable Con-
formationally Restricted Cyanines Enable Photon-Count-Limited Applications. Angewandte
Chemie International Edition 60, 26685 (2021). doi: 10.1002/anie.202109749

61


https://doi.org/10.1021/acs.accounts.1c00307
https://doi.org/10.1088/2050-6120/ab6ac8
https://doi.org/10.1088/2050-6120/ab6ac8
https://doi.org/10.1038/s41467-021-21238-9
https://doi.org/10.1021/acs.nanolett.9b04354
https://doi.org/10.1002/anie.202109749

6. Cindy Close, Kateryna Trofymchuk, Lennart Grabenhorst, Birka Lalkens, Viktorija Glem-

bockyte, and Philip Tinnefeld. Maximizing the accessibility in DNA origami nanoantenna plas-
monic hotspots. Advanced Materials Interfaces 9, 2200255 (2022). doi: 10.1002/admi.202200
255

7. Siddharth S. Matikonda*, Gabrielle Hammersley*, Nikita Kumari*, Lennart Grabenhorst,
Viktorija Glembockyte, Philip Tinnefeld, Joseph lvanic, Marcia Levitus, and Martin J. Schner-

mann. Impact of cyanine conformational restraint in the near-infrared range. The Journal of
Organic Chemistry 85, 9, 5907-5915 (2020). doi: 10.1021/acs.joc.0c00236

8. Kevin Kramm, Tim Schréder, Andres Manuel Vera, Lennart Grabenhorst, Philip Tinnefeld,
and Dina Grohmann. DNA Origami-Based Single-Molecule Force Spectroscopy and Applica-

tions. In: lddo Heller, David Dulin, and Erwin J.G. Peterman (eds). Single Molecule Analysis.
Methods in molecular biology, 2694, 479-507 (2024). doi: 10.1007/978-1-0716-3377-9_23

* equal contribution.

Preprints

1. Lennart Grabenhorst, Flurin Sturzenegger, Moa Hasler, Benjamin Schuler and Philip Tin-
nefeld. Single-molecule FRET at 10 MHz countrate. bioRxiv (2023). doi: 10.1101/2023.12.08.
570755

2. Lennart Grabenhorst*, Martina Pfeiffer*, Thea Schinkel, Mirjam Kiimmerlin, Jasmin

Maglic, Gereon A. Briiggenthies, Florian Selbach, Alexander T. Murr, Philip Tinnefeld,
and Viktorija Glembockyte. Engineering Modular and Tunable Single-Molecule Sensors by
Decoupling Sensing from Signal Output. bioRxiv (2023). doi: 10.1101/2023.11.06.565795

* equal contribution.

Conference contributions

1. Lennart Grabenhorst, Viktorija Glembockyte, and Philip Tinnefeld. Single-molecule FRET

experiments at MHz countrates with DNA origami nanoantennas. Poster presented at the

17th Methods and Applications in Fluorescence conference 2022 (Gothenburg, Sweden).

62


https://doi.org/10.1002/admi.202200255
https://doi.org/10.1002/admi.202200255
https://doi.org/10.1021/acs.joc.0c00236
https://doi.org/10.1007/978-1-0716-3377-9_23
https://doi.org/10.1101/2023.12.08.570755
https://doi.org/10.1101/2023.12.08.570755
https://doi.org/10.1101/2023.11.06.565795

2. Lennart Grabenhorst, Viktorija Glembockyte, and Philip Tinnefeld. Single-molecule FRET

experiments at MHz countrates with DNA origami nanoantennas. Talk presented at the
FRET satellite meeting 2022 (Gothenburg, Sweden).

3. Lennart Grabenhorst, Martina Pfeiffer, Viktorija Glembockyte, and Philip Tinnefeld. A

DNA origami based scaffold as model system for multivalent ligand binding and biosensing.

Talk presented at the 26" international workshop on single molecule spectroscopy and

super-resolution microscopy 2021 (Berlin, Germany).

4. Lennart Grabenhorst, Viktorija Glembockyte, and Philip Tinnefeld. A DNA origami based
modular and tunable biosensor. Poster presented at the FNANO21 conference 2021 (virtual).

5. Lennart Grabenhorst, Birka Lalkens, and Philip Tinnefeld. Single-molecule FRET experi-

ments with microsecond time resolution. Poster presented at the iPOLS conference 2019
(Miinchen, Germany).

6. Lennart Grabenhorst, Viktorija Glembockyte, Kateryna Trofymchuk, Cindy Close, Martina
Pfeiffer, Renukka Yaadav, Sarah Ochmann, Birka Lalkens, and Philip Tinnefeld. Self-

assembled plasmonic DNA origami nanoantennas for diagnostic applications. Poster presented

at the Diagnostics-4-Future Conference 2019 (Konstanz, Germany).

7. Lennart Grabenhorst, Viktorija Glembockyte, Kateryna Trofymchuk, Florian Steiner, Birka

Lalkens, and Philip Tinnefeld. Plasmonic hotspots for single-molecule biophysics. Poster
presented at the 25" international anniversary workshop on single molecule spectroscopy and

super-resolution microscopy 2019 (Berlin, Germany).

8. Lennart Grabenhorst, lja Jusuk, Mario Raab, Florian Selbach, Andrés Manuel Vera, and

Philip Tinnefeld. Towards single-molecule sequencing in a plasmonic hotspot. Poster presented
at the CeNS Workshop “Celebrating NanoScience” 2018 (Venice, ltaly).

63



9 Acknowledgements

“It is good to have an end to journey toward; but it is
the journey that matters, in the end.”
— Ursula K. Le Guin

As my journey as a PhD student comes to an end, there are several people | would like to

thank for helping me along the way.

Firstly, | want to express my gratitude to Philip, who gave me the opportunity to work on
these interesting problems with probably the best equipment and financial support one could
wish for. Thanks for giving me the freedom to develop my own ideas. Thank you for many
interesting discussions about the projects, for teaching me how to think about projects in

terms of “the final figure” and for always being motivated for the football subgroup.

| would like to thank Dr. Jan Vogelsang for being the co-examiner of my thesis and for our
short but very memorable collaboration with DNA origami nanoantennas and femtosecond

lasers.

Furthermore, | am grateful to Prof. Khmelinskaia, Prof. Liedl, Prof. Hartschuh, and Prof.
Stigler for joining my thesis comittee.

A huge thank you goes to Viki for all the insightful discussions and feedback. Thank you
for introducing me to the world of photophysics and for sparking my interest in all the cool
science that is being done around the world. | also would like to thank you for working
together on the biosensor project — without your input and hard work, this would never have

been realized!

Thank you to Flo Steiner and Alan, who also contributed a lot to the nice working atmosphere

in office E1.064. Thanks for all the nice discussions, related or unrelated to our projects.

For showing me the ins and outs of molecular biology, and for always having ideas for the

troubleshooting of protein experiments, thank you Andrés.

64



| would like to thank Tim for his support at the confocal setup, without your help this project

would have taken even longer than it already did.

Thank you Alex for always spreading good mood at lunch and for being a reliable source of

Expressis.

| am grateful for the excellent social environment in the whole working group, which made
it easy to ask people for help when | encountered problems. | am equally grateful for the
scientific environment provided by CeNS and the Department of Chemistry, which allowed

me to attend many interesting talks.

Thank you to Angelika for keeping the lab running and all the help with my protein expressions,
as well as for always being positive and spreading good mood in the lab. Thank you to Moritz
Ehrl for providing excellent administrative support and for making sure | am not running out

of my contract. Thank you to Silke Steger for further administrative help.

| also would like to thank my collaboration partners, inside or outside of the group, who |
enjoyed working with: Cindy Close, Martina Pfeiffer, Flurin Sturzenegger, Moa Hasler, Ben
Schuler, Jakob Schedlbauer, Jan Vogelsang, Siddarth Matikonda, Martin Schnermann and

many others.

Thanks a lot to Eckart, Sabine, Meret, and Viki for proofreading this thesis and for giving me

feedback on how to improve it.

Thank you to my family for supporting me in all sorts of ways and for always giving me the

right perspective on how things are.

Finally, | would like to thank everyone who ever reads this thesis in the future — in the end,
other people reading it is what makes all of this worth it. | hope you find some things in here

that are useful and will continue to stay motivated to expand human knowledge!

65



10 Appendix

Associated Publication 1

DNA origami nanoantennas for fluorescence enhancement

Viktorija Glembockyte*, Lennart Grabenhorst*, Kateryna Trofymchuk* and Philip Tinnefeld

*equal contribution

Accounts of Chemical Research 54, 17, 3338-3348 (2021). doi: 10.1021/acs.accounts.1c00307

(open access)

66


https://doi.org/10.1021/acs.accounts.1c00307

Downloaded via 138.246.3.57 on October 2, 2023 at 08:19:47 (UTC).
See https://pubs.acs.org/sharingguidelines for options on how to legitimately share published articles.

ACCOUNTS
of chemicelresearch 00066
pubs.acs.org/accounts

DNA Origami Nanoantennas for Fluorescence Enhancement
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CONSPECTUS: The possibility to increase fluorescence by s T 1
plasmonic effects in the near-field of metal nanostructures was S e

recognized more than half a century ago. A major challenge, ‘

however, was to use this effect because placing single quantum

1 1
1 1
1 1
1 ]
1 1
1 1
emitters in the nanoscale plasmonic hotspot remained unsolved for ,Spectroscopy :
a long time. This not only presents a chemical problem but also o o~ i t
requires the nanostructure itself to be coaligned with the 135y, . R
polarization of the excitation light. Additional difficulties arise ! Diagnostics R
from the complex distance dependence of fluorescence emission: in ' > !
contrast to other surface-enhanced spectroscopies (such as Raman a s = !
spectroscopy), the emitter should not be placed as close as possible « 1 '
to the metallic nanostructure but rather needs to be at an optimal ~Blophysies . ;

distance on the order of a few nanometers to avoid undesired

quenching effects.

Our group addressed these challenges almost a decade ago by exploiting the unique positioning ability of DNA nanotechnology and
reported the first self-assembled DNA origami nanoantennas. This Account summarizes our work spanning from this first proof-of-
principle study to recent advances in utilizing DNA origami nanoantennas for single DNA molecule detection on a portable
smartphone microscope.

We summarize different aspects of DNA origami nanoantennas that are essential for achieving strong fluorescence enhancement and
discuss how single-molecule fluorescence studies helped us to gain a better understanding of the interplay between fluorophores and
plasmonic hotspots. Practical aspects of preparing the DNA origami nanoantennas and extending their utility are also discussed.
Fluorescence enhancement in DNA origami nanoantennas is especially exciting for signal amplification in molecular diagnostic
assays or in single-molecule biophysics, which could strongly benefit from higher time resolution. Additionally, biophysics can greatly
profit from the ultrasmall effective detection volumes provided by DNA nanoantennas that allow single-molecule detection at
drastically elevated concentrations as is required, e.g., in single-molecule DNA sequencing approaches.

Finally, we describe our most recent progress in developing DNA NanoAntennas with Cleared HOtSpots (NACHOS) that are fully
compatible with biomolecular assays. The developed DNA origami nanoantennas have proven robustness and remain functional
after months of storage. As an example, we demonstrated for the first time the single-molecule detection of DNA specific to
antibiotic-resistant bacteria on a portable and battery-driven smartphone microscope enabled by DNA origami nanoantennas. These
recent developments mark a perfect moment to summarize the principles and the synthesis of DNA origami nanoantennas and give
an outlook of new exciting directions toward using different nanomaterials for the construction of nanoantennas as well as for their
emerging applications.
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Figure 1. (a) Principle of the DNA origami approach to preparing 2D and 3D DNA nanostructures from the ssDNA scaffold and hundreds of
ssDNA staple strands. (b) Immobilization of a DNA nanostructure bearing biotin-modified stands on BSA-biotin-NeutrAvidin-coated glass to
perform SM fluorescence measurements (left). Attachment of ssDNA-functionalized NPs via thiol-Au/Ag interactions on DNA origami in zipper
and shear binding modes, which provide different separations between DNA origami and NP (right).

visible range. A comparison between the performance of
silver- and gold-based antennas is reported.

Ochmann, S. E; Vietz, C.; Trofymchuk, K,; Acuna, G.
P.; Lalkens, B.; Tinnefeld, P. Optical Nanoantenna for
Single Molecule-Based Detection of Zika Virus Nucleic
Acids without Molecular Multiplication. Anal. Chem.
2017, 89, 13000—13007." Successful detection of specific
DNA and RNA in heat-deactivated blood serum with the
help of monomeric DNA origami antennas. Demonstration
of multiplexed detection of different targets using fluorescent
barcodes.

Trofymchuk, K; Glembockyte, V.; Grabenhorst, L.;
Steiner, F.; Vietz, C.; Close, C.; Pfeiffer, M.; Richter, L.;
Schiitte, M. L.; Selbach, F.; Yaadav, R,; Zihringer, J;
Wei, Q.; Ozcan, A,; Lalkens, B.; Acuna, G. P.; Tinnefeld,
P. Addressable nanoantennas with cleared hotspots for
single-molecule detection on a portable smartphone
microscope. Nat. Commun. 2021, 12, 950.* A novel
design of DNA origami providing a place in the hotspot of a
dimeric nanoantenna for a tailored bioassay. The first
demonstration of single DNA molecule detection on a
smartphone camera-based portable microscope.

B INTRODUCTION

In line with theoretical considerations by Purcell of the
environment-stimulated enhancement of the emission rate of
an emitter’ and following the first experimental observations
by Drexhage,” a whole field of research has emerged around
understanding and controlling the interactions between
plasmonic nanoparticles (NPs) and fluorophores. Collective
oscillations of electrons in the plasmonic NPs illuminated with
light at the eigenfrequency of the NPs lead to the
subwavelength localization and thus enhancement of the
electric field of the incident irradiation close to the surface of
the NP. This property allows NPs to act as optical
nanoantennas (NAs), analogous to regular radio antennas.”*

3339

68

Key findings supported the notion of enormous potential
increases in fluorescence emission rates particularly in so-called
plasmonic hotspots (regions with the highest electric field
enhancement)” while also revealing the importance of precise
positioning of the fluorophore relative to the NP surface on the
nanometer scale in order to avoid fluorescence quenching
effects.'

Several approaches were employed to address this position-
ing problem (e.g., attaching a gold (Au) NP to the tip of an
AFM cantilever,'”"" relying on the rigidity of double-stranded
DNA to couple them'*'?); however, one method has proven
particularly useful: DNA nanotechnology and, in particular, the
DNA origami technique. In this approach (Figure 1a), a long
(several thousands of nucleotides (nt)) single-stranded DNA
(ssDNA) (“scaffold” strand) is folded in a programmable way
by hybridizing with hundreds of short (~15—50 nt) single-
stranded DNA oligonucleotides (“staple” strands).'* Specific
staple strands can be modified with a molecule of interest (e.g,,
biotin modification or a fluorophore), and thus this molecule
can be positioned on the DNA origami structure with
nanometer precision. The nanoscale scaffolding capabilities
of the DNA origami technique'* are of great use when
constructing the complex two- and three-dimensional (2D and
3D) geometries'” (Figure 1la) needed to achieve high
fluorescence enhancement (FE) values, and its bottom-up
self-assembly reaction scheme enables the parallel production
of billions of identical nanostructures. This is in sharp contrast
to top-down assembly methods such as electron-beam
lithography'® which intrinsically rely on serial fabrication and
only stochastic positioning of fluorescent emitters.

This Account focuses on the progress made in our group
from the first DNA origami structures bearing single AuNPs
toward DNA origami NanoAntennas with Cleared HOtSpots
(NACHOS) that can be tailored for placing complex
biomolecular assays and their potential uses in molecular

https://doi.org/10.1021/acs.accounts.1c00307
Acc. Chem. Res. 2021, 54, 3338—3348
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Figure 2. (a) Simplified Jablonski diagram of a fluorophore illustrating the electronic states (Sp, S;, T,) and the transitions between them by
excitation (k,,), radiative (k,) and nonradiative (k,,) decays, intersystem crossing (kisc), and the decay from the triplet state (k). (b) Numerical
simulation of electric field intensity for a monomer (left) and dimer with an interparticle spacing of 23 nm (right) for 80-nm-diameter AuNPs. The
excitation light at 640 nm is horizontally polarized." (c) Schematic representation of 20 nm AuNP on 2D rectangular DNA origami. (d—f) Changes
in the decay rates (indicated with an apostrophe) for the sample with dye—NP separations of 27.8 nm (cyan circles) and of 8.3 nm (black circles)
are normalized to the mean value of the population without NP.>' For the 8.3 nm sample, two populations are visible as not all DNA origami carry
an NP. 7 is the fluorescence lifetime. (g) Schematic representation of 20—100 nm AuNP on 3D pillar DNA ori%ami. (h—j) All relevant
photophysical rates are enhanced with increasing particle size (blue, experimental data; black, theoretical simulations).”

diagnostics and single-molecule (SM) fluorescence experi-
ments.

B FUNDAMENTAL ASPECTS OF INTERACTIONS
BETWEEN FLUOROPHORES AND
NANOPARTICLES

In the last years, DNA origami has emerged as a modular
platform to study the fluorophore—NP interactions at the SM
level. To this end, DNA nanostructures containing biotin
modifications can be immobilized on glass surfaces, and NPs,
functionalized with ssDNA via thiol-Au/Ag interactions,'” can
be annealed to complementary strands protruding from the
DNA origami at the designed positions (Figure 1b).

The dye—plasmonic NP interaction depends on the NP size,
shape, and material and also on the distance (d) and
orientation between the dye and the NP.'” Whether the
emission of a fluorophore is enhanced or quenched in the
vicinity of a plasmonic NP is determined by the extent to
which the altered local electric field affects its photophysical
properties (i.e., the excitation (k,), radiative (k,), and
nonradiative (k,,) decay rates (Figure 2a)). All of these
processes together with the electric field enhancement in the
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vicinity of plasmonic NPs can be approximated by numerical
simulations (Figure 2b).'®

In 2012, Acuna et al. addressed the distance-dependent
interaction between a 10 nm AuNP and a single ATTO647N
dye using a rectangular 2D DNA nanostructure (Figure 2¢)."?
It was demonstrated that the quenching of fluorophores by
AuNPs is strongly dependent on their spatial separation. This
dependence deviated from the 1/ d* distance dependence that
is characteristic of nanosurface energy transfer (NSET)*’ and
exceeded the typical fluorescence resonance energy transfer
(FRET) distances (4—8 nm), showing 50% intensity
quenching at 10.4 nm. This phenomenon was further
investigated by Holzmeister et al,”' who demonstrated that
while k,, and k, of a dye in the vicinity of a 20 nm AuNP are
not strongly affected, k,,, is very sensitive to the distance to the
NP (Figure 2c—f). In contrast, when an ATTO647N dye is
placed in the equatorial plane of larger AuNPs with respect to
the direction of the excitation using a pillar-shaped 3D DNA
origami, an enhancement of the excitation field and photo-
physical rates (k., k, and k) was observed (Figure 2b,g—
j).”"** This is reflected in a shorter fluorescence lifetime
(Figures 2d—f and 3a,c).""*"** The increase in k,, is usually

https://doi.org/10.1021/acs.accounts.1c00307
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attributed to the energy transfer to dark modes of NPs."
Earlier studies have demonstrated that the intrinsic intersystem
crossing rate (kgc) does not change in the presence of
plasmonic particles,”® while the influence on other non-
radiative decay pathways (e.g., internal conversion ki¢), to the
best of our knowledge, has not been reported. The 3D pillar-
shaped DNA origami also allowed us to study the angular
fluorescence intensity modulation of a single CyS dye close to
a 40 or 80 nm AuNP, revealing the polarization-dependent
enhancement and quenching of fluorescence emission.”
Toward beam-steering nanoantennas, we also demonstrated
that the emission of a freely rotating CyS dye in the gap of
dimer Au NA can be directed by plasmonic effects and follows
a dipolar pattern.**

These findings were key in improving our understanding of
the interplay between fluorophores and plasmonic NPs. We
found that there is an optimal distance and orientation
between the dye and the NP surface and that controlling these
parameters is pivotal for achieving high FE in DNA NAs. Here
we provide a list of the factors that are helpful to consider
when designing optical DNA NAs for FE:

1. Particle Size. As a first approximation, fluorescence
quenching scales with particle volume, while fluorescence
enhancement scales with the square of the volume.” This
means that the particles should be chosen to be as large as
possible under consideration of other effects, such as
retardation, which impose an upper limit on the particle
size.’° In our hand, the highest enhancement factors were
achieved with 100 nm particles.
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2. Gap Size. The smaller the gap between NPs, the higher
the electric field enhancement.”” However, this also results in
more red-shifted plasmon resonance. The dye should not be
placed too close to the NP because in this regime the
nonradiative decay pathways would outcompete the radiative
decay and quenching rather than fluorescence enhancement
would be observed.'”*”

3. Excitation and Emission Spectra. The excitation and
emission enhancements are governed by the spectral overlap
with the plasmonic near-field, which is typically red-shifted
from the far-field (scattering) spectrum.”

4. Orientation. The dye has to be in the equatorial plane (as
shown in Figure 2g) of the incident light in order to be
exposed to the maximum possible electrical field, and the
dipole of the molecule should be oriented parallel to the dipole
of the NA.*"*® Also, excitation polarization has to be aligned
with the plasmon longitudinal mode in plasmonic structures
with nonspherical symmetry.

B FORMING AND CONTROLLING PLASMONIC
HOTSPOTS FOR FLUORESCENCE ENHANCEMENT

On the basis of previously formulated principles,'”*"***’ the

first FE studies with DNA origamis were performed on a 3D
pillar-shaped DNA nanostructure (Figure 2g). Here, FEs of S-
and 8-fold were obtained for a single CyS dye at a distance of
~12 nm to single 40 and 80 nm AuNPs, respectively.””
However, it was evident from other studies that much higher
FE values could be achieved if the dye could be placed in the
gap between two or more plasmonic NPs (Figure 2b).*

https://doi.org/10.1021/acs.accounts.1c00307
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The first study utilizing the DNA origami technique to
create such self-assembled dimer plasmonic NAs and to place a
single dye in the plasmonic hotspot was reported in 2012 by
Acuna et al. In this study, the authors designed a pillar-shaped
DNA origami' and prepared dimer NAs with AuNPs of
different sizes (20—100 nm). In line with theoretical
predictions, 100 nm dimer NAs with an interparticle gap of
~23 nm demonstrated the highest FE factors, reaching 117-
fold (Figure 3a).

To improve the FE, the design of the DNA origami evolved
over the next few years (Figure 2b,c), aiming to maintain the
vertical orientation of the structure for better alignment of the
NP’s dipole with the polarization of the incident light’' and
decreasing the interparticle distance by narrowing down the
top of the structure to a six-helix bundle (Figure 3b). Further
improvements in NA preparation included overcoming the
aggregation of larger NPs’” by using longer ssDNA for
functionalization and exploiting the zipper-binding geometry
(Figure 1d) to decrease the distance between NPs to 12—17
nm and hence obtain a higher electric field enhancement®®*’
(Figure 1c). These improvements made it possible to obtain
FE values of up to 471-fold for a dimer 100 nm AuNP NA.”” A
further increase in NP size did not lead to further improvement
in FE due to retardation effects and red-shifted plasmon
resonance.*

The next step forward in expanding the utility of the
plasmonic hotspot was the demonstration of broadband FE
with self-assembled AgNP optical antennas.” NAs based on
AuNPs provide FE typically in the red and near-infrared
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spectral regions. In contrast, AgNPs have a plasmon resonance
in the violet-blue spectral region (which can be red-shifted
upon their dimerization),”” allowing their coupling with dyes
that span a broad spectral range. Using the improved protocol
for large NP functionalization,”® Vietz et al. used AgNPs to
assemble optical NAs, demonstrating FE of up to 2 orders of
magnitude for dyes spanning almost the whole visible spectrum
(Figure 3b).”

On the one hand, the rigid DNA structure between the NPs
ensures a well-defined hotspot. The drawback of this NA
design, however, is the fact that the majority of the plasmonic
hotspot region was blocked by the DNA origami structure
itself, which prevents the incorporation of larger biomolecules
or biological assays.”** This problem was recently addressed
by a newly designed 3D DNA origami, named NACHOS
(Figure 3c), which provides a free space in the plasmonic
hotspot region formed by two 100 nm AuNPs or AgNPs. As
discussed later, this enabled placing biomolecular assays in the
plasmonic hotspot while maintaining high FE reaching >400-
fold.*

One of the main challenges we faced over the years was the
heterogeneity of FE distributions, which reflect the hetero-
geneity in NP size and shape,” and the different orientations
of NAs with respect to the excitation field. The FE
distributions shown also contain a subpopulation of monomer
NAs, characterized by a lower FE and higher fluorescence
lifetimes (Figure 3a,c; in Figure 3b the monomer contribution
to FE values was filtered). Furthermore, one cannot reject the
possibility of multimeric binding of NPs to the DNA origami,

https://doi.org/10.1021/acs.accounts.1c00307
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which in the future we hope to investigate further by
correlative fluorescence/dark field/electron microscopy stud-
ies. While this heterogeneity does not pose a limitation for
improving SM detection (as long as even low FE values are
bright enough to detect them), it represents a challenge to
extracting quantitative information when adapting the NAs to
boost the fluorescence signals of common ensemble diagnostic
assays. Possible strategies to address this heterogeneity
problem might include exploiting more homogeneous NPs,*
developing strategies to achieve better coalignment of NA and
dye dipoles as well as even more defined and rigid positioning
of NPs.

B DNA ORIGAMI NANOANTENNAS FOR
SINGLE-MOLECULE BIOPHYSICS

The ability to position molecules precisely in the plasmonic
hotspot paved the way toward exciting new applications in the
field of SM biophysics. DNA NAs provide three clear
advantages for SM imaging: (1) an enhanced fluorescence
signal of a single emitter allows imaging at higher background
concentrations of fluorophores; (2) higher count rates by FE
enable higher time resolution; and (3) fast depopulation of the
excited states in the hotspot improves the photostability of
fluorescent labels.

The first advantage is central to a long-lasting problem in the
field: the discrepancy between the concentrations needed for
SM detection (which are in the pM to nM range) and the
concentration range in which most biomolecules are present
and active in vivo (usually in the yM to mM range).”
Strategies to overcome this problem include the use of
elaborate microfluidic setups or highlg confined observation
volumes (e.g., zero mode wave guides,”” the “antenna in a box”
platform,40 convex lens-induced confinement (CLIC),*" or
nanopipettes“).

With DNA NAs, an alternative and more straightforward
way has emerged. The significantly reduced excitation volume
is the key: a plasmonic hotspot typically is on the order of zL,
while typical confocal excitation volumes are on the order of
fL, a million times larger. Thus, by reducing the effective
excitation volume, the background fluorescence can be
decreased significantly (Figure 4a). Additionally, the reduced
fluorescence lifetime of emitters in the plasmonic hotspot
enables a further cleanup step by time-gating the photons
(Figure 4¢,d)." With this, SM detection has been shown to be
feasible even in solutions containing micromolar concen-
trations of fluorophores (Figure 4b—d), extending SM
fluorescence experiments to biologically relevant concentration
ranges.

Enhancing the photostability of fluorophores is of great
importance for all SM fluorescence experiments because the
amount of information that can be extracted is fundamentally
limited by the survival time of the dye molecule. The increase
in photostability strongly correlates with the increase in the
radiative rate k.°° (an up to 75-fold increase in k, has been
shown in a plasmonic hotspot),** which results in a vastly
reduced time that the fluorophore spends in reactive excited
states’” and therefore a decrease of the probability of processes
leading to photobleaching. The lifetimes of triplet excited
states of fluorophores (common intermediates in the photo-
bleaching pathways as well as precursors of singlet oxygen and
other reactive oxygen species) have also been shown to be
reduced in the vicinity of plasmonic nanostructures,**~*
which could further contribute to improved photostability in
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plasmonic hotspots. Pellegrotti et al,”” for example, demon-
strated that a CyS dye positioned close the surface of a 80 nm
AuNP on average emits more than 4 times more photons
before photobleaching. Another study utilizing 80 nm AgNP
dimer NAs showed that the photostability of a blue-absorbing
fluorophore (Alexa Fluor 488) can also be increased by >30-
fold.*” More recently, we have also demonstrated an up to 40-
fold increase in the total photon budget in DNA NA
containing two 100 nm Ag NP for one of the most photostable
organic dyes—ATTO647N—which could potentially be
further increased by additional photostabilizers in solution
(Figure 4e). We have also found that the saturation behavior of
dyes is affected when placed in the hotspots of plasmonic NAs,
with the maximum photon count rates that can be achieved
being limited and specific to the nature of the fluorophore that
is used.”’

Plasmonic effects can also improve the time resolution of
FRET experiments. Many interesting biological processes such
as protein folding and aggregation occur on the submillisecond
time scale, which is hard to access via conventional methods.
Proteins are therefore approximated by two-state systems, but
the wealth of information on what happens during the
transition from the folded to the unfolded state or vice versa
is often hidden. Here, the limiting factor is not the photon
budget but the maximum number of detected photons per unit
time (the photon count rate). Even with the most elaborate
chemical photostabilization procedures, photon count rates
achievable with the best fluorophores are usually below 1000
ms™' and the dyes survive only for several milliseconds before
photobleaching."*** As illustrated in Figure 4f, plasmonic
effects can also increase the count rates substantially in single-
molecule FRET experiments, enabling real-time visualization
of transitions on the millisecond to microsecond time scale.
The presented transient showing FRET fluctuations induced
by acceptor blinking could be followed for 5 s before
photobleaching.

In combination with newly developed organic dyes that are
spectrally more stable and show reduced blinking behavior on
short time scales,’”" this opens up exciting new research
directions as fast nonequilibrium dynamics such as barrier
crossing events in protein folding®> could become accessible
with this increased time resolution.

H DNA ORIGAMI NANOANTENNAS FOR
DIAGNOSTICS

Many fluorescence-based molecular diagnostic assays, in
particular, those used to detect low-abundance analytes,
require molecular amplification of target molecules (e.g,
polymerase chain reaction or sandwich ELISA assays).”
Physical amplification of the signal upon detection of single
target molecules could provide the means to improve the
speed, robustness, and multiplexing capabilities of these assays
and overcome the problem of a low signal-to-background ratio
originating from the background signal of the large number of
other molecules present in the observation volume (e.g., due to
scattering, autofluorescence, and nonspecific binding).53 It
could also open possibilities to detect single molecules on
much cheaper and simpler devices, enablir}§ ultrasensitive
detection in point-of-care diagnostic settings.”* When aiming
at enhancing the signal of a molecular assay with the help of
plasmonic NAs, one is faced with an obvious challenge: how to
place this assay directly in the plasmonic hotspot. In contrast
to other surface-enhanced spectroscopies, the gap between the

https://doi.org/10.1021/acs.accounts.1c00307
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Figure 5. (a) Sketch of the FQH assay designed to detect DNA and RNA specific to the Zika virus.® (b) Confocal fluorescence scans in heat-
deactivated blood serum in the absence and presence of DNA specific to the Zika virus obtained for NA structures (DNA origami containing 80 nm
AgNP) and corresponding FE that could be achieved in buffer as well as in blood serum.’ (c) Strategy to achieve multiplexing with NAs by
barcoding the DNA origami structures with different dyes (left) and confocal fluorescence scans of the multiplexed detection of two different DNA
targets (right).”> (d) Sketch of the sandwich binding assay in the hotspot of NACHOS designed to detect DNA specific to antibiotic-resistant
bacteria.* (e) Fluorescence scans of the sandwich binding assay in heat-deactivated blood serum in the absence and presence of the DNA target
(left and right panels, respectively).* (f) FE obtained in the sandwich binding assay with NACHOS in heat-deactivated blood serum.* The inset
shows the intensity distribution of single fluorophores, illustrating the power of NACHOS to distinguish the target-specific signal from SM
impurities. (g) Home-built portable smartphone microscope used to detect single DNA molecules on a smartphone camera with the help of
NACHOS (left) and snapshots of the movie obtained on the smartphone camera (right).* (h) Fluorescence intensity vs time transients obtained in
the sandwich detection assay (one to three dyes in the hotspot) extracted from the movie shown in g.

nanoparticles in our DNA NAs is usually larger than 10 nm,
with the potential to place biomolecular assays in the hotspot.
DNA staple strands protruding from the DNA origami directly
in the plasmonic hotspot can anchor biomolecular assays.

The first example of a diagnostic DNA NA comprised a
pillar-shaped DNA origami (Figure 3b) containing a
fluorescence-quenching hairpin (FQH) positioned near the
80 nm AgNP (Figure Sa). In the absence of the target
molecule, the hairpin is in its closed state where the
fluorescence of reporter dye ATTO647N is quenched by a
BlackBerry quencher 650 (BBQ650). Upon binding of the
target molecule (DNA or RNA specific to the Zika virus), the
hairpin opened, separating the fluorophore and the quencher
and generating a fluorescence signal which is amplified by the
AgNP (Figure Sb, left). Using this AgNP NA, a specific DNA
target could be detected not only in the buffer but also in heat-
deactivated human serum with average FE values of 7.3 and
4.9, respectively (Figure Sb, right). Furthermore, by exploiting
the modularity of DNA origami and additionally incorporating
different fluorophores as barcodes in the base of the NA, two
different DNA sequences could be detected simultaneously in
one experiment (Figure Sc), demonstrating the multiplexing
potential of this DNA NA approach.

One of the main limitations of this NA design (Figure Sa)
for diagnostic applications was its moderate FE. Because of the

3344

73

limited accessibility of the hotspot region (Figure 3a,b) and
steric constraints imposed by the DNA origami, only monomer
NAs could be obtained, limiting FE values to several fold
(Figure Sc).

This motivated us to design NACHOS (Figure 3c), which
are the next-generation NAs specifically designed for the
incorporation of larger biomolecular assays.* In contrast to
previous NA designs, where the hotspot region is almost
completely blocked by the DNA nanostructure (Figure 3a,b),
the design used for NACHOS has the hotspot region cleared
from DNA (Figure 3c). Even upon the binding of 100 nm
NPs, different target molecules can access the plasmonic
hotspot from above (Figure 3c). To avoid false positive events
that we experienced in the hairpin assay due to dark-quencher
bleaching,”” we switched to a sandwich binding assay (Figure
Sd) that was incorporated into the hotspot to detect a DNA
fragment specific to OXA-48 (used for the diagnosis of an
infection with antibiotic-resistant Klebsiella pneumonia).ss’56
Three 17-nucleotide-long capture strands complementary to a
part of the target DNA were designed to protrude directly into
the plasmonic hotspot of the NACHOS (Figure 5d). Binding
of the target DNA sequence then provides an overhang for the
17-nt-long fluorophore-labeled imager strand to be incorpo-
rated directly into the plasmonic hotspot where the signal of
the reporter dye is amplified by the NA.

https://doi.org/10.1021/acs.accounts.1c00307
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In the base of NACHOS, we incorporated green dye
ATTOS542 to visualize colocalization with imager strands (red)
that target detection (Figure 5d). DNA specific to OXA-48 was
detected in buffer as well as in heat-deactivated blood serum
(Figure Se, right) with a very low extent (~2.5%) of false
positive signal observed in the absence of the target (Figure Se,
left). Because of the successful formation of dimer NAs, FE
reaching up to 461-fold (average of 89 + 7-fold) could be
achieved for this diagnostic assay (Figure Sf), representing
more than an order of magnitude improvement compared to
the previous design discussed above. One advantage of using
NACHOS in combination with the sandwich binding assay is
that it allows for a clear differentiation between the amplified
signal originating from specific target binding in the zL volume
of the NA hotspot and the nonamplified signal from single
fluorescent emitters (Figure Sf, inset on the right). This allows
us to address one of the major challenges of SM diagnostics,
that is, to distinguish positive signals from unavoidable
impurities and nonspecific binding.

The high signal amplification provided by NACHOS also
enabled us to demonstrate for the first time that single DNA
targets can be detected on a portable smartphone microscope.*
The custom-built smartphone microscope contained a laser,
cheap and nonspecialized low-NA optics, and a Huawei P20
smartphone for detection (Figure Sg). After showing that the
FE is sufficient to enable the detection of single fluorophores
on the smartphone camera, we also carried out the sandwich
detection assay (Figure Sg) using this portable and power-
bank-driven device. Fluorescence intensity vs time transients
extracted from the smartphone movies demonstrated that the
bleaching of one to three dyes incorporated in the hotspot
NACHOS was detected on the smartphone camera (Figure
Sh), highlighting the ability of the smartphone microscope in
combination with NACHOS to provide analytical power
comparable to conventional SM microscopy tools.

Bl CONCLUSIONS AND OUTLOOK

Recent years saw the coming of age of DNA nanotechnology,
and its impact on several disciplines has undoubtedly been
outstanding. Specifically, the field of plasmonics has profited
tremendously from the positioning capabilities of the DNA
origami technique, with astonishing discoveries made by many
groups around the world.”” " In our line of work, we focused
on harnessing the power of the approach for FE purposes. We
have discovered several intricacies of the interplay between the
plasmonic NPs and fluorophores which would have been
difficult to address with any other approach. These mechanistic
insights enabled us to build plasmonic NAs that can enhance
the signals of single emitters by up to several hundred times
and for the first time demonstrate that a single fluorophore
could be “seen” simply with a smartphone camera. An exciting
future direction could involve the use of these DNA NAs for
SM detection on even cheaper and more miniaturized devices
and their incorporation with high-throughput microfluidic and
surface-spotting approaches. Moreover, one could also explore
the advantages of other geometries of plasmonic nanostruc-
tures (e.g., Au or Ag nanorods which could lead to potentially
even higher FEs).

Over the years, our efforts in using DNA NAs for diagnostic
purposes have developed from a very basic proof-of-concept
level’ toward a viable alternative or augmentation of other
diagnostic assays.” Early versions of our DNA NAs suffered
from low dimer yields and very heterogeneous enhancement
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profiles," and although tremendous progress has been made in
this regard, further improvements in this direction are
necessary to use our NA assay not only in a qualitative “yes
or no’-type manner but also to gain quantitative information
about the analyte, as is needed in many diagnostic settings.”
When it comes to the ultrasensitive detection of biomarkers,
another consideration is that signal amplification might simply
not be sufficient to detect targets at concentrations in the aM—
fM range, and efficient approaches to capturing the few target
copies present in milliliters of blood are also necessary.”>*” To
diversify the range of targets that can be detected with DNA
NAs, assays will be required to go beyond the detection of
DNA and RNA.>*> We are currently exploring different
approaches to how this could be implemented (e.g, by
incorporating nanoswitches®® in the hotspots of NAs for the
specific detection of antibodies).

With our understanding of the control of DNA NAs, other
ideas moved closer to the scope of reality. It has been
anticipated that DNA NAs might have great use in biophysical
experiments because of their ability to decrease the effective
observation volume,®* to increase the time resolution, and to
increase the photostability of the fluorescent reporters.””*”*7%>
We have already shown that we can observe the switching of a
DNA Holliday junction via FRET at extremely low excitation
powers." We also studied the effect of the plasmonic effect on
the FRET process®® and concluded that it should be possible
to enhance the overall photon count rate of a FRET assay
using DNA NAs. Ongoing work is focusing on exploring these
directions with the aim of entering the lower microsecond time
scales previously inaccessible to SM fluorescence imaging and
providing new mechanistic insights on fast processes such as
protein folding and the conformational dynamics of bio-
molecules.
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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
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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 confirming that neither the stability of NACHOS nor the per-
accessibility for the DNA target. 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
Single-molecule detection in human blood serum. To demon-  assay in target spiked human serum. These findings proof the
strate that NACHOS can still function in complex biological robustness of NACHOS under realistic assay conditions and
fluids that compromise many diagnostic assays, we have also provide an important stepping stone towards diagnostic
performed the sandwich detection assay described above in applications.
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  Single-molecule detection on a portable microscope using
6nM Alexa Fluor 647 imager strand. The fully assembled NACHOS. Recently, the detection of only 10-16 ATTO 542
NACHOS were then incubated in the serum mixture for 2h at  molecules was demonstrated using a simple table top setup with a
37 °C. Fluorescence scans of the NACHOS after incubation with monochrome smartphone camera as detector and a consumer
serum and target DNA sequence are included in Fig. 2c, d (as well ~ product lens for light collection!®. This inspired us that single-
as Supplementary Fig. 8). Almost identical fluorescence molecule detection might be possible on a portable smartphone
enhancement values (Fig. 2e), target binding efficiencies (Fig. 2f) microscope with non-specialized low-NA optics?22-24 (see
and number of single-molecule photobleaching steps (Fig. 2g)  Fig. 3a, b). The microscope uses the monochrome camera of a
were obtained for reference and NACHOS samples in highly Huawei P20 smartphone for detection, data processing
purified buffer (light blue) and serum (dark blue) conditions 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
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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
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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
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Supplementary Table 2. Unmodified staple strands used to fold the DNA origami nanostructures

zZ
QD
3
@D

Sequence (5'—3")

TTTAAATGTTTGCTGAGATTTAGGACCCACGCGAA

TTAGAACGCAATTAAGACAAATACATACATAAA

TTTAAGCAAATTCACAAAGTATTAAGAGGCTCGGA

TAAATACCCGGATATCATCAACGGTCAATCATAAGACCATCGATAC

GAAGGGATAGCGAGATAGTTCCGGCCAGGAAGAAGAATGAGGT

GCAACTGGCGAAAGGGGAGTAAAGTTGCCGGAGTGAGACCGGTCCAAAC

ACGAGGAGAGGCGGTTTGATGGTGGGGCCCACCCT

CGGTGTACAGACCAACAAAGCTAACGGAAAAAATCTACG

OO (N[O |WIN|F-

AATATCGGCACGCGCGGGCCGGAAGCATAAAAGCT

[y
o

CAGAACAATATATCGGCCATCAAACACAGTTGAAAGGAA

=
=

TGAGGAAAACAGCCTGATTGCTTTGTTGC

[EY
N

GAACGCCTCCATATTATTTTA

[y
w

AGTTCTGTCCCCCCCGAGGCGCTGGCAAGTGTTTG

[y
H

CTTAAATCCCGGCGGTTGTG

[EEY
%]

AGCAATACTTCATCACGCAAATATCGCCAGTA

[EY
()]

TTCATTTACCATATTGCGGAACAAAGAA

[y
~N

CTACAATTTTTTTGAAGAAAAAGCTTTAAAACAGAAATAAAGAAAAAT

[y
(o]

CCTACATATCTAAAGCATCACCTCAAATTTGC

[y
\e]

GGTGGCTCCAACGGCATTTCGCACTCAATCCACGCCATCCA

N
o

CGGAATTACCGTGTCGCAAGACAAAGAAAACAGTAAACAAAC

N
[EY

TTTCAATGATAAATTAATGC

N
N

GTCGAGGACCCGCCGCACCTTTTACATCCGCTGAGCAT

N
w

GTAATCAGAAACGAGCCTTTAGTGCCTTCTCAGAACGA

N
H

GCGACCCACCAAGTAGAATCATTAAAGGTGAAAATA

N
(€]

GTCTGAGCAAAAGAAGATAATGGGAAGGAG

N
()]

TCACGCGTGGGAACAAATGTCACTGCGCGCCGCGG

N
~

ATTAGAGCATTTTTGCGAGCTGAAAAGGTCTA

N
(o]

TGTGATAAATTTAGCCGGAACGAGATATATTCTCA

N
Vo]

TCCCGGGCGAAAGCCACCGTCTTTCCAGAGCCGAA

w
o

AATAAACCAGAATCTTTTCATAATCAGGA

w
-

CAGACCAGTTACAAAATAAAGGCTTCAGTAGGAGTATTATTAATGC

w
N

CGTAGGCGCATAACTGACCAACTTTGTTGCGCGATACATTGCAAAAG

w
w

AATAATAACCGGCGCAGAGAGTAATCTCGCCT

w
B

CATTATATTTTATCTTCTGACCTAAAGATGATCAATATA

w
(95]

AGGACGTTAAGAACGGTTTAATTTCAACGAGAAACCAA

w
(e)}

AGGAGGCTTTAACGCCAAACGAACTGCTCAT

w
~N

ACCACCCTTAGATGAGTGACCTGTCGTGCCAGAAT

w
[0}

GGTGATAAGAACTGGCATGATAATAACAGCCCTTTAATATC

w
(o]

CCCCTTTTCTTGTGTGAAATTGTTAAAGCACTTGT

iy
o

CATTTAAACTCCATATAGATTCATCAGTGAACAAGAAACTCATC

I
=

AACAGACAATAGTTTATCCGCTGGTAAATGTGCAG

IS
N

CGGATCGGATGTGCTGCAAGGCGATCAGTGCCAGGTGGAGCC

I
w

CCGAGCTCGAACTTGACGAAAGGTAAGAGGCATTTATTT

I
>

TGGGCACTAAAAAAGAGTCTGTCCTTTGATTTCAAACTTAC
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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

CACCGGAATCATTTCAAAATTATTT

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

91




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

ACGGAGCCGTTAATCAGTGAGGCCTTG

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
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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
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186

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

647

Name Sequence (5'—3")

biotinl biotin - AGAATATAAAGTCCCATCCGTTCTTCGGGG

biotin2 biotin - AGTTACCAGAAGGAAAGCAGATAAGTCAGAGGGTAATCGCA

biotin3 biotin - ACAACTTTCAACTGAGGCTATGT

biotin4 biotin - AGGGCGATCGGTGCGGTGCGCAACCGGAAACAATCGGCGGG

biotin5 biotin - TTCATCGGCATTGACGGGACCAATAGACCCTCAATTCATTCCAA

biotiné biotin - TAGATGGGCGCATCGTAACTTCAGGCGCCT

npbindl 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
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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
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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
modificationl | 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

mag1l TCTCCATGTCACTTC CTTC
TTCTTCTTCTT - biotin

mag2

mag3 AAGAAGAAGAAG GAAGT
GACATGGAGA
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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 uW 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
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
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reference structure and at 532 nm with 2 yW 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.
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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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blank + O, scavenger 100nm Ag NPs full assay without NPs

Supplementary Figure 11. Negative controls on the smartphone (a) cleaned surface with buffer solution,
(b) incubated only with 100 nm silver nanoparticles, and (c) 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*I1QR
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 Azs for nanoparticles, T2s-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™ Il-chambers with TE buffer
containing 14 mM MgClI, 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.
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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: 3x Thorlabs Inc. MT1/M (USA) 3x 341 €=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 pWemL. 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 €
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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.

Total volume/ mass/ Volume/ mass/ Estimated
Name of the product Price, number of pieces of the number of pieces price for
€ used for one one sample,
product
sample €
Coverslip 22 mm x 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 il each gasrﬁgf’eesr Lot B
Modified staples® 300 6 biotin strands, 100 uL 1 set per 180,000 0.02
each samples
1 bottle for 12,000
*b )
Scaffold 125 0.5 ml of 100 nM samples 0.01
. S b 1 filter per 600
Amicon filter 407 96 samples 0.07
100 nm BioPure Silver
Nanospheres (nanoComposix, 215 1ml ! bottlle 97280 0.86
USA)? samples
Thiolated oligos? 170 50 bottles of 1 nmol 1 bottle for 5 samples 0.68
a

Imager strand 150 100 uL of 100 uM 1 bottle for 17000 0.09

samples
Other (buffers, silicon form, <1
electricity, water...)°

Total: ~48¢€

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

b 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.
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Abstract

Fluorescent dyes used for single-molecule spectroscopy can undergo millions of excitation-emission
cycles before photobleaching. Due to the upconcentration of light in a plasmonic hotspot, the
conditions for fluorescent dyes are even more demanding in DNA origami nanoantennas. Here, we
briefly review the current state of fluorophore stabilization for single-molecule imaging and reveal
additional factors relevant in the context of plasmonic fluorescence enhancement. We show that
despite the improved photostability of single-molecule fluorophores by DNA origami nanoantennas,
their performance in the intense electric fields in plasmonic hotspots is still limited by the underlying
photophysical processes, such as formation of dim states and photoisomerization. These photo-
physical processes limit the photon count rates, increase heterogeneity and aggravate quantification of
fluorescence enhancement factors. These factors also reduce the time resolution that can be achieved
in biophysical single-molecule experiments. Finally, we show how the photophysics of a DNA hairpin
assay with a fluorophore-quencher pair can be influenced by plasmonic DNA origami nanoantennas
leading to implications for their use in fluorescence-based diagnostic assays. Especially, we show that
such assays can produce false positive results by premature photobleaching of the dark quencher.

Introduction

For many years, researchers have been pushing organic
fluorophores to their limits—simply because the
fluorophore is the main bottleneck in most experi-
ments involving fluorescence [1]. Photobleaching
processes limit both the observation time of the
molecule and the achievable time resolution of an
experiment. This is especially relevant for observables
that cannot be obtained from quasi-ensemble mea-
surements such as nanosecond-fluorescence correla-
tion spectroscopy (ns-FCS) [2] and require true single-
molecule data, e.g. the observation of transition paths
in conformational dynamics of biomolecules [3].
Furthermore, preliminary bleaching of fluorophores
and quenchers can also influence the reliability of

fluorescence-based diagnostic assays. This push for
more photons and stable fluorescence signal has led to
new mechanistic insights of fluorophore photobleach-
ing pathways as well as to the discovery of a plethora of
suitable photostabilization strategies [1, 4-8]. In this
paper, we briefly review the processes governing
photostability and strategies to increase photostability
with a focus on quenching intermediate states on the
photobleaching pathway. We then place this discus-
sion into the context of fluorophores next to plasmo-
nic nanostructures. Based on our experimental data of
photophysical effects and photostabilization in optical
nanoantennas we reason that dim states of fluoro-
phores are strikingly reducing the linear excitation
intensity-dependent brightness of fluorophores and
increase heterogeneity of fluorescence enhancement

© 2020 The Author(s). Published by IOP Publishing Ltdl 17
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Scheme 1. [llustration of different mechanistic approaches used to improve the photostability of the fluorophores in single-molecule
fluorescence applications. (a) Established photostabilization strategies: quenching the reactive fluorophore intermediates (triplet
excited and radical species) via photophysical (energy transfer, orange) and photochemical (PeT, green) pathways. (b) Plasmonic
nanostructures: photostability is improved by acceleration of the radiative decay rate depicted by bold arrows and minimizing the
time the fluorophore spends in higher excited (reactive) states. Left: sketch of a DNA origami optical nanoantenna; fluorophore
positioned in the hotspot between two metal nanoparticles. Right: simplified Jablonski diagram highlighting the photophysical rates
(red) accelerated by nanoantennas. Here k.. is the excitation rate, k, the radiative and and k,,, non-radiative rate, k;,. the intersystem
crossing rate, Kreq /ox the reduction (or oxidation) rate, ke, the escape rate for the geminate radical ion pair (GRIP) to the free radical
R-T/R-7),and k. is the geminate recombination rate to the ground state.

values. In addition, the increased excitation fields and
nonlinear bleaching pathways lead to photodestruc-
tion of fluorescence quencher molecules potentially
leading to false positive results in basic assays of
molecular diagnostics.

The total number of photons that can be detected
from a given fluorophore is limited by its intrinsic
photophysics and photochemistry [1, 9, 10]. An ideal
fluorophore would cycle between its ground (Sp) and
singlet excited (S,) states emitting photons and report-
ing on the position or the state of the fluorescently
labelled molecule (scheme 1(a)). At the high excitation
rates required for single-molecule detection other
photophysical processes come into play [11-13].
Intersystem crossing to the triplet excited state (T;)
can lead to long-lived and reactive triplet species. Fur-
thermore, reduction or (photo)oxidation of the singlet
or triplet excited state can lead to the formation of
even longer-lived dark radical intermediates. While
the triplet excited state is efficiently quenched by
molecular oxygen, it leads to the generation of singlet
oxygen as well as other reactive oxygen species capable
of further accelerating the photobleaching reactions.
Hence, established photostabilization approaches
used to address these instabilities rely on combining
the removal of oxygen (often via the use of enzymatic
oxygen scavengers) with the addition of photo-
stabilization additives that act as quenchers of reactive
triplet and radical intermediates [8, 14].

With respect to triplet excited state quenchers, two
mechanistically distinct approaches have been utilized
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(scheme 1(a)). On the one hand, triplet excited states
can be quenched via a photophysical pathway (i.e.
energy transfer) by photostabilizers like cyclooctate-
traene (COT) [8, 14] or Ni*" ions [7, 15, 16]. On the
other hand, triplet excited states can also be quenched
via photoinduced electron transfer (PeT) with a redu-
cing (e.g. ascorbic acid [5], Trolox [4, 6, 8], 3-mercap-
toethanol (6-ME) [6]) or an oxidizing agent (e.g.
methyl viologen [5], Trolox quinone [4],
4-nitrobenzyl alcohol) which results in the formation
of a radical anion or a radical cation, respectively. The
resulting radical intermediates are rescued by the
simultaneous use of both reducing and oxidizing
agents—an approach that is known as reducing and
oxidizing system (ROXS) [5]. The formation of long-
lived radical intermediates and requirement of the
complementary redox partner can be avoided if the
PeT is followed by fast back electron transfer [17]. This
requires a redox partner capable of assisting an inter-
system crossing in the triplet geminate radical ion pair
that is formed following the PeT step (scheme 1(a))
[18]. While these solution-based photostabilization
approaches have significantly advanced single-mole-
cule fluorescence studies by allowing to extend the
experiments from few seconds to tens of minutes and
providing photon budgets reaching millions [5, 7],
one always has to keep in mind the potential influence
of the photostabilizers on the biological system under
investigation. One strategy that has been realized over
the last decade to address this issue relies on direct
coupling of photostabilizers with the fluorophores to
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obtain ‘self-healing’ dyes [19]. Several small molecules
have been conjugated or proximally linked to different
single-molecule dyes that include COT [20-24], Tro-
lox [20-24], 4-nitrobenzyl alcohol (NBA) [20], nitro-
phenylalanine (NPA) [21, 22, 25, 26], or a trisNTA
moiety containing three Ni** ions [16].

The conventional approaches revolve around sal-
vaging the pristine, fluorescent state from its reactive
and non-emissive triplet or radical forms by supplying
the appropriate reaction partner. Recently, another
strategy for photostabilization has evolved which is
complementary to these approaches. Plasmonic
nanostructures have been shown to have a drastic
influence on radiative and non-radiative rate con-
stants [27] (scheme 1(b)), an effect that is generally
attributed to changes in the local electric field strength
in vicinity of the metal surface [28]. Additionally, the
plasmonic nanostructure can also act as an optical
antenna on the nanoscale focusing incident excitation
light into zeptoliter volumes. When a fluorophore is
positioned in such a volume (often referred to as a hot-
spot) its excitation and emission rates can be enhanced
up to several hundred-fold, which allows to enhance
its fluorescence signal as well as the photon count rates
that can be obtained for single fluorescent molecules.
The overall effect of a plasmonic nanostructure on the
fluorescence properties of the dye depends on a num-
ber of different parameters, such as the distance to the
metal surface, the spectral overlap between the excita-
tion and emission spectra of the fluorophore and the
plasmon resonance, the size and shape of the plas-
monic nanostructure and, in the case of more complex
nanoantennas, their spatial arrangement [28—30].

Many studies have focused on the capacity of plas-
monic nanoantennas to enhance the fluorescence sig-
nal of single emitters, while only a few of them have
addressed their unique ability to improve the photo-
stability and the total number of emitted photons
[31-34]. Here, the improvement in photostability is
typically attributed to an increased radiative rate
which, in turn, reduces the time a fluorophore spends
in the first excited singlet state and minimizes the
probability of photobleaching. In fact, in the simplest
approximation where only photobleaching via one
photon processes is considered, the total number of
photons emitted (N), can be expressed as the ratio of
fluorescence quantum yield (®¢) and fluorophore
bleachingyield () [33, 35]:

cI)f kr kull kr

N=—=——x —=— (1)
®,  ka ke ke

Where, k—radiative rate constant, k,—bleaching rate
constant, and k,—sum of all rate constants for
photophysical processes occurring from the fluoro-
phore singlet excited state (radiative decay, non-
radiative decay, intersystem crossing, and bleaching).
Equation (1) illustrates how the photostability of a
fluorescent molecule can be improved by either
accelerating the radiative rate or decreasing the rate of
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photobleaching. While traditional photostabilization
approaches discussed earlier (scheme 1(a)) are aimed
at slowing down the bleaching processes, photostabili-
zation by plasmonic nanostructures (scheme 1(b))
offers an alternative and, perhaps even complementary
approach to improve N by accelerating the radiative
rate constant. Additionally, the plasmonic nanoparti-
cles have also been shown to increase the radiative and
non-radiative decay rates from the triplet excited states
also suppressing the time the fluorophore spends in
the excited T} state (scheme 1(b)) [32, 36, 37]. Depend-
ing on the efficiency of this triplet suppression, this
offers an additional possibility to further improve the
total photon budget (N) of organic fluorophores when
coupled to plasmonic nanoantennas.

Plasmonic hotspots formed by a linear arrange-
ment of two metallic nanoparticles exhibit an even
greater electric field enhancement [38, 39], with repor-
ted values reaching up to 100-fold acceleration of the
radiative decay [38]. For a decade now plasmonic
dimer nanoantennas have been successfully fabricated
via ion or electron beam lithography [40], but this
approach suffers from uncontrolled positioning of a
fluorophore in the hotspot: usually dyes are either
fixed in an aid polymer coating [38] or they are
observed as they diffuse freely through the hotspot
region [41]. This not only drastically increases the time
and the amount of materials spent for a single experi-
ment but creates a large heterogeneity in the enhance-
ment that is achieved for k., and k,, as the enhanced
electric field varies a lot within a hotspot [42].

Both problems can be addressed by employing an
alternative approach of fabricating nanoantennas—
self-assembly using DNA origami. In this technique a
long single-stranded DNA (ssDNA) with known
sequence is shaped with the help of multiple unique
ssDNA to a desired configuration [43]. Labelling of a
specific strand with a molecule of interest or a func-
tional group (e.g. fluorophore, biotin, amino group)
allows to spatially arrange it on a designed structure
[44]. This approach has justified itself for performing
detailed studies at the single-molecule level of changes
in quantum vyield and photophysical rates of fluor-
ophores [27], the distance-dependent quenching of
fluorescence [45], Forster resonance energy transfer
(FRET) [46, 47] and finally, controlled reduction of
photobleaching [31, 33] in proximity of metal nano-
particles. These optical antennas have already been
employed for single-molecule detection at 25 M con-
centration [48] and in diagnostic assays [31, 33, 49]. in
proximity of metal nanoparticles.

Nevertheless, the influence of the nanoantenna on
the photophysical properties of fluorophores remains
to be fully understood. While it is agreed upon that the
increase of the radiative decay rates can effectively lead
to enhanced quantum yield of fluorophores, their
improved photostability, and higher count rates that
can be achieved in single-molecule fluorescence stu-
dies [31], we discovered that the achievable photon

3



I0P Publishing

Methods Appl. Fluoresc. 8 (2020) 024003

L Grabenhorst et al

(a) Reference (9mW)

Antenna (1.6mW)

~—

Occurrence O

0 10
Total counts (x10°)

nanoantenna (bi-exponential decay fit) samples.

Figure 1. Photostabilization of ATTO 647 N in the hotspot of an Ag DNA nanoantenna. (a) Widefield fluorescence images of ATTO
647 N in the reference (left) and in the nanoantenna (right) samples after 0 s and 30 s of illumination. Scale bar: 10 ym (b)
Representative fluorescence intensity versus time trajectories of ATTO 647 N in DNA origami structure (reference, red) and in

100 nm Ag DNA origami nanoantennas (blue) measured at 9 mW and 1.6 mW, respectively; (c) Total number of counts collected
from ATTO 647 N in the reference (red) and nanoantenna (blue) samples. 207 and 590 molecules were analyzed for reference and
nanoantenna samples, respectively. Inset: average fluorescence intensity over time for the reference (mono-exponential decay fit) and
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output of the dye is not only limited by photobleach-
ing but also by other photoinduced processes. By
examining the photophysical properties of three dyes
(ATTO 542, ATTO 647 N, and AlexaFluor 647) com-
monly used for single-molecule spectroscopy when
placed in the hotspots of dimer 100 nm Ag DNA ori-
gami nanoantennas, we demonstrate that despite their
improved photostability by the nanoantenna, the
maximum photon count rate that can be achieved is
still limited by their intrinsic photophysics, such as
formation of dim states or increased rate of photo-
isomerization. Additionally, we show that the
enhanced electric field in the hotspot region also poses
challenges to the use of non-fluorescent molecules
absorbing light, e.g. dark quenchers which are used in
fluorescence-based diagnostic assays.

Results and discussion

Improved photon budgets of fluorophores in
plasmonic DNA origami nanoantennas

To demonstrate the ability of nanoantennas to even
further push the performance and improve the photon
budgets of fluorophores in single-molecule fluores-
cence applications, we performed the photobleaching
experiments with one of the most photostable single-
molecule dyes—ATTO 647 N. We evaluated the
photostability of this dye when placed in the hotspot of
a 100nm Ag DNA origami nanoantenna and
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compared it to the same dye when placed in the
reference DNA origami structure containing no nano-
particles (figure 1(a)). The DNA origami structures
were immobilized on BSA-biotin coated glass surfaces
via biotin/neutravidin interactions using biotinylated
DNA strands on the base of the nanostructure. After
this step, the nanoantennas were formed by incorpor-
ating DNA functionalized 100 nm Ag nanoparticles.
This nanofabrication protocol leads to the mixture of
DNA origami structures containing two Ag nanopar-
ticles (dimer) and only one Ag nanoparticle (mono-
mer). The fluorescence intensity of single ATTO
647 N dyes in the nanoantenna and reference struc-
tures was monitored over time in a single-molecule
wide field microscope in total internal reflection
mode. Due to the enhanced local electric field in the
nanoantenna hotspot the nanoantenna samples
experience higher photon fluxes under the same
irradiation intensity. Therefore, in these photobleach-
ing experiments, the nanoantenna samples were
excited at 647 nm using a laser power of 1.6 mW, while
references samples were excited at a higher laser power
of 9 mW [50].

Our single-molecule photobleaching studies
demonstrate that even if the photostability of ATTO
647 N is remarkable it can be further improved with
the help of a 100 nm Ag nanoantenna without any
additional photostabilizers or the need for oxygen
removal. Figure 1(a) shows fluorescence images of
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ATTO 647 N in the reference and Ag nanoantenna
samples acquired at the beginning of the photobleach-
ing experiment (0s) and after 30s of illumination.
While most of the dyes in the reference sample are
photobleached, the fluorescence of ATTO 647 N in
the nanoantenna sample is preserved despite the
higher fluorescence signal under these excitation pow-
ers (see also figure 1(c), inset). Single-molecule fluor-
escence intensity versus time trajectories were
extracted from these photobleaching experiments (see
figure 1(b) for exemplary single-molecule trajectories)
and the total number of counts until photobleaching
was calculated for several hundreds of molecules from
the reference and nanoantenna samples. The histo-
grams of total counts detected until photobleaching
(figure 1(c)) reveal on average ~10-fold, up to 40-fold
for the most efficient nanoantennas improvement in
ATTO 647 N photostability when in the hotspot of
100 nm Ag nanoantennas. Here, it is also worth noting
that the heterogeneous distribution of total photon
counts arises from the heterogeneous fluorescence
enhancement and photostabilization efficiencies
[39, 51]. The heterogeneous sample composition
(monomer and dimer nanoantennas) also results in a
bi-exponential photobleaching behavior when com-
pared to the mono-exponential bleaching behavior of
the reference sample (figure 1(c), inset).

Based on equation (1) and the radiative rate
enhancement estimated by comparing fluorescence
intensities normalized by power in nanoantenna sam-
ples to reference samples, one would expect a larger
improvement in total number of detected photons for
ATTO 647 N in the dimer Ag nanoantennas. Previous
studies by Pellegrotti et al [33]. have shown that at least
for monomer Au nanoantennas, the total number of
emitted photons by the fluorophore Cy5 was directly
proportional to the changes in radiative rate of the
fluorophore. However, one also has to consider that
due to the electric field enhancement in dimer
nanoantennas, fluorophores can experience an order
of magnitude higher excitation rates when compared
to monomer nanoantennas. Under these excitation
conditions higher order photobleaching pathways,
such as absorption of a second photon in the S, or T}
states, might become relevant and the approximation
made to derive equation (1) might not hold anymore.
An indication for this is that no correlation can be seen
between fluorescence intensity and total number of
emitted photons (See figure S1 is available online at
stacks.iop.org/MAF/8/024003 /mmedia).

Power saturation and its implications in achieving

high count rates required for studying fast dynamics
By providing means to enhance the fluorescence signal
and fluorophore photostability, self-assembled DNA
nanoantennas hold tremendous promise for advan-
cing single-molecule experiments that require high
photon count rates, e.g. studies of single-molecule
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dynamics that occur on ms to s time scales. Naively,
one would expect that the fluorescence enhancement
values provided by nanoantennas directly translate
into increased photon count rates. However, by study-
ing the photophysical properties of three common
dyes used in single-molecule spectroscopy, e.g. ATTO
542 (rhodamine), ATTO 647 N (carbopyronine), and
AlexaFluor 647 (cyanine) when placed in the nanoan-
tenna hotspot, we learned that the picture is more
complex. As the dye molecules in the plasmonic
hotspot experience a different photophysical environ-
ment and much higher photon fluxes, their saturation
behavior changes. Figure 2(a) shows the global satur-
ation behavior: in all cases, the onset of saturation is
clearly visible for the nanoantenna samples. In the
reference samples, however, ATTO 542 and ATTO
647 N show no visible saturation at the same excitation
powers, only for AlexaFluor 647 we observe saturation
in the reference sample which can be attributed to an
accelerated cis-trans isomerization [52] as it will be
shown later. Figure 2(b) contains the normalized
intensity distribution histograms (per nW of excita-
tion power, calculated by integration of the intensity of
a confocal spot) obtained for the three dyes in
nanoantenna hotspots. At low excitation powers (100
nW) a wide distribution of intensities is observed
assigned to heterogeneous fluorescence enhancement
in monomer and dimer nanoantennas. However, as
the excitation power is increased (500 nW and 3 W in
figure 2(b)) the distributions become narrower and
shift to lower intensities suggesting that the most
enhanced and thus the brightest fluorophores are the
most sensitive to this saturation behavior.

In contrast to earlier studies on plasmonic
enhanced light harvesting complexes [34], we found
that this saturation is not originating from any funda-
mental emission limit of the fluorophore but rather
from populating a second emissive state that is less
bright in nature. While at low excitation intensities,
the formation of this dim state is observed upon longer
irradiation times, under increased excitation inten-
sities and, in particular, in the hotspot of nanoantenna
where the photon flux is highly increased, these dim
states form rather readily. This is illustrated by the sin-
gle-molecule fluorescence trajectory obtained for
ATTO 647N in the hotspot of a dimer Ag nanoan-
tenna acquired at increasing excitation intensity.
Reversible switching between dim and bright states
can already be observed at 250 nW, while at 500 nW
only the dim state of the dye is visible. A similar photo-
induced formation of dim states was observed when
analyzing single-molecule trajectories of ATTO 542
and AlexaFluor 647 (see figure S2).

Further mechanistic studies are required to con-
firm the exact nature of these dim states, however, we
propose that it might be related to the formation of
spectrally-shifted emissive forms of the fluorophores.
Such spectral shifts leading to the formation of blue-
and red-shifted emissive forms of fluorophores have
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Figure 2. Effect of excitation intensity on the count rates as well as photophysical properties of single ATTO 542 (rhodamine),
AlexaFluor 647 (cyanine), and ATTO 647 N (carbopyronine) dyes when placed in the hotspots of plasmonic DNA origami
nanoantennas. (a) Power saturation curves obtained for three different dyes from the samples containing 100 nm Ag monomer and
dimer nanoantennas. Each data point contains statistics of at least 200 molecules. (b) Intensity distribution histograms normalized per
nW of excitation power for the three dyes examined here obtained at three different excitation powers. (c) Top: single-molecule
fluorescence trajectory of ATTO 647 N acquired at increasing excitation powers; Bottom: the same single-molecule fluorescence
trajectory normalized by excitation power (d) Autocorrelation of the fluorescence signal of an AlexaFluor 647 dye in the nanoantenna
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previously been observed in single-molecule fluores-
cence studies of rhodamine [53, 54], oxazine [53], cya-
nine [53], carbopyronine [5], terrylene diimide [55],
and amino-triangulenium [56] dyes. The most exten-
sive mechanistic studies of such spectral instabilities
have been carried out for rhodamine class of dyes,
where the spectral shift and formation of photo bluing
products have been associated with N-dealkylation of
tertiary amine groups which proceeds via formation of
aradical cation [57, 58]. In this respect, elegant strate-
gies have been developed to overcome these spectral
instabilities, e.g. by suppressing the formation of twis-
ted intramolecular charge transfer excited states
involved in the N-dealkylation [11, 58—-62]. Better
understanding of the mechanisms leading to these dim
states and development of strategies to mitigate them,
combined with the ability of plasmonic nanoantennas
to enhance fluorescence signal and photostability,
could provide exciting opportunities to push organic
fluorophores beyond their current limits.

For the cyanine dye AlexaFluor 647 an additional
saturation process is present, which was attributed to
photoisomerization from fluorescent trans state to a
non-fluorescent cis state [52, 63]. figure 2(d), shows
single-molecule  fluorescence trajectories and
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corresponding autocorrelation curves obtained for
AlexaFluor 647 at increasing excitation intensities.
The enhanced photoisomerization at increasing exci-
tation intensities is evident from the increase in the
amplitude and the rate of the us-time component.
This additional non-radiative relaxation pathway in
cyanines together with photoinduced formation of
dim states results in a pronounced saturation behavior
observed for both reference and nanoantenna samples
of AlexaFluor 647 (figure 2(a)). These results suggest
that when it comes to achieving high photon count
rates, non-rigidified cyanine dyes are not the best
fluorophores of choice.

The formation of dim states is the limiting factor
in all experiments requiring very high photon count
rates, such as single-molecule FRET experiments on
fast timescales. Additionally, the power dependence
shown in figure 2(a), also implies that one should be
cautious when quantifying the fluorescence enhance-
ment values provided by the nanoantenna. As illu-
strated in figure 2(b), the fluorescence intensity of the
dye in the nanoantenna, hence, the calculated fluores-
cence enhancement, is very sensitive to the excitation
intensity chosen for a given experiment. This photo-
induced transition to the dark states might also impact
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Figure 3. Fluorescence-quenching hairpin (FQH) and accelerated photobleaching of dark quenchers in the hotspot. (a) Schematic
representation of FQH construct (for sequence, see SI) bearing ATTO 647 N on the 5’-end and Black Berry Quencher (BBQ650) on
the 3’-end. Fluorescence signal from ATTO 647 N (‘opened’ FQH) is observed either after detection of the target DNA and opening
(specific signal) or due to bleaching of BBQ650 (false signal); (b) Confocal fluorescence scans of the DNA origami reference (red) and
100 nm Ag nanoantenna samples bearing an FQH in the hotspot (blue) before addition of the target DNA. Scans are acquired at
different powers while exciting with a 639 nm pulsed laser. The DNA origami is labeled with an ATTO 542 dye to allow co-localization
of DNA origami and opened FQH. (c) Quantification of the false signal from the confocal fluorescence scans of the DNA origami and
DNA origami nanoantennas containing an FQH at different excitation powers, calculated by division of the yellow spots (DNA
origami with ‘opened’ FQH) by the sum of the yellow and green spots (DNA origami with ‘closed” FQH). 260 to 440 spots were
analyzed for each excitation power. Error bars represent the standard deviation from the mean of the three different scans analyzed.
(d) Representative single-molecule trajectories of an FQH illuminated with a 639 nm laser (2 W for reference (red), 1 uW for
nanoantenna (blue)) demonstrating a bleaching event of BBQ650 indicated by the onset of ATTO 647 N fluorescence.

the results of novel biosensing assays in the hotspots of
DNA nanoantennas, which rely on a sufficiently high
contrast between enhanced and non-enhanced signal.
It is therefore of utmost importance to ensure that the
dye is emitting from its bright state in order to realize
the full potential of plasmonic fluorescence
enhancement.
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Bleaching of dark quenchers in nanoantenna
hotspotand its implications in diagnostics

The modular nature of DNA origami allows the
introduction of biorecognition units into the hotspot
region of nanoantennas, which offers means to
improve the signal-to-noise ratio and overall perfor-
mance of bioassays. For the successful application of
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this concept, it is important to fully understand the
photophysical behavior of the reporting unit, which
usually consists of one or multiple fluorophores, in the
plasmonic hotspot. In our efforts to utilize DNA
nanoantennas for diagnostics, we discovered that the
performance of diagnostic assays can be significantly
influenced by photoinstabilities of dark quenchers
when subjected to strong electric fields in the plasmo-
nic hotspot.

Previously, we demonstrated the successful incor-
poration of a fluorescence-quenching hairpin (FQH)
in DNA origami monomer nanoantennas and its
application for single-molecule based detection of
Zika virus nucleic acids [49]. An FQH, or a molecular
beacon, is a self-hybridized nucleic acid sequence con-
taining a fluorescent dye on the one end and a dark
quencher on the other end (figure 3(a)). In its closed
state, energy transfer from the fluorophore to the
quencher occurs due to their close proximity. Upon
the detection of the nucleic acid target, which is com-
plementary to a part of the FQH, the hairpin opens
increasing the distance between the fluorophore and
the quencher and leading to onset of the fluorescence
signal (specific signal) [64]. However, we report that
photobleaching of the quencher can lead to false posi-
tive signal in single-molecule DNA hairpin assays. Due
to non-quantitative labelling efficiency and possible
photobleaching during handling or measurement
steps not every FQH contains a dark quencher. This
leads to emission of ATTO 647 N signal (false signal)
(figure 3(a)) and therefore decreases the effectiveness
of the assay. Although dark quenchers are less likely to
take part in different photochemical reactions due to
the very short excited state lifetime [65], their photo-
physics have not been studied under the conditions
created in a plasmonic hotspot. Moreover, the effect of
these photophysical processes to the bioassay perfor-
mance has not been assessed.

To perform studies of FQH at the single-molecule
level in a hotspot, DNA origami structures were
labeled with a green dye (ATTO 542) for initial locali-
zation of the construct. The detection efficiency
(opening of FQH) in the nanoantenna can be calcu-
lated by dividing the number of yellow spots in a fluor-
escence scan (co-localized signal from ATTO 542 and
ATTO 647 N) by the total amount of spots in a fluores-
cence scan. Even before addition of the target, a small
percentage of co-localized spots can be observed due
to the reasons mentioned above. Fluorescence scans
performed with different excitation powers at 639 nm
excitation laser (100 nW—1000 nW) demonstrate an
increase in the amount of ‘opened” FHQ both for the
reference sample (4%—-24%) as well as for the 100 nm
Ag  nanoparticles  nanoantenna  (15%—-45%)
(figures 3(b) and (c)). The higher level of false positive
signal in the nanoantenna sample can be related to the
photobleaching of the dark quencher. From this result
it is possible to estimate the quencher survival time
knowing the time of exposure for each spot as it is
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explained in the SI and shown in figure S3. To investi-
gate the photostability of the dark quencher, we illu-
minated green spots detected in the fluorescence scan
with a 639 nm laser at an intensity of 2 W (reference,
red) and 1 uW (nanoantenna, blue). After some time,
we observed the occurrence of a signal in the red chan-
nel for both, the reference and the nanoantenna sam-
ple, which corresponds to the donor fluorescence
(figure 3(d)). The reduced quencher survival time is
visible in the nanoantenna even at lower excitation
power due to the tight focusing of the light. A similar
photobleaching behavior has been reported earlier for
an ATTO 532/BBQ650 FRET pair [65].

Although the photostability of conventional fluor-
ophores in a plasmonic hotspot is increased [31, 33],
the behavior we observed for a fluorophore/quencher
reporting unit was very different. In the present study
we demonstrated that the dark quencher serving as an
energy acceptor in a hotspot can be selectively photo-
bleached in dimer nanoantennas leading to the strong
false positive signal and decrease of the overall contrast
of the assay.

Conclusion

By using plasmonic nanoantennas, we drastically
reduced conventional photobleaching pathways and
revealed additional photoinduced processes that limit
the maximum photon output of three classes of
fluorophores tested here. During our study, we
encountered two problems related to the intrinsic
photophysics of these dyes: population of weakly
fluorescent, dim states - which seems to be a general
feature of all tested fluorophores - as well as accelera-
tion of photoisomerization rates at higher excitation
powers for cyanine derivatives. Both problems pose a
limit on the photon count rates that can be achieved in
the plasmonic hotspot. The formation of the dim
states could be potentially overcome by utilizing
spectrally stable fluorophores [11, 59, 60] The second
problem can be circumvented relatively easy by
employing fluorophores that do not undergo photo-
induced isomerization (e.g. carbopyronines or rhoda-
mines) or by altering the molecular structure of the
cyanine dye in order to sterically hinder the isomeriza-
tion [66].

Here, we also demonstrated that the enhanced
excitation rate in the nanoantenna hotspot can affect
non-fluorescent chromophores, e.g. dark quenchers.
Once placed in a hotspot, the dark quencher experi-
ences not only an efficient energy transfer from the
donor dye but also an enhanced electric field and thus
an increased excitation rate, which together leads to
accelerated photobleaching. This premature photo-
bleaching can be an issue when using fluorogenic
probes in a hotspot for different biosensing assays. As
illustrated in this work, fast quencher photobleaching
can also lead to high false positive signal and decrease

8



I0P Publishing

Methods Appl. Fluoresc. 8 (2020) 024003

of the overall contrast of the assay. In our case, the
photobleaching could be substantially reduced when
using lower excitation powers. Alternatively, one
could also consider utilizing more stable and robust
fluorescence quenchers, such as small gold
nanoparticles.

To conclude, we showed that plasmonic hotspots
can be employed to substantially enhance the photo-
stability of conventional fluorophores. This enables
exciting new applications for fluorescent molecules in
which photostability and photon count rate are of cru-
cial importance, such as low-cost single-molecule
detectors for point-of-care diagnostics [49], where
even the cheapest cameras could potentially be used to
detect an infectious disease, or single-molecule bio-
physics, where the time resolution for FRET experi-
ments could be increased substantially [67]. Here, we
show that despite this improved photostability, the
performance of conventional dyes used in single-
molecule spectroscopy when combined with plas-
monic nanoantennas is still limited by their under-
lying photophysical processes, such as formation of
dim states or photoinduced isomerization. We envi-
sion that better mechanistic understanding of these
limitations and mitigation of the unwanted photo-
physical pathways, such as the ones described in this
work, will contribute to further advancing single-
molecule fluorescence applications.

Materials and methods

Fabrication of DNA origami nanoantennas
DNA origami structures were designed in caDNAno2
[68] and assembled and purified using protocols based
on Wagenbauer et al [69]. In brief, 25 ul of p8064
scaffold (produced in-house) at 100 nM were mixed
with 18 pul of unmodified staples pooled from 100 uM
original concentration and 2 ul of modified staples,
pooled from 100 M original concentration. All
staples were purchased from Eurofins Genomics
GmbH (Germany). 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 (table S1). Samples were purified
using 100 kDa MWCO Amicon Ultra filters (Merck,
Germany) with 4 washing steps with a lower ionic
strength buffer (5 mM MgCl,, 5 mM Tris, 5 mM NaCl,
1 mM EDTA) for 5 min at 10000 rpm, 20 °C.
LabTek-II chambers (Thermo Fisher Scientific,
USA) were cleaned with 1 M KOH for at least 20 min,
washed three times with PBS buffer and then incu-
bated with BSA-Biotin (0.5 mg mL ™", Sigma-Aldrich,
USA) and streptavidin (0.2 mg mL™}, Thermo Fisher
Scientific, USA). The origami was immobilized on the
biotin-streptavidin surfaces using covalently attached
biotin modifications on the six staple strands on the
base. Density of DNA origami nanoantennas on the
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surface suitable for single-molecule measurements
was checked on a microscope.

100 nm silver nanoparticles were functionalized
with ssDNA based on previously described procedures
[49]. 100 nm Silver Nanospheres (Citarate, Biopure)
were purchased from nanoComposix (USA). 2 ml
nanoparticles (330-fold diluted in MiliQ water) were
mixed with 20 pl Tween20 (10%) and 20 pl of a 4:5 (v:
v) mixture of 1 M monobasic and dibasic potassium
phosphate buffers (Sigma Aldrich, USA) and 20 ul of a
100 1M solution of 3-thiolated T25 oligonucleotides
(Ella Biotech, Germany) and stirred for 1 h at 40 °C.
Then, the sodium chloride concentration was subse-
quently raised to 750 mM using PBS buffer containing
3.3 M NaCl. The solution was centrifuged at 2.8 krcf
for 8 min at 20 °C. The supernatant was discarded,
and the pellet was re-suspended in PBS containing
10 mM NaCl, 2.11 mM P8709 buffer (Sigma Aldrich,
USA), 2.89 mM P8584 buffer (Sigma Aldrich, USA),
0.01% Tween20 and 1 mM EDTA. This washing step
was repeated five times. Then, the pellet was re-sus-
pended in TE buffer containing 750 mM NaCl and the
concentration was adjusted to reach 0.1 absorption at
485nm (maximum of absorbance) on a UV-vis
spectrometer (Nanodrop 2000, Thermo Fisher Scien-
tific, USA). To bind the nanoparticles to the origami,
the chambers were incubated with 100 pl of this solu-
tion overnight.

Confocal microscopy

Confocal fluorescence measurements were performed
using a home-built confocal setup based on an
Olympus IX-83 inverted microscope (Japan) and a 78
MHz-pulsed supercontinuum white light laser
(SuperK Extreme, NKT Photonics, Denmark) with
selected wavelengths of 532nm and 639 nm. The
wavelengths are selected via an acousto-optically
tunable filter (AOTF, SuperK Dual AOTF, NKT
Photonics, Denmark). This is controlled by a digital
controller (AODS 20160 8R, Crystal Technology,
USA) via a computer software (AODS 20160 Control
Panel, Crystal Technology, USA). A second AOTF
(AA.AOTF.ns: TN, AA Opto-Electronic, France) was
be 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 LabVIEW soft-
ware (National Instruments, USA). A neutral density
filter was used to regulate the laser intensity, followed
by a linear polarizer and a A/4 plate to achieve
circularly polarized excitation. A dichroic beam split-
ter (ZT532/640rpc, Chroma, USA) and an immersion
oil objective (UPlanSApo 100x, NA = 1.4,
WD = 0.12 mm, Olympus, 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, Ger-
many). Emitted light was then collected using the same
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objective and filtered from the excitation light by the
dichroic beam splitter. The light was later focused on a
50 um pinhole (Linos) and detected using Single-
Photon Avalanche Diodes (SPCM, AQR 14, PerkinEl-
mer, USA) registered by an TCSPC system (Hydra-
Harp 400, PicoQuant, Germany) after additional
spectral filtering (RazorEdge 647, Semrock, USA for a
red channel and HC582/75, AHF Analysentechnik,
Germany for a green channel). A custom-made Lab-
VIEW software (National Instruments, USA) was used
to process the acquired raw data. The autocorrelation
of the Alexa Fluor 647 signal was calculated using
SymphoTime 64 (PicoQuant, Germany). For the
fluorescence autocorrelation, measurements were car-
ried out in a reducing and oxidizing buffer system with
enzymatic oxygen removal consisting of 90% buffer a
(100 mM MgCl,, 40 mM Tris, 2 mM Trolox/Trolox-
quinone and 1% w/v Glucose) and 10% buffer b
(glucose oxidase (1 mgml '), 0.4% (v/v) catalase
(50 ugml™"), 30% glycerol, 12.5mM KCl in
50 mM TRIS).

Photostability studies on the wide-field
microscope

Single-molecule photostability studies of nanoan-
tenna and the reference samples were performed on
the commercial Nanoimager S (ONI, UK). Samples
were illuminated with a 640-nm laser at 53.5° angle to
achieve evanescent excitation due to total internal
reflection at the glass-water interface. Reference sam-
ples were excited with laser power of 9 mW, while
nanoantenna samples where imaged at 1.6 mW. The
laser beam was focused onto the back-focal plane of an
oil-immersion objective (100x, NA = 1.4) and the
emission light was detected with an sCMOS camera.
Simultaneous photobleaching of few hundreds of
fluorescent molecules was recorded in the field of view
of 50 x 80 um. For further analysis, only the central
region with even illumination was used. Single-
molecule fluorescence intensity versus time trajec-
tories were extracted using a home-built analysis
routine in Image]. The intensity of a circular regions of
8 pixels in diameter around the molecules were
integrated as a function of time. For the background
correction from these transients the average intensity
of atleast 15 regions of the 8-pixel areas containing no
molecules was subtracted. To get the total counts from
molecules the sum of intensity after the background
subtraction was calculated.
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Tab. S1 Unmodified staple strands

Name

Sequence (5°->3¢)

P1Al CTTAAATCCCGGCGGTTGTG

P1A2 CAAGGGGCAACTCATGGTCATAGCTAAGGGAGAGA

P1A3 TGGGCACTAAAAAAGAGTCTGTCCTTTGATTTCAAACTTAC

P1A4 TCAATGCTCAGTACCAGGGAGACTCGATTGGCCCA

P1A5 ATACAGAACCCTTCTGACGTCTGAAAGAGCCA

P1AG TTTAAATGTTTGCTGAGATTTAGGACCCACGCGAA

P1A7 GAAGGTATTATCACCCAGCAAAATCACCTTACCATTAGC

P1A8 AGAGTTCGTAAAGCTGATCTCATAAGGATTGACTGCCAGTTTGAGGCAG
P1A9 TGTGATAAATTTAGCCGGAACGAGATATATTCTCA

P1A10 | TACGCCAATTTAGAGCTTAATCTCACCCACCATAAGAAA

P1Al1l | GTTGCGTCGGATTCTCGTAGCATTCCTCGTAA

P1A12 | AGGCTTGCCCTGACTTTAATC

P1B1 TTTGACCAAAAGAAATACGTAATGCCACAGACTTTCATC

P1B2 AATTGTTTCATTCCATATTCAAAAAGCTATCAATTG

P1B3 AGGTTACTAGCCTTAAATCAAGATTTTGCACAGCATTGGAGGCAG
P1B4 TAGTACTAAAGTACGGTGCCGAAAGATTTTTGATTGTAATTTTGTTGGGT
P1B5 CTTCAAAGCTGTAGCCAAATGGTCAATAAGCAAGGCATAAAAA
P1B6 ATCCATGTAATAGATTAAGCACGTATAACGTGCGCTAGTTT

P1B7 AAAAATAGGAGCCGGGCTCAGCAAATCGTTAAAAGGAGGCC

P1B8 ATCCTTTGCAACAGGAAAAACGCT

P1B9 GTCGAGGACCCGCCGCACCTTTTACATCCGCTGAGCAT

P1B10 | GAAAATTCGCAGGCGCTCAGATGCCGGGTTAATCTCCAAAGAGAACCTG
P1B11 | TAGCGAGTCTTTACTCGATGATGTACCCCTTCCTGCTG

P1B12 | TAGTATCAAATTCTTACAGGCGTTTTAGCGAAACG

P1C1 ATCTAGCCAGCAGCATCCCAGCGGTGCCGGTAATAATTTCGTAAA
P1C2 AGCCAACGTGGCACCAGAATCTTACCAACGCTACC

P1C3 TGCTTCTGTAAACGAATTA

P1C4 TTCCTCGCACGCTGATGGATTATTTACACAGAGATGTGGCAC

P1C5 AGGAGGCTTTAACGCCAAACGAACTGCTCAT

P1C6 AAGTTTGACCATAACAAAGTTTTGTCGAAGGAATGACAACAGGA
P1C7 CGTAGGCGCATAACTGACCAACTTTGTTGCGCGATACATTGCAAAAG
P1C8 AGACAATCGCCATTAAAAAAGAATCAGCAGA

P1C9 TAAATACCCGGATATCATCAACGGTCAATCATAAGACCATCGATAC
P1C10 | CGCCAGCCAGAAAGCGTACTGAGTATGGTGCT

P1C11 | AAAAGTTTGAGTAACATTATCATAATTG

P1C12 | AAGAGGTAGTACCTTGAGAAAGGCCGGACAATGCCATAGTAG
P1D1 AGGACGTCAGACTGTAGC

P1D2 TCGCCGGCTGGAGGTTTCTTTGCTCACTTTTGGGTAGCTACT

P1D3 AGTGAATTTTCCTCAAACCCTCAGAGCCACCGAACCCACAC

P1D4 GCCACGAAACGTTCGCCACGTGCATCCGTAATGGGATAGGGCC
P1D5 TACTGTGTCGAAATCCGCAAAGTATAGCAAC
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P1D6 TCATCGTAACATTCCAAGAACATAGCCCCCT

P1D7 ACCACCCTTAGATGAGTGACCTGTCGTGCCAGAAT

P1D8 ACGGAACGTCATTTAGTGATGAAGGCATAAAACTGGTGCCCCGGAA

P1D9 AGAGAGAAATAACAAGCGTTTGCCATAAGTA

P1D10 | CACGGGGGTAATAGTAAAACAGTTAGACGTTAGCCCTCAACAACCCAG

P1D11 | TGAGATCGGCTATAATATACCGACAGGGAAAGAGCGAAAGGAGCGGCAGT

P1D12 | TACGCGGGATACGAGGGCAACGGAATTATACCAAG

P1E1 ATAGAGCCGCACTCCAAGTC

P1E2 AACAAAATCACCATCAATAACCCTCAATAAAT

P1E3 ACTAAATGGGCTTGAGATTGGCT

P1E4 CAGAACAATATATCGGCCATCAAACACAGTTGAAAGGAA

P1E5 CCGAGCTCGAACTTGACGAAAGGTAAGAGGCATTTATTT

P1E6 AAAAATTAAAGCCTATTATTCTGAAGTTGATAGATTGCAAACCCTC

P1E7 GAGAACAAGCAAAACCAAATCAATATTTCGTCACTACAAGGATTTT

P1ES8 TGCACGACAATTGCGAATGCCCCCTCGGCTGGCCA

P1E9 TACGTATCATGACTTGCGGGAGGTATCCTGAACCACCACTTGATATAT

P1E10 | CATTATATTTTATCTTCTGACCTAAAGATGATCAATATA

P1E11 | TGATCGGGAAAGCTAACTCACATTTATTAATGCTT

P1E12 | GAGTCAACTAATTTAGGCAAGTAATCCTGAACAGA

P1F1 CATAACAGTTGATTACTCGGT

P1F2 GCAGCAACAATATCGAAGAACAGTAATAACATCACACC

P1F3 TAGCATTTTGGGGCGCGGATGGCTTAGATCC

P1F4 AATATCGGCACGCGCGGGCCGGAAGCATAAAAGCT

P1F5 GCTTTGAGGACTAATACGAAGAAAACGAAAGAGGCCCCAGCGGATT

P1F6 ATCAAGATTGTTTGTATTCCTGATTATCATTTAATAAACTTT

P1F7 AAAGTCTTTCCTTATAAGAGTGTACACAGACAGTAAATGAG

P1F8 ATTCTAGCGATGTGTAAAAATGAATCGGCCAAAAA

P1F9 ACGAGGAGAGGCGGTTTGATGGTGGGGCCCACCCT

P1F10 | CATTGAAGACAGTTCATGAGGAAGTTGGGTAAATAC

P1F11 | CGGAGAGCGGGAGAAATAAAGCCTCAGAATT

P1F12 | AGCAATACTTCATCACGCAAATATCGCCAGTA

P1G1 AGGACGTTAAGAACGGTTTAATTTCAACGAGAAACCAA

P1G2 TACCAGAATCAAGTTTGCCTTATTTAAAAACTAATAAGACCGCCATGC

P1G3 ATAACGGTAATTTTCACACCGATAGAAAGAG

P1G4 CTTGGTAACGCCAGGGTACGACGTGGAT

P1G5 AAAACCGCCACCCTCAGATTTTAACGATACAGTCACCGGGATA

P1G6 CATTTAAACTCCATATAGATTCATCAGTGAACAAGAAACTCATC

P1G7 CCTACATATCTAAAGCATCACCTCAAATTTGC

P1G8 AACTGTAAAACGACGGCTAAGTTGCGC

P1G9 AAGTTTTGACGCTCAAATCCGGTATTCTAATAA

P1G10 | TTAGAACGCAATTAAGACAAATACATACATAAA

P1G11 | CTATGAGTAATGTGTAGAAAAGGGTTAA

P1G12 | GTCCTTTCATGCATGTCCCAGTAAAGTGCCCGTATAAAAGGAGGTAATC

P1H1 GACACGTAGATCCTTATTACG
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P1H2

TCCCGGGCGAAAGCCACCGTCTTTCCAGAGCCGAA

P1H3 AATACCGATCATCAGATTATACTTCTGAATGATGACATAAAT

P1H4 AACAAAATCGGCACGCTGCGCGTAACAGGGCGTTT

P1HS CAGAGCGGGGTCATTGCGTCTGGCCGGTTGAGCAGTCTTGCCCCC
P1H6 CTACAATTTTTTTGAAGAAAAAGCTTTAAAACAGAAATAAAGAAAAAT
P1H7 AGTTCTGTCCCCCCCGAGGCGCTGGCAAGTGTTTG

P1H8 GCAGCAGAGGTCGTCGCAATTGCG

P1H9 GAGCGTCCACTACCTCCGTAATTTTAGTTACAAAATCGCCGT

P1H10 | CTCCTGCAGGG

P1H11 | GAATTGCCAGAATTCAACTATTACACCCAAATACCAGAACGAGTAG
P1H12 | AATCAAGAATTGAGTTAAATAGCATTTTTTGTTATCCCTAGCAAGCGCC
P2Al1 GGTGGCTCCAACGGCATTTCGCACTCAATCCACGCCATCCA

P2A2 TTCATTTACCATATTGCGGAACAAAGAA

P2A3 ATTAGAGCATTTTTGCGAGCTGAAAAGGTCTA

P2A4 ACCTTATGCGATTTTGGGAAGACAACATTAA

P2A5 TGTGCGGTTGCGGTATGCTCA

P2A6 TCACAGAGAGTAACCCAAGCTATCCCAGCGCACGGAAATTGCAAC
P2A7 ATATAAAATTCATATGGTTTATTACCGAGGAA

P2A8 CGTGTGAATTATTAAGAGGGAGAAACAATAAACGTCAGACTCG

P2A9 ACCGAGGCTGGCTGACCTTTCATTAGGTAGAAACCAGTC

P2A10 | GGGGTTTATATCGCATATGCATTGACCATTAGATA

P2A11 | AGGAAGCGCAGCGATCCCGTGCCGCCGGAACGTAAACGATGCTGATACG
P2A12 | TTATCAGCTTGCTTACACTAT

P2B1 CAACCGCATCG

P2B2 TTATTCGGTCGGGTATTAGCCGTTTTTTCGATTTA

P2B3 ATCCTGAAAACAAACCTTTTTTAATGGACGCGAGAGGTTTGA

P2B4 AATCAAATTAGTACCGCCACCGAGTAACGCGTCATCCGGAACCGCGCCTAAC
P2B5 CGCGCAGTATATTCGACAATGAATATACAGTA

P2B6 TATTAAATCATACAAAATCATAGCGTCAAATTAT

P2B7 AAAGGAAGCTTGATGTTGAAACCTG

P2B8 TTGCAAAGACAAAAGGGAATGAAATAGCAAGCAGCACC

P2B9 TGTACGGAGGGAAGTGAGCGCTTTAAGAATAGAAAAGAAACGCAAA
P2B10 | CCAGAGCGCCATACAGCGCCATGTTGATTCAGAAGCTAACAG

P2B11 | TTTGCGGGCCTCTGTGGTGCT

P2B12 | TATTTGCCGTTGCACATCTGCCCTTCACCGGTGTA

P2C1 GTAATCAGAAACGAGCCTTTAGTGCCTTCTCAGAACGA

P2C2 TTTTCATAACATCCATATATTTTAAATGGACAGTCGGTCAGG

P2C3 GTTTACCAGACGACTCAGAAGAGTCTGGAAAAGCCCAAA

P2C4 CAGACCAGTTACAAAATAAAGGCTTCAGTAGGAGTATTATTAATGC
P2C5 GCAACTGGCGAAAGGGGAGTAAAGTTGCCGGAGTGAGACCGGTCCAAAC
P2C6 GCAAGACTGGATAGCGTGAATCCCCTGTATGCGC

P2C7 AGCTACTT

P2C8 GGTGATAAGAACTGGCATGATAATAACAGCCCTTTAATATC

P2C9 TCCCATGCGTTCTTTGCCGATTTTCAGGTTTACGG
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P2C10

CCCCTTTTCTTGTGTGAAATTGTTAAAGCACTTGT

P2C11 | TAAAAGGAATGGCTATTAGTCGAACTGAAAAA

P2C12 | TTTTTAGATGATATGACCGGAAGCAAACGCTTAATAGCTATA

P2D1 CACCGGAATCATTTCAAAATTATTT

P2D2 CGGTGTACAGACCAACAAAGCTAACGGAAAAAATCTACG

P2D3 ACTGTATCACCGTACTCCAGTTAACTGAATTCCGCCACTACGTGAAAATC
P2D4 AACAGACAATAGTTTATCCGCTGGTAAATGTGCAG

P2D5 ACGGAGCCGTTAATCAGTGAGGCCTTG

P2D6 GATAAAATCAGAGCCGGGACATCCCTTACACTAAA

P2D7 GCAAACCACGGTTTTGTCACAATCAAAAGTAACCG

P2D8 AAAAGAATTTCTTAAACATTACGAGACCAAAA

P2D9 GAACGCCTCCATATTATTTTA

P2D10 | AATAATAACCGGCGCAGAGAGTAATCTCGCCT

P2D11 | ACCATCGATAGGCCGGAAATTAGAGCGTCACCGACT

P2D12 | AATAAACCAGAATCTTTTCATAATCAGGA

P2E1 ACCAACATGGCGCGTAACGATCTTACAACATTTTG

P2E2 TGAGCAAAGCGTAAGTATAGCCCGGTTCGGAACCAGAATCCCTCAGAAAC
P2E3 TACATCAAACTGAAAAAGAGACGCATACCAGTCGG

P2E4 GCGACCCACCAAGTAGAATCATTAAAGGTGAAAATA

P2E5 TTTGGACATTCTGGCCAATTGGCAGGCCTGCA

P2E6 AAACGGACGACGTCGGTGACGCAACAGCGAGTATAGTTATTTTGATGGGG
P2E7 CTGTCATACCGGCCCTGGCCCTGAGAAGA

P2ES8 ACAGTGCGACTTTACAAACAAAAGCCAAGTCAATACTATCATTTCC
P2E9 CCTAGTTTCCTTTCACCACTTGTAGCAGCACCGACAGTATCGGCCTACCG
P2E10 | AGCGGGAGCTAAACAGGAGTTTTTACAATAGATTT

P2E11 | TAAAGGAAGCTCTGGAACTGCGAACGAGTAGGCATAAACTGTAATGTCA
P2E12 | GAGGGAATCCTGAGAAGTGGCCGATAAAACATATT

P2F1 GAAGGGATAGCGAGATAGTTCCGGCCAGGAAGAAGAATGAGGT

P2F2 AGCACCCTCAAATCCTCCAGGAAGGGTCATTCCTTTAATTGTACAGGTG
P2F3 TATTTTAACCTCAAAAGCTGCATTGCCTGGGGTGCCTAAATCCTTAGAC
P2F4 TGCCCGCTTTCCAGGTGTTGTTC

P2F5 AGACCGGCAAACGCGGTCCGTTTT

P2F6 TGAGGAAAACAGCCTGATTGCTTTGTTGC

P2F7 ACATTACAAAGGATTAAGGTGCCGTCGAGAGGACATGAAACAA

P2F8 TTTGACCGCCAGGAAAGCTAATCAGAGCAAACAAA

P2F9 GCGGTCAGTATAGAAGATTAGCCCTTAAAGGGATTTTAG

P2F10 | TGAAAGCCCAAAAGAAACCGACATTAGGGAGG

P2F11 | TTAAAGAGATCTATGACCGCTAAATCGGTTGTCCC

P2F12 | CGGAATTACCGTGTCGCAAGACAAAGAAAACAGTAAACAAAC

P2G1 ACAGTGCTTTACCGAACGAACTGGTTGCTAGCGGTAAC

P2G2 TTTGCGTATTGACAATTCCACACAAAATTGGG

P2G3 CGGATCGGATGTGCTGCAAGGCGATCAGTGCCAGGTGGAGCC

P2G4 CGACACGCCAAATTACCGCGCCCAAAATCCAAGCC

P2G5 GCCGCTACCACCACTGCCGTATCCGCTCGGCGCCAGCTGGTC
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P2G6 CTTAGCATCAGACGATCCACAACTATCTTTCCCAG

P2G7 TGCCTATAATAGGTATTATAGGATAAAAGCATAGTAAGAGCATCGA

P2G8 GCAGTTGGTAAAAAGGCGGCCGCGTGGTGGGTGGTAGCAGGCTGCA

P2G9 GTCAGACCTCAAGAGAAGGAT

P2G10 | GTCTGAGCAAAAGAAGATAATGGGAAGGAG

P2G11 | GGACAAATCACCTCAATATGAAAATTTGACGCTCA

P2G12 | GTACGAACGTTATTAATCTGTTTACTTTTTAATTAAAGCGA

P2H1 TTTCAATGATAAATTAATGC

P2H2 TCAGTGAGAATCAAATCAGATATAGAACAGCCCTCAGAGTACCGTTAATC

P2H3 TTCAAATTGAATTAATTAATT

P2H4 TTTAAGCAAATTCACAAAGTATTAAGAGGCTCGGA

P2H5 ATATAATACACGTACTACACCAGCTAACACCATTCACCAGTCACA

P2H6 TCACGCGTGGGAACAAATGTCACTGCGCGCCGCGG

P2H7 GGACGTCACCCGGTCGCAGTTTCATGTGCACGTTT

P2H8 GGAACAAGACGCCGCCCCAG

Tab. S2 Modified staple strands

Name Sequence (5°->3¢)

biotinl biotin-AAGGCCGCTTTTTGCG

biotin2 biotin-TTCATCGGCATTGACGGGACCAATAGACCCTCAATTCATTCCAA

biotin3 biotin-GTCATAAATTTTT

biotin4 biotin-ACAACTTTCAACTGAGGCTATGT

biotin5 biotin-AGTTACCAGAAGGAAAGCAGATAAGTCAGAGGGTAATCGCA

biotin6é biotin-CACCCTGAACAAGCCG

biotin7 biotin-GAAGGTTATCTAAAAT

biotin8 biotin-CTCGTCGCTGGCCCTCCTCCGTGCCTTAATTTAGAAACCAGTAC

biotin9 biotin-
GAAAGGAAGGGAAGAACCGGCGATCCCCGGCCGTGAGAGCCTCCGTCACGT

biotin10 biotin-TAGATGGGCGCATCGTAACTTCAGGCGCCT

biotin11l biotin-AGAATATAAAGTCCCATCCGTTCTTCGGGG

biotin12 biotin-AGGGCGATCGGTGCGGTGCGCAACCGGAAACAATCGGCGGG

npbindl AAAGAATTAGCAAAATTAAGCAGCCTTTAAAAAAAAAAAAAAAAAAAAAAAA
AA

npbind?2 CAATATAATCCAATGATAAATAAGGCGTTAAAAAAAAAAAAAAAAAAAAAAA
AAAA

npbind3 ATAAAAATGCTGATGCAATGTGAAAAAAAAAAAAAAAAAAAAAAAAAA

npbind4 CATACAGCCTGTTTTGCTGAATATAATGCGAAAAAAAAAAAAAAAAAAAAAAA
AAA

npbind5 ACCACCAAAGGGTTAGAACCTCAATTACGAATAACCTAAAAAAAAAAAAAAA
AAAAAAAAAA

npbind6 ACCATCAACCGTTCTAGCCGCAAAAAAAAAAAAAAAAAAAAAAAAAAA

npbind7 GGTTATATAACTATATGTGAATAAAAAAAAAAAAAAAAAAAAAAAAAAAA

npbind8 CATTTCGTCAACATGTTTTAAGTTTTAATTCGAGAAAAAAAAAAAAAAAAAAA

AAAAAA

base ATTO54
2

TTTGTGATCTCACGTAAATTTCTGCTCA-ATTOS542

base ATTO64
7N

TTTGTGATCTCACGTAAATTTCTGCTCA-ATTO647N
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hotspot ATT
0647N

TAATCACTGTTGCCCTGATTAAATACGTTAATA-ATTO647N

hotspot ATT
0542

TAATCACTGTTGCCCTGATTAAATACGTTAATA-ATTO542

hotspot_Alexa
647

TAATCACTGTTGCCCTGATTAAATACGTTAATA-Alexa647

hotspot FQH

TAATCACTGTTGCCCTGATTAAATACGTTAATA(ITATTO647N)AATGAGGACAT
TTCGGGCAATGTGTCCTCATT-BBQ650

Tab. S3 Folding temperature ramp

temp [°C] time [s]
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
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Fig. S1: Example fluorescence intensity as a function of time for single fluophores of ATTO 542, ATTO 647N, AlexaFluor
647 placed in the hotspot of 100 nm Ag nanoantennas.
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Fig. S2: Total number of counts vs. photon count rate for the dataset described in Fig. 1.
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Abstract: A bottleneck in many studies utilizing single-molecule Férster Resonance Energy Transfer (smFRET) is the attain-
able photon count rate as it determines the temporal resolution of the experiment. As many biologically relevant processes
occur on timescales that are hardly accessible with currently achievable photon count rates, there has been considerable
effort to find strategies to increase the stability and brightness of fluorescent dyes. Here, we use DNA nanoantennas to
drastically increase the achievable photon count rates and to observe fast biomolecular dynamics in the small volume be-
tween two plasmonic nanoparticles. As a proof of concept, we observe the coupled folding and binding of two intrinsically
disordered proteins which form transient encounter complexes with lifetimes on the order of 100 ps. To test the limits of our
approach, we also investigated the hybridization of a short single-stranded DNA to its complementary counterpart, revealing
a transition path time of 17 ps at photon count rates of around 10 MHz, which is an order-of-magnitude improvement when
compared to the state of the art. Concomitantly, the photostability was increased, enabling many seconds long megahertz
fluorescence time traces. Due to the modular nature of the DNA origami method, this platform can be adapted to a broad
range of biomolecules, providing a promising approach to study previously unobservable ultrafast biophysical processes.

Introduction

Single-molecule Forster Resonance Energy Transfer (smFRET) experiments are a cornerstone in the
investigation of biomolecular dynamics [1] as they enable the observation of the molecule of interest’in
action’, specifically within its natural environment, and give a real-time movie that can span timescales
from milliseconds to minutes or in some cases even hours [2]. Crucially, although methods enabling
access to faster timescales through correlation techniques exist [3, 4] time-resolving individual rare
events, such as the rapid jumps across the barriers between two conformational states (e.g. protein
or nucleic acid folding), requires very high count rates from single molecules [5, 6]. These transition
paths have gained increasing interest and smFRET experiments have been playing a major role for
revealing the nature and timescales of these paths [7, 8]. However, the photon count rates (PCR)
required for accessing the relevant microsecond timescale mandate the use of high excitation inten-
sities leading to saturation and increased photobleaching, which makes the task of measuring these
transition paths very challenging. Plasmonic hotspots have been shown to increase the photosta-
bility and brightness of fluorescent labels [9, 10], and offer a potentially complementary strategy to
the more commonly used chemical photostabilization [11-13]. Coupling the emitters to plasmonic
hotspots not only increases the electric field between the two plasmonic nanoparticles, but also in-
creases the emission rates of the fluorophore, leading to a shorter time that the molecule spends in
the reactive excited states as well as reducing the time until the fluorophore is available for re-excitation
[14, 15]. This, in turn, results in improved photostability of fluorescent labels and also enables higher
fluorescence intensities without saturation [9, 16, 17]. First examples employing similar strategies
for diffusing molecules have appeared and showed promising results [18, 19], but they are limited to
the submillisecond timescales of molecular diffusion through the excitation volume, which makes the
complete observation of complex biomolecular pathways unlikely. DNA origami nanoantennas [20,
21] have overcome the challenge of selective immobilization of biomolecules in plasmonic hotspots.
Recent iterations have optimized the usability of the plasmonic hotspots in NACHOS (NAnoantennas
with Cleared HOtSpots) improving binding kinetics and the immobilization of larger functional entities
such as diagnostic assays [22] and even antibodies [23] in these zeptoliter volumes. In this work, we
explore the use of NACHOS for biophysical single-molecule FRET experiments. Recent studies have
shown that the electromagnetic environment of plasmonic hotspots has an influence on the FRET rate
coefficient as well as the FRET efficiency [24—26], but their use in biophysics is largely unexplored.
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Here, we optimize DNA origami nanoantennas for biophysical experiments with a careful selection of
parameters, including the choice of donor and acceptor fluorophores. With optimized hotspots, we
demonstrate strongly enhanced countrates and long-lasting single-molecule FRET time traces. Unal-
tered biomolecular function is demonstrated by reproducing the lifetime of a short-lived intermediate
in the coupled folding and binding of two intrinsically disordered proteins. Transition path times of
down to a few microseconds are then reported for a DNA hybridization reaction.

Results and Discussion

An important first step of this endeavor is the choice of a suitable FRET pair. Photophysical charac-
teristics such as the formation of short-lived dark or dim states [9] can complicate the analysis of the
data and need to be avoided or accounted for in the analysis. Furthermore, both fluorophores should
be spectrally red-shifted with respect to the plasmon resonance of the gold dimer nanoantenna [27].
In consideration of these aspects, we examined FRET pairs covering the red and near IR spectral
region (a deeper discussion on dye selection and DNA origami nanoantenna production is found in
Supplementary Note 1).

First, we investigated the binding of the nuclear-coactivator binding domain of the CBP/p300 tran-
scription factor (NCBD) to the activation domain of SRC-3 (ACTR). Previous studies with smFRET
[28] revealed that these intrinsically disordered proteins (IDPs) form a transient encounter complex
before they form a fully folded heterodimer. The lifetime of this encounter complex has been deter-
mined experimentally to approximately 80 ps — 100 ps, depending on the ionic strength of the buffer
[28], which offers a way to test whether our system is compatible with measuring protein dynamics.
Using a single-stranded DNA (ssDNA) handle attached to a cysteine residue close to the N-terminus,
we immobilized ACTR labelled with AlexaFluor 647 in the plasmonic hotspot (Fig. 1a, b). Free NCBD
labelled with LD750 was then added to the imaging buffer which led to the appearance of short seg-
ments of high FRET efficiency in the fluorescence recordings, indicating the binding of NCBD to ACTR.
To identify nanoantennas showing reversible binding events without prematurely photobleaching the
FRET pair, we started the acquisition of single-molecule fluorescence trajecories at lower excitation
intensities (10 — 20 nW). Then, we increased the excitation intensity (1 — 4 pW) to acquire high in-
tensity time traces. With the fluorescence enhancement and increased photostability provided by
the DNA origami nanoantenna, we were able to increase the average photon count rate by almost
3-fold to 588 kHz compared to earlier studies with a different FRET pair [28] (see Supplementary
Note 2) and achieved a maximum photon count rate of over 2 MHz, with a mean observation time
of 0.66 s, which also represents a significant improvement. While intermediates with longer lifetimes
can sometimes be directly observed in the time traces (Fig. 1c, left), quantifying intermediates with
shorter lifetimes remains challenging (Fig. 1c, right, see Fig. S1 for more examples). Consistent with
previous mechanistic studies of FRET in plasmonic nanostructures [24—26], the FRET efficiency of
the bound state is decreased in the plasmonic hotspot — we obtained a mean value of (Eg) = 0.49
(uncorrected, compare Fig. S7)

In order to fully quantify the most likely lifetime of the intermediate state, we used the photon-by-
photon maximum likelihood approach [7, 28, 31]. Here, the likelihood of a transition between two
states via an intermediate with FRET efficiency E, and lifetime 7 is compared to the likelihood of an
instantaneous transition (Fig. 1d). To account for acceptor blinking, we included an additional dark
state in the analysis [32]. We also normalized each E; value to the respective transition-wise bound
state (Eg) and unbound state (Ey) FRET efficiency values: E;norm = (Ej-Ey)/(Eg-Ey), to account for
the slightly broadened FRET distributions resulting from the heterogenous fluorescence enhancement
by the nanoantenna (see Sl for details on the analysis). This means that for an E; norm value of 0.5,
the intermediate state lies exactly halfway between Ey and Eg. As we noticed a decrease of the
total photon count rate of the system upon binding of NCBD (Fig. S1), we additionally carried out
simulations of binding events with non-constant total photon count rates and found no significant
influence on the robustness of the analysis (see Supplementary Note 3 and Figs. S3 and S4). From a
total of 141 transitions, we obtained a value of 96 + 13 s for the most likely lifetime of the intermediate
state and an E; ,orm value of 0.58 + 0.04 (Fig. 1e—f). These values are in excellent agreement with
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Figure 1: Investigation of the coupled folding and binding of ACTR to NCBD using DNA origami nanoantennas.
(a) lllustration of the DNA origami nanoantenna with 100 nm gold nanoparticles. (b) Depiction of the binding reaction
of ACTR to NCBD. We used ssDNA handles to immobilize ACTR (yellow) labelled with AlexaFluor 647 in the plasmonic
hotspot region. NCBD (green) labelled with LD750 is freely diffusing in solution and transiently binds to ACTR. Cartoon
representations were obtained from the PDB [29, 30]. (c) Exemplary fluorescence time traces (orange: acceptor, blue:
donor) and corresponding uncorrected FRET efficiencies (E, green) of binding events represented with 40 ps (left) and
20 ps (right) binning. The inset on the left highlights a potential intermediate state. The dashed lines indicate the mean
values for bound (Eg) and unbound (Ey). (d) Schematic depiction of the two models that are compared in the maximum
likelihood analysis [7]: an instantaneous transition from the unbound to the bound state is compared to a transition that
includes an intermediate step with FRET efficiency E; and of lifetime 7. (e€) 2D contour plot of the log-likelihood difference
Aln L between the two models summed up over 141 transitions. The most likely values are 7, = 96 + 13 ps and Ejnorm =
0.58 £ 0.04. The errors were calculated from the diagonal elements of the covariance matrix. (f) Plot of AIn L values versus
7, for single transitions (red, right scale) and the sum of all transitions (black) as well as their average (blue, right scale)
calculated at the most likely value for E norm-

previously reported values at similar ionic strength (90 + 10 ps [28]), which illustrates the potential of
our approach to be applied to other biomolecular processes.

To test our approach on even faster reactions and simultaneously avoid potential negative effects on
the photostability of our labels by the neighboring amino acids and labelling chemistries (e.g. cysteine
or maleimide [33]), we next set out to investigate the transient binding of a short ssDNA to a ssDNA
docking site placed in the plasmonic hotspot. DNA-DNA hybridization is believed to occur via a 2—
3 nucleotide (nt) nucleation site which then transforms into the stably bound state via zippering of
the remaining bases [34]. In our experiments, we used a 6-nt long ssDNA labelled with Dy-751 at
the 3’-end, which hybridizes to a docking site labelled at the 3’-end with a Cy5B [35, 36] fluorophore
(Fig. 2a). We achieved a mean PCR of 2.42 MHz and a maximum count rate of 8.93 MHz, which is
approximately an order of magnitude higher than previously reported PCRs in smFRET experiments
[7, 37, 38] and also substantially higher than what we observed in the experiments described earlier.
It is worth emphasizing that because of the increased photostability, we were sometimes able to
observe the same molecule for up to 30 seconds at photon count rates of 2 MHz and record up
to 57 million photons from one FRET pair (Fig. 2b). This allowed us to occasionally observe more
than 20 transitions on one molecule, which illustrates how the nanoantenna approach facilitates data
acquisition. Figure 2c shows two exemplary snapshots from fluorescence time traces of a binding
event (see Fig. S2 for more examples). At the chosen 2—4 pus bin sizes, acceptor blinking becomes
visible (indicated by arrows), substantiating the need to account for it in the analysis. We observed
a total of 405 transitions and analyzed these according to the photon-by-photon maximum likelihood
approach described above. We found a mean value of the uncorrected FRET efficiency of the bound
state of 0.48, a most likely transition path time of 17 + 1 ps and an E; norm value of 0.30 + 0.02 (Fig
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Figure 2: Investigation of DNA-DNA hybridization reactions in the plasmonic hotspot. (a) lllustration of the experiment:
a 6 nt ssDNA labelled with Dy-751 hybridizes to a ssDNA docking site labelled at the 3’- end with a Cy5B fluorophore. The
DNA sequences are shown in the inset. (b) The increased photostability allows for the observation of several binding events
at high count rates. Top: acceptor (orange) and donor (blue) fluorescence time trace at 1 ms binning. Bottom: corresponding
uncorrected FRET time trace. (c) Exemplary fluorescence time traces (top) showing donor (blue) and acceptor (orange)
fluorescence during a hybridization event at 2 and 4 ps binning. The corresponding uncorrected FRET time trace is shown
below. The arrows indicate possible acceptor blinking events. (d) 2D contour plot of the log likelihood difference Aln L of
a transition of duration =7 with FRET efficiency Ei, norm to an instantaneous transition summed over 405 transitions. The
most likely values are 71 =17 + 1 ps and E; norm = 0.30 + 0.02. The errors are calculated from the diagonal elements of the
covariance matrix. (e) Plot of AIn L values versus 7 for single transitions (red, right scale) and the sum of all transitions
(black) as well as their average (blue, right scale) calculated at the most likely value for E; nom-

2b). To test the influence of the FRET pair on the results, we repeated the experiment with AlexaFluor
647 as donor and ATTO740 as acceptor fluorophores. Although we were able to achieve slightly
higher count rates (mean count rate: 5.34 MHz, with maximum count rates of up to 16.4 MHz, see
Fig. S3), the FRET efficiency of the bound state was notably lower ({Eg) = 0.30), potentially making it
more difficult to distinguish between the bound and the unbound states. This can at least partially be
explained by the lower Forster radius of this dye pair (see Table S3). Nevertheless, we still obtained a
transition path time that agrees with the one measured with the Cy5B/Dy-751 FRET pair (1, =20+ 3
ps) with a most likely value for E; norm of 0.21 + 0.02.

Previous FRET studies on DNA hairpin formation were able to determine an upper bound of 2.5 ps
for the hybridization of a 4 nt long hairpin stem [39] and optical tweezer experiments reported values
around 30 ps for much longer hairpins [40]. Our results thus lie in a plausible range of transition
path times for 6-nt DNA-DNA hybridization event, although further experiments will be needed to fully
understand the process of hybridization. For example, in preliminary experiments, the inclusion of an
AT-mismatch in the short strand labelled with ATTO740 led to an increase of 7; to 41 + 3 ps with a
similar value for E; norm Of 0.229 + 0.012 (see Fig. S4).

Conclusion

In summary, we showed that DNA origami nanoantennas can be used to accelerate data acquisition
and increase the attainable photon count rates in smFRET experiments on biomolecular dynamics.
As a proof of concept, we investigated the coupled folding and binding of two IDPs as well as the hy-
bridization of two ssDNAs and showed that we could resolve processes on the microsecond timescale.
With the resulting higher time resolution [41, 42], previously inaccessible biological processes could
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be investigated. To this end, the modular nature of the DNA origami technique allows the swift in-
corporation of new biomolecules of interest, making this platform broadly applicable as a tool for the
improvement of temporal resolution in smFRET experiments. Another benefit which we did not focus
on in this work is the possibility to work at much higher concentrations of labelled species due to the
ultra-small volume of fluorescence enhancement in the nanoantennas, which also allows the obser-
vation of biomolecular interactions with micromolar dissociation constants [43] — we estimated the
dissociation constant of the mismatched DNA-DNA interaction (Fig. S4) to 200 uM and still were able
to clearly resolve the binding events at 3.6 pM concentration of the short strand in solution (Fig. S8).
Recent iterations of the DNA origami nanoantenna could accommodate even larger biomolecules
and should further reduce the potential impact of the constricted environment on the experiments
[44]. The development of new near-infrared fluorophores showing less blinking on the low microsec-
ond timescale [45] which potentially interferes with the maximume-likelihood analysis should make it
possible to further push the time resolution and possibly, in combination with more efficient sampling
methods, bridge the gap towards the timescales of molecular dynamics simulations [46—48].
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1 Materials and methods

1.1 DNA origami synthesis

DNA origami nanostructures were produced and purified as described previously. [1] Pu-
rification of the DNA origami was achieved using 100 kDa MWCO filters (Merck). The
filters were filled with 450 pL FoB5 buffer (10 mM TRIS, 5 mM MgCl,, 5 mM NaCl, 1 mM
EDTA) and centrifuged at 10 krcf for 7 minutes to wet the membrane. Then, the filtrate was
discarded and the filter was filled with 450 pL of FoB5 buffer and 50 pL of the folded origami
sample. The mixture was centrifuged at 7 krcf for 12 minutes. This process was repeated
3 more times. The ACTR-DNA-origami construct was prepared as follows: 25 pL of filter
purified DNA origamis bearing the protein docking sequence were mixed with 1 pL of the
AF647-labeled ACTR protein at 10 pM. The mixture was heated to 37°C and slowly cooled
to 20 °C over the course of 1 hr using a thermocycler. Samples were subjected to another 3
rounds of filter purification as described previously.

DNA sequences

All sequences needed to synthesize the DNA origami were described previously. [1] Here we
summarize the additional oligonucleotides needed for the experiment.

e 5’-TAATCACTGTTGCCCTGATTAAATACGTTAATA -3’ staple for
in the hotspot

e 5°-TTCCTCTACCACCTACATCAC-3’ ssDNA labelled with maleimide used to tag ACTR

e 5’ -TAATCACTGTTGCCCTGATTAAATACGTTAATATGTCTGCTACTCTGTCTG-3" staple with dock-
ing site labelled with either Cy5B or AlexaFluor 647 at the 3'-end

e 5°-GACAGA-3’ short ssDNA labelled with either Dy 751 or ATTO 740 at the 3'-end

The dye labelled oligonucleotides where obtained from biomers.net GmbH, Germany, except
for the ATTO 740-labelled strand, which was obtained from Eurofins Genomics GmbH,
Germany and the Cy5B labelled strand, which was produced in-house using Cy5B maleimide
and C6-Amino-labelled DNA obtained from Eurofins Genomics GmbH, Germany as previously
described. [2]

1.2 Nanoantenna preparation

DNA functionalized spherical gold nanoparticles (100 nm diameter) were produced as described
previously [1], with slight modifications: 2 mL of a 0.025 mg/mL solution of 100 nm gold
nanoparticles were mixed with 20 pL of 10% Tween 20 and 20 pL of potassium phosphate
buffer (4:5 mixture of 1 M monobasic and 1 M dibasic potassium phosphate, Sigma Aldrich,
USA) as well as 4 nmol of thiol-modified ssDNA (5'-T20-SH-3', Ella Biotech GmbH, Germany)
dissolved in 20 pL ultrapure H,O and 30 pL of TCEP in ultrapure HoO at 60 mM. The
solution was then stirred on a magnetic stirrer at 40 °C for 1 hr. Then, PBS with additional
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3.3 M of NaCl was added stepwise to a final concentration of 750 mM NaCl. Then, the
particle solution was mixed 1:1 with PBS supplemented with 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. The solution was centrifuged for 8 min at 2.8 krcf and the supernatant was
discarded. This procedure was repeated 5 more times. Then, the supernatant was discarded
and the particles were resuspended in 10 mM TRIS, 1 mM EDTA, 750 mM NaCl buffer
to an extinction at 550 nm of approximately 0.1 as measured on a UV-VIS spectrometer
(NanoDrop2000, Thermo Fisher Scientific, USA). The immobilized DNA origamis were then
incubated at RT overnight with this solution to form the nanoantennas.

1.3 Protein expression and labelling
Protein expression

For NCBD, a construct with a single cysteine residue and proline residues 20 and 23 re-
placed by alanine (to suppress kinetic heterogeneity due to peptidyl-prolyl cis/trans iso-
merization [3]) was generated by site-directed mutagenesis. Furthermore, the expression
construct contained an N-terminal His6-tag cleavable with HRV 3C protease (sequence of
the cleaved construct: GPNRSISPSA LQDLLRTLKS ASSAQQQQQV LNILKSNPQL MAAFIKQRTA
KYVANQPGMQ C). NCBD was co-expressed [4] with wild-type ACTR from a pET-47b(+)
vector. Expression was carried out in Escherichia coli C41(DE3) (Merck). Cells were grown
at 37°C in TYH medium (for 1 L: 20 g tryptone, 10 g yeast extract, 11 g HEPES, 5 g
NaCl, 1 g MgSQOa, pH 7.3), supplied with 0.5% (w/v) glucose, until they reached an OD600
of 0.8. Then, 1 mM IPTG was added to the culture. Expression continued for 1 h at
37 °C, after which cells were harvested by centrifugation. The harvested cells were lysed
by sonication, and the Hisg-tagged protein was enriched via immobilized metal ion affinity
chromatography on Ni-IDA resin (Agarose Bead Technologies). The Hisg-tag was then
cleaved with HRV 3C protease and separated from the protein by another round of IMAC.
Finally, NCBD was separated from ACTR and other impurities via reversed-phase HPLC
(RP-HPLC) on a C18 column (Reprosil Gold 200, Dr. Maisch, Germany) with a water/0.1%
trifluoroacetic acid-acetonitrile gradient. The purified protein was lyophilized, resuspended
in buffer, and stored at -80 °C until use. For ACTR, a double-cysteine construct, with one
cysteine close to the N-terminus for attachment to the DNA origami, and one close to the C-
terminus for the dye, was generated by site-directed mutagenesis. Furthermore, the expression
construct contained an N-terminal Hisg-tag cleavable with HRV 3C protease (sequence of
the cleaved construct: GPCGTQNRPL LRNSLDDLVG PPSNLEGQSD ERALLDQLHT LLSNTDATGL
EEIDRALGIP ELVNQGQALE PKQDC). ACTR was co-expressed with wild-type NCBD from a
pET-47b(+) vector and purified as described above.

Protein labelling

For NCBD, lyophilized protein was dissolved under nitrogen atmosphere at a concentration
of 340 pM in 10 OmM potassium phosphate buffer, pH 7.0, and was labeled for 3 h with
a 1.6-fold molar excess of LD750-maleimide (Lumidyne Technologies) to protein. Labeled
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protein was separated from unlabeled protein with RP-HPLC on a C18 column (Reprosil
Gold 200, Dr. Maisch, Germany) with a water/0.1% trifluoroacetic acid-acetonitrile gradient.
For ACTR, in a first step, the more reactive cysteine at position 3 was labeled with a
3’-maleimide-functionalized oligodeoxynucleotides (biomers.net GmbH) with the sequence
5’-TTC CTC TAC CAC CTA CAT CAC-3’-maleimide. Lyophilized protein was dissolved under
nitrogen atmosphere to 280 pM in 100 mM potassium phosphate buffer, pH 7.0, and was
labeled for 3 h at a 0.5-fold molar ratio of oligodeoxynucleotide to protein. Singly labeled
protein was separated from unlabeled and doubly labeled protein with RP-HPLC on a Reprosil-
Pur 200 C18-AQ column (Dr. Maisch, Germany), with a water/0.1 M triethylammonium
acetate—acetonitrile gradient. In a second step, the cysteine at position 75 was labeled
with AlexaFluor647 maleimide. The lyophilized protein/oligodeoxynucleotide construct was
dissolved under nitrogen atmosphere to a final concentration of 44 yM in 100 mM potassium
phosphate buffer, pH 7.0, and was labeled for 3 h at a 1.5-fold molar ratio of dye to protein.
Labeled protein was again separated from unlabeled protein with RP-HPLC on a Reprosil-Pur
200 C18-AQ column, with a water/0.1 M triethylammonium acetate—acetonitrile gradient.
The purified constructs were lyophilized, resuspended in buffer, and stored at -80 °C until use.

1.4 Single-molecule surface preparation

Microscopy slides (24 mm x 60 mm size and 170 pm thickness (Carl Roth GmbH, Germany)
were cleaned in an ozonator (PSD-UV4, Novascan Technologies, USA) at 100 °C for 30
mins. Then, 2 CoverWell™ Perfusion Chamber gaskets (9 mm diameter, 0.5 mm deep, Grace
Biolabs) were glued on the slides and the glue was strengthened by placing the slide on a
100 °C heating plate for 30 seconds. Surfaces then were cleaned by incubating with 1 M
KOH for 10 mins. The chambers then were washed 4 times with PBS. The surfaces then
were passivated by incubation with BSA-Biotin (1 mg/mL in 10 mM TRIS, 1 mM EDTA, 50
mM NaCl, Sigma Aldrich, USA) for 10 mins. The chambers were then washed with PBS
(3 times). Then, the chambers were incubated with NeutrAvidin™ (0.25 mg/mL in PBS,
freshly diluted from a 1 mg/mL stock in ultrapure H,O, Thermo Fisher Scientific, USA) for
10 minutes. After washing with PBS (3 times), chambers were ready for use.

1.5 Confocal microscopy

Data was acquired on a home-built setup based on an Olympus IX-71 microscope body. A
LDH-D-C-640 laser (636 nm) in continuous wave mode was focussed to a diffraction-limited
spot and sent through a linear polarizer (LPVISE100-A, Thorlabs GmbH) and a quarter-wave
plate (AQWP05M-600, Thorlabs GmbH) to obtain circularly polarized light. An oil-immersion
objective (UPLSAPO100XO, NA1.40, Olympus Deutschland GmbH) was used to focus the
light onto the sample. We used a piezo stage (P-517.3CD, Physik Instrumente GmbH & Co.
KG) and a piezo controller (E-727.3CDA, Physik Instrumente GmbH & Co. KG) to scan the
sample. The fluorescence was separated from the excitation laser with a dichroic beam splitter
(zt488/543/635/730rpc, Chroma Technologies) and focussed on a 50 ym diameter pinhole
(ThorlabsGmbH). The fluorescence was then split between the red and infrared channel
using a beam splitter (HC BS 749 SP, Chroma). The red fluorescence was distributed to 2
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APDs (SPCM-AQRH-14-TR and SPCM-AQR-15, Excelitas Technologies GmbH & Co. KG,
Germany) using a nonpolarizing 50:50 beam splitter (CCM1-BS013/M, Thorlabs GmbH).
The infrared channel was distributed to 2 APDs (SPCM-AQRH-14-TR and SPCM-AQR-15,
Excelitas Technologies GmbH & Co. KG, Germany) using a nonpolarizing 50:50 beam splitter
(CCM1-BS014/M, Thorlabs GmbH). Events were registered by a multichannel picosecond
event timer (HydraHarp 400, PicoQuant GmbH) in T2 mode and the hardware was controlled
using a commercial software (SymPhoTime 64, PicoQuant GmbH) We used a photostabilizing
system consisting of enzymatic oxygen removal by glucose oxidase/catalase as well as a
reducing/oxidizing system with Trolox/Troloxquinone for all of the experiments. Specifically,
the buffer consisted of 50 mM TRIS, 500 mM NaCl, 2 mM Trolox/Troloquinone, 2% (w/v)
Glucose, 165 U/mL Glucose oxidase, 2170 U/mL Catalase dissolved in D, O for all experiments.
[5, 6] For the experiments with ATTO 740, the pH value of the buffer was adjusted to 7
before use. We used lower excitation powers (10 nW — 20 nW) to scan the surfaces and find
the coordinates of the single molecules. Then we placed the laser focus on these coordinates,
checked if the fluorescence transient exhibited binding events and then increased the laser
power to 1 pW — 4 yW by removing a neutral density filter in the excitation path.

1.6 Data analysis

Data were analysed using home-written python code with a backend written in C++ using
Eigen [7] which is available on Gitlab. [8] For the maximum likelihood analysis of photon-by-
photon trajectories we used the method developed by Gopich and Szabo [9] and applied to
transition paths by Chung and Eaton. [10-12] Here, the likelihood of detecting a sequence of
photons j with colors ¢ is given by

N
Lj = v, | | [F (a) exp(KT)] F (c1) vini (1)
i=2

with 7, being the interphoton time and K being the rate matrix either for the two state model
with acceptor blinking:

—kp — kg Kn,app ky 0
kD —kA app — kd 0 kb
K = PP 2
ky 0 —kp — kp kn,app (2)
0 kq kp kn,app — kb

or the model with an intermediate state

[— kb — kq ki 0 ko 0 0
kb —2k; — Ky /k/&’app 0 Ko 0
0 ki —Kh 200 — kd 0 0 ko

= app
“=1 & 0 0 K-k K 0 ©)
0 kg 0 kb —2k; — kp Kh app
0 0 kg 0 ki —Kh app — Kb
5
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Here, kp is the dissociation rate constant, kg and kp, are the rate constants for the conversion
between bright and dark states, ka app is the apparent association rate and k; is the rate with
which the intermediate state is depopulated. F is the photon color matrix and is given by

Eg 0 0 O
0 E 0 O
Facceptor - 0 OU Ed 0 and Fdonor =1I- Facceptor (4)
0 0 0 KE4
for the two state model and
[Eg 0 0 O 0 0T
O Efk 0 O 0 O
0 0 E 0O 0 O
Facceptor = 0 0 OU Eq 0 0 and  Fgonor =1 — Facceptor (5)
0O 0 O 0 Eg O
(0 0 0 0 0 Eq4

for the model with an intermediate state. Here, I is the identity matrix, Eg is the FRET
efficiency in the bound state, Ey is the FRET efficiency in the unbound state and Ej is the
FRET efficiency of the intermediate state. Eg4 is the FRET efficiency of the dark state, which
we set equal to Ey. Because we are analyzing single transitions from the unbound to the
bound state, we set ka app = kp = 0.01s71, kp.app = kb = 0.02s7! and

Vi.rl:i = (0 Pb 0 1-— pb) and Vin = (pb 0 1-— Pb 0) (6)
for the two state model and

vpi=(0 0 pg 0 0 1—pg) and vin=(pg 0 0 1—pg 0 0) (7)
for the model with an intermediate state with pp = kp/(ks + kq). For the fitting procedure,
it is beneficial to define k = ky, + ky. We manually picked single transitions and fit them
with the two state model to obtain Eg, Ey, k and p,. We discarded transitions where the
fit did not converge (41 and 33 discarded transitions for the experiment with the IDPs and
the experiments with the DNA hybridization, respectively) and where Eg was more than 2
o away from the mean value (7 and 19 discarded transitions). Then we used the obtained
fit parameters to calculate Aln L with 7; = 1/(2k;) and Ep as the only free parameters. To
summarize the results, we normalized the obtained Ej values to the respective Ey and Eg
values via Ej norm = (E1 — Ey)/(Eg — Ey) for each transition.
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2 Supplementary notes

2.1 Considerations on the choice of the FRET pair

The most important parameters for the choice of a suitable FRET pair are the absorption
spectra of the dyes with respect to the plasmon resonance of the nanoantenna, because
the fluorescence enhancement is the region slightly red shifted to the plasmon resonance.
The plasmon resonance peak can be approximated by the scattering cross-section of the
nanoantenna. As shown previously [13], for dimers of 80 nm silver nanoparticles (AgNPs),
the plasmon resonance lies at 500-650 nm while for 100 nm gold nanoparticles (AuNPs) it
lies in the region of 600—750 nm. Because of increased scattering of AgNPs, we opted to
utilize nanoantennas based on AuNPs, which meant that we had to work with dyes absorbing
in the red to near-IR spectral range. We also noticed a negative influence of pulsed excitation
on the photostability of the fluorophores which is why we used CW excitation at 640 nm.

The next considerations were possible dim or dark states of the fluorophores. We showed
that carbopyronine dyes such as ATTO 647N show pronounced dim state formation in
nanoantenna environments. [14] On the other hand, cyanine dyes did not show such behavior:
dark state formation, e.g. by trans-cis isomerization was accelerated, but no second intensity
state was observed, which makes these class of dyes superior for this application. For this
reason, we chose cyanine dyes as donor dyes — either AlexaFluor 647 or Cy5B. [2]

For the acceptor fluorophores, the same considerations apply, but the available options of
near-IR absorbing dyes are more limited. They comprise mainly cyanine based dyes such as
AlexaFluor 750, Lumidyne (LD) 750 or Dyomics (Dy-)751 and as an alternative ATTO740
(structure unpublished, to the best of our knowledge). We tried most of them with similar
success so that the more deciding factor in this regard was the attainable proximity ratio in
the bound state, which is likely influenced by Dye-DNA or Dye-Protein interactions and the
compatibility with our labelling reaction (ATTO740 is pH sensitive, LD-750 and AlexaFluor
750 were not commercially available on very short oligonucleotides). We note that in all cases,
the use of ROXS and oxygen removal leads to sub-microsecond acceptor blinking [15] which
we attribute to trans-cis isomerization as well as ROXS-induced radical blinking. This could
potentially be overcome by alternative photostabilization methods which rely on efficient
direct depopulation of the triplet excited states (e.g. energy transfer mechanisms). [16]

2.2 Note on the comparison of nanoantenna and reference measurements

To assess the increase in maximum photon count rates and total observation times, the fairest
comparison would be to use the same FRET pair (AlexaFluor 647 and LD750) measured
without the DNA nanoantenna. However, since the photostability of this red/IR dye pair
outside of the plasmonic hotspot was very poor (see exemplary time traces in Figure S7),
we could only compare our results in the DNA nanoantenna to the previous state of the art,
which in this case was the more photostable green/red FRET pair consisting of Cy3B and
CF660R. [17]
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2.3 Simulations of photon time traces

To test the robustness of the analysis based on transfer efficiencies for the case of varying
total photon count rates, we simulated photon time traces with varying total photon count
rates and subjected them to the analysis. For the sake of simplifying the procedure, we did not
include the possibility of photoblinking in these simulations. Time traces were simulated by
drawing random interphoton times from an exponential distribution with the respective count
rate and assigning them to the donor or acceptor channel with the relative probability given
by the FRET efficiency of the given state. The datasets were then analysed with the same
procedure, with the rate matrices K for the two state and the three state model, respectively,
given by
—koff ki 0

K:[_kk°ff _k;“] and K= | kst —2ki kon (8)
off on 0 ki _kon

The results are shown in Supplementary Figures 3 and 4. In conclusion, while the total photon
count rate during the transition seems to affect the accuracy of the result and especially the
total log likelihood difference, the varying photon count rates themselves seem to have only a
minor effect on the extracted values.
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3 Supplementary tables

Table S1: Mean fit results for the two state model. Errors indicate standard errors obtained from each dataset.

Sample Parameter Fit result
ACTR-NCBD Es 0.489 + 0.012
AlexaFluor 647 /LD 750 Ey 0.060 + 0.002
(141 transitions) k 1240 + 137 ms™?

Pb 0.849 £ 0.012
DNA hybridization Eg 0.467 = 0.004
Cy5B/Dy751 Ey 0.070 + 0.001
(4yOS transitions) k 412 + 49 ms™1
Pb 0.880 4+ 0.005
DNA hybridization EB 8823 i 8881
U . .
ng:rZLus(i)tric?:s?)/ATTO74o k 705 + 107 ms™?
Pb 0.954 £+ 0.004
DNA hybridization (mismatch) EB 8§Z§ i 888‘;’
AlexaFluor 647/ATTO740 U : 00
(204 transitions) k 674 & 57 ms
Pb 0.945 £ 0.005
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Table S2: Fit results for the three state model.
covariance matrix.

Errors are calculated from the diagonal elements of the

Sample Parameter Fit result
ACTR-NCBD mi % £ 13 ps
AlexaFluor 647 /LD 750 i, norm 0.58 £ 0.04

A|nL('Ti, Ei,norm) 92.146
DNA hybridization Ti 17+ 1ps
Cy5B/DyT51 Ei norm 0.30 + 0.02
yoBR/EY AInL (7, Einom)  247.261
DNA hybridization g 02;)1130“52
AlexaFluor 647 /ATTO740 AlnlL (T. E: norm) 67 301
DNA hybridization (mismatch) e 04213ii30“§1
AlexaFluor 647/ATTO740 Alnl (’ﬂ E: vorm) 278,717

Table S3: Estimated Forster radii for all FRET pairs used in this study.

FRET pair

Estimated Ry

AlexaFluor 647 — LD750

CybB — Dy751

AlexaFluor 647 — ATTO740

75.7 A

709 A

65.4 A

10
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Figure S3: Analysis of the influence of varying photon count rates on the robustness of the analysis. For
each set, 200 transitions (1 ms windows) were simulated. Input parameters were chosen to ressemble the
experiments with the IDPs (Eg = 0.5, Ei norm = 0.5, Ey = 0.05, 7 = 100 ps, PCR = 1-0.5 MHz) Blue:
donor fluorescence, Red: acceptor fluorescence, Green: sum of both channels, Black: input countrate for the
simulation. The most likely values are indicated in the plots. The errors were calculated from the diagonal
elements of the covariance matrix. See Supplementary Note 2 for details on the analysis.
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Figure S4: Analysis of the influence of varying photon count rates on the robustness of the analysis. For each
set, 200 transitions (1 ms windows) were simulated. Input parameters were chosen to ressemble the experiments
with the DNA hybridization reaction (Eg = 0.5, Ei norm = 0.3, Ey = 0.05, 77 = 20 ps, PCR = 5-2.5 MHz)
Blue: donor fluorescence, Red: acceptor fluorescence, Green: sum of both channels, Black: input countrate for
the simulation. The most likely values are indicated in the plots. The errors were calculated from the diagonal
elements of the covariance matrix. See Supplementary Note 2 for details on the analysis.
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Figure S6: (a) Depiction of the position of the AT mismatch in the short ssDNA strand (bottom) as well
as the sequence of the perfectly matched staple (top). (b) 2D contour plot of the log-likelihood difference
Aln L for the perfectly matched sample with AlexaFluor 647 and ATTO740 summed up over 96 transitions
(bottom) as well as a plot showing A n L values versus 7, for single transitions (red, right scale) and the sum
of all transitions (black) as well as their average (blue, right scale) calculated at the most likely value for
Ei norm. The most likely values are 77 = 20 £ 3 ps and Ej norm = 0.21 & 0.02. (c) Same plots as (b) but for
the sample with an AT mismatch in the short ssDNA stand. The most likely values are 77 = 41 + 3 ps and
Ei norm = 0.23 4 0.01. The errors were calculated from the diagonal elements of the covariance matrix.
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Figure S8: Exemplary time trace showing a DNA-DNA hybridization reaction for the sample with an AT-
mismatch (estimated Kq =~ 200 pM) at 5 ps binning. The concentration of the short DNA strand used for this
experiment was 3.6 pM. Blue: donor (AlexaFluor 647) fluorescence, red: acceptor (ATTO740) fluorescence
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Abstract: Biosensors play key roles in medical research and diagnostics, but there currently is a lack of sens-
ing platforms that combine easy adaptation to new targets, strategies to tune the response window to relevant
analyte concentration ranges and allow for the incorporation of multiple sensing elements to benefit from multi-
valency. Utilizing a DNA origami nanostructure as a scaffold for arranging the different sensor components, we
here propose an approach for the development of modular and tunable single-molecule sensors capable of de-
tecting a variety of biomolecular targets such as nucleic acids, antibodies and restriction enzymes while offering
mechanisms to tune the dynamic window, the specificity, and the cooperativity of the sensor.

Fluorescent sensors are our gateway to a deeper understanding of cellular processes [1-4] and diseases [5-7].
A typical biosensor consists of two functional units: a biorecognition element capable of sensing an analyte or
biological activity and a signal transduction element translating it into measurable readout. For virtually every
biomolecular target of interest to medical research or diagnostics, it is possible to find a molecule (e.g., anti-
body, receptor, or aptamer) that binds to it with high specificity and sensitivity. Given that the conformational
change upon target binding is often very small, one of the key challenges in transforming these binders into use-
ful fluorescence sensors lies in achieving a measurable fluorescence signal (e.g., change in fluorescence intensity
or Fluorescence Resonance Energy Transfer (FRET) between donor and acceptor labels) upon binding. This
challenge has been addressed by a number of elegant modular strategies which generalize and simplify the devel-
opment of new biosensors, for example, by engineering superstructures that elicit large conformational changes
upon target binding with the help of semi-synthetic protein chimeras [8-13], chemically induced dimerization
[14, 15], de novo protein design [15, 16] or by using conditionally stable ligand-binding domains [17, 18].

A second fundamental challenge in developing new sensors lies in tailoring their response window to the an-
alyte concentration of interest. Binding of a ligand to a single-site recognition element produces a hyperbolic
dose-response curve with a fixed response window spanning roughly two orders of magnitude. This limits the
utility of the sensor in applications that require either great sensitivity (sharp signal response) or quantification
of target molecules in a concentration window that varies or spans several orders of magnitude [19]. Mimicking
nature’s tricks to overcome this challenge, mechanisms of allosteric control [20-23], sequestration [24], and co-
operativity [25-29] have been implemented in synthetic sensor and signaling systems. While these approaches
have demonstrated impressive tuning capabilities in aptamer-based sensors enabling measurement of target con-
centrations across orders of magnitude [22] or narrowing of the response window to as little as 3-fold, they lack
the modularity required for straightforward extension to arbitrary analytes. Possible ways to shift the response
window of the sensor (e.g., by introducing a mutation in the binding site [11, 14, 15, 17] or changes to the scaf-
folding structure [8, 9, 16]) have also been outlined in modular sensing platforms, yet, most of these approaches
rely on single-site binding and cannot harness additional tuning and design advantages available to multivalent
sensors (e.g., cooperativity or multiplexing).

Strategies to simultaneously decouple sensing from signal transduction, tune the response window of the sensor
and combine multiple sensing elements are of great interest, as they would allow independent tuning of sensor
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properties and thus greatly increase the speed at which new sensors can be developed. However, a global sensor
approach that addresses all these challenges in one platform has yet to be realized. To lay out fundamental strate-
gies that could combine all these requirements, in this work we harnessed the nanoscale arranging capabilities
and modularity of DNA origami nanostructures. Using a dynamic nanostructure to assemble different sensor
elements, we obtained almost digital FRET signal readout with single-molecule sensitivity, outlined strategies to
tune the response and specificity of a sensor as well as developed multiplexed sensors capable of more complex
sensing operations.

Engineering of a spatially decoupled signal transduction element

To decouple sensing from signal output and build a sensor platform with a high optical contrast, we utilized a
dynamic DNA origami nanostructure [30-32] capable of undergoing large conformational changes. It consists
of two ca. 65-nm long arms connected by a single-stranded (ss) scaffold DNA region (Fig. 1a). In absence
of additional interactions, the two arms fluctuate around an equilibrium angle of ca. 90° (Fig. 1b, upper panel).
However, by introducing DNA-DNA closing interactions on the two arms it can be folded and purified in a closed
conformation, with both arms almost parallel to each other (Fig. 1b, lower panel). In the model nanosensor,
closing interactions are designed with a ssDNA overhang allowing for toehold-mediated opening of the structure
by complementary ssDNA opening strands. At the same time, a short toehold overhang is left upon binding the
target, enabling reversible reclosing and mimicking receptor-ligand interactions (Figs. 1a, S1, S2, and S16).
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Figure 1: Design of the modular biosensor platform. (a) DNA origami nanostructure used to arrange and decouple
sensing from signal output. The signal transduction element consists of a donor (ATTO542) and an acceptor (ATTO647N)
dye forming a FRET pair (bottom left) brought together in the orientation required for high FRET in the closed state by weak
8 base pair (bp) DNA hybridization. In the model sensor platform, the biorecognition element is mimicked by a reversible
closing interaction based on toehold-mediated DNA strand displacement reaction(s) (bottom right). (b) Snapshots from
transmission electron micrographs of the sensors in each of the conformations (scale bar: 40 nm, for full micrographs
see Fig. S3). (c) Confocal microscopy scans of surface immobilized biosensors in the open (top) and closed (bottom)
conformation (scale bar: 2 pm). (d) Corresponding spot wise PR histograms illustrating the high FRET contrast between
closed and open states of the sensor.

The signal transduction element consists of bright and photostable donor (ATTO542) and acceptor (ATTO647N)
fluorophores positioned on the opposing arms forming a FRET pair (Fig. 1la, lower left). We studied different
sensor designs at the single-molecule level by incorporating biotinylated ssDNA strands to immobilize the struc-
tures on BSA-biotin/Neutravidin-coated coverslips and performing confocal scans. The extent of FRET in differ-
ent sensor designs was characterized by calculating the proximity ratio (PR, defined as Ireq/(Ired + IGreen)) for
each nanosensor. The signal output was optimized to minimize the effect of the flexibility of the nanostructure
and the impact of changes in ionic strength on the PR distributions (Fig. S4, oxDNA [33] simulations in Videos
S1-S2). To this end, two complementary ssDNAs protruding from each of the arms were used to define the posi-
tions of the two dyes in the closed state, leading to a narrow distribution of high FRET values ((PRoseq) ca. 0.77,
Fig. 1c and 1d, top). The large conformational change upon opening the sensor with ssDNA target separates the
dyes in the FRET pair resulting in negligible FRET in the open state ((PRopen) ca. 0.08, Fig. 1d, bottom). This
high optical contrast allowed for the unambiguous assignment of the two conformational states and enabled the
detailed characterization of the sensor response.
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Tuning the response window of the biosensor

A universal sensor platform would allow to readily assemble new sensors from a large pool of already existing
receptor-ligand interactions. This calls for strategies to tune both, onset, and sharpness, of the sensor response
to enable monitoring relevant concentration changes of target molecules without the need to re-engineer these
interactions. In natural receptor-ligand systems, this is commonly achieved by hierarchical assembly of multiple
binding units or allosteric modulation of the binding interaction [34]. We laid out and tested several strate-
gies inspired by these mechanisms to tune the signal response of the nanosensor without altering the sensing
interaction itself. The high signal contrast between open and closed conformations enabled us to read out the
equilibrium distributions with high precision and thus conduct single-molecule titration experiments with the
ssDNA target as a model ligand (Fig. 2a). By quantifying the fraction of open sensors (PR<0.3, Fig. 2b) at each
target concentration and fitting the resulting binding curve with the Hill equation, we characterized the response
window of each sensor design in terms of overall affinity K;/, which represents the target concentration where
half of the sensors are open, and the Hill coefficient ny, which is a measure of the cooperativity in a system (Fig.
2b).

Inspired by naturally occurring multivalent systems, we rationalized that increasing the number of sensing in-
teractions would provide means to engineer cooperativity in our nanosensors. As expected, multivalency in-
duced cooperative behavior to our system: going from two to four interactions, ny increased from 0.98+0.08
to 1.55+0.15, respectively, while in the sensor with six interactions, we achieved a cooperativity of 1.73+0.13.
Additionally, going from two to four sensing elements led to an almost 10-fold increase in K/, (from 10010
nM to 1.09+0.09 uM, respectively) and adding two more closing interactions further doubled K, to 2.03+0.10
uM (Fig. 2d). We propose that this cooperativity is a result of strain in the closed state of the sensor acting on all
interactions induced by coulombic repulsion (i.e., opening of one interaction increases the force acting on the
remaining ones). Altogether, increasing the number of sensing elements in these multivalent sensors provided
a strategy to sharpen the signal response (narrowing the response window from ~80-fold to ~12-fold) due to
arising cooperativity while simultaneously shifting K, , to higher values (Fig. 2d, inset).

To introduce an orthogonal tuning strategy, we set out to alter the force that the backbone structure exerts on the
closing interactions. We reasoned that this can be achieved by increasing coulombic repulsion in the closed state
[31, 32] and, in turn, characterized the properties of the sensor containing two closing interactions at varying
ionic strengths (Fig. 2e). As expected, decreasing the NaCl concentration from 400 mM NaCl to 50 mM led
to an earlier response, shifting K, /2 by 6-fold from 601+20 nM to 100+10 nM, which we attributed to destabi-
lization of the closed state of the sensor. Interestingly, the cooperativity was also sensitive to the ionic strength:
we obtained ny values of 0.81+0.02, 0.87+0.04, 0.98+0.08 in the presence of 400 mM, 200 mM, and 50 mM
NaCl, respectively (Fig. 2d). This result is in line with our earlier assumption that cooperativity increases with
coulombic repulsion. The negative cooperativity obtained at higher ionic strengths, however, highlights the ex-
istence of a competing cooperative process. Here, multiple closing interactions facilitate the reclosing, in turn,
providing means to extend the response window of the nanosensors. Overall, the destabilization of the closed
state provided a mechanism to increase the cooperativity and shift the response window to lower concentrations
providing an orthogonal direction in the ny vs. Ki/, space (insets in Fig. 2d and 2e).

Finally, by including additional ssDNA strands that hybridize to each other in the closed conformation we in-
vestigated the possibility to implement allosteric control. Introduction of two transient DNA-DNA interactions
on the inside of the two arms of the structure led to a 7-fold increase of K;/, from 100+10 nM to 705+65 nM
(Fig. 2f) illustrating the sensitivity of this platform to small alterations. Varying the strength of these stabilizing
interactions provides a mechanism to fine-tune the overall affinity of the nanosensor. Analogous to what was
observed at increasing ionic strengths (Fig. 2e), the stabilization of the closed state via this strategy has led to a
decrease in ny from 0.98+0.08 to 0.8+0.05 consistent with facilitated reclosing. Altogether, the three illustrated
approaches present strategies to tune the onset (K1/,) and sharpness (ny) of the sensor without altering the sens-
ing interaction itself with strategies that are orthogonal to each other (insets in Figs. 2d-f) and can be combined
to cover an extended K/, and ny parameter space, something that so far has been challenging to implement in
synthetic sensor systems [27, 28].
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Figure 2: Studying and tuning the response window of the sensors on the single molecule level. (a) Workflow to inves-
tigate the response window of different sensor designs: sensors are immobilized via Biotin-NeutrAvidin interactions. For
each target concentration, one surface is prepared, and a defined concentration of target is added. After equilibration, con-
focal scans are acquired, and the fraction of closed structures is determined by analyzing on average 681 single nanosensors
for each concentration. (b) The response window, i.e., the overall affinity of the sensor (K ,,) and the extent of coopera-
tivity (nyg) are determined by fitting the titration curve with the Hill equation. (c) Example confocal fluorescence scans
for different target concentrations with respective PR histograms shown below (scale bar: 2 um, dashed line represents the
PR threshold used to assign sensors as open). (d) Increasing the number of sensing elements shifts the K./, of the sensor
to higher values and increases the cooperativity. (e) Decreasing the ionic strength increases the coulombic repulsion and
destabilizes the closed state of the sensor, leading to lower Ki /, and higher ny. (f) Introducing additional DNA-DNA stabi-
lization interactions stabilizes the closed state of the sensor and leads to an increase of K1, and a decrease of ny. Titration
curves show mean values of three independent measurements with the error bars corresponding to the standard deviation.
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Harnessing multivalency for increased target specificity

One of the key properties sought after in biosensors is the ability to detect target analytes specifically in a large
pool of other similar biomolecules. As such, we investigated whether multivalency could be utilized to improve
the specificity of the nanosensor. We rationalized that increasing the number of sensing elements would amplify
the overall binding energy difference of two energetically similar targets. To confirm this, we first studied the
opening of a nanosensor containing four sensing interactions in the presence of 17-nt perfectly matching target
as well as targets containing one (C-C mismatch, AAG from the perfectly matched target of 5.4 kcal/mol as
estimated by NUPACK [35], Fig. S5) and two (C-C + T-T mismatch, AAG 6.2 kcal/mol) nucleotide mismatches
(Fig. 3a). For the perfectly matched target the nanosensor opened at nanomolar concentrations, whereas in the
presence of targets containing one or two nucleotide mismatches no opening was observed even at 10 pM (Fig.
3b) illustrating the ability of the nanosensor to specifically detect perfectly matched targets even in ~1000-fold
excess of similar off-targets.
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Figure 3: Harnessing sensor multivalency for increased target specificity. (a) Schematic of the model receptor-ligand
opening interaction (left). For testing specificity of different sensor designs, we included mismatches into the opening
interaction (right), mimicking a ligand (off-target) with similar binding strength. (b) Comparing the perfectly matched
opening interaction (blue) to an interaction with one (green) and two (orange) single nucleotide mismatches shows drastic
differences in sensor response: while perfectly matched target (blue) opens the sensor at nanomolar concentrations, both
mismatched targets exhibit almost no response up to 10 uM concentration. (c) Testing targets with even smaller free energy
differences from the perfect match. (d) Increasing the number of closing interactions from 4 to 8 increases the capabilities
of the sensor to differentiate these targets from the perfect match as illustrated with the sensor opening measured in the
presence of 1 UM target concentrations. Plots show the mean values of three independent measurements with the error
bars corresponding to the standard deviation. Examples for all confocal fluorescence scans are found in Fig. S6.

Exploring this potential further, we investigated whether we could differentiate off-targets with even smaller
AAGs (2.3 — 3.6 kcal/mol, A-A and T-T mismatches, Fig. 3c and Fig. S5). By incubating the nanosensor
containing four sensing interactions with different targets, we could show that at up to 100 nM target concentra-
tion it is possible to clearly differentiate the energetically similar off-targets by both comparing the equilibrium
fraction of open nanosensors or by monitoring the nanosensor opening kinetics (Fig. S7). Nonetheless, as the
concentration of the target strands is further increased to 1 uM (Fig. 3c) this differentiation becomes more dif-
ficult. While the specificity of the nanosensor at micromolar concentrations of targets may be less relevant for
detection of nucleic acids, we deemed that it is still crucial for the utility of the modular sensing platform, where
the desired response of the sensor lies at higher concentrations (e.g., sensing of metabolites). We conducted
additional studies with nanosensors containing 6 and 8 closing interactions to demonstrate that multivalency
can further improve the specificity when desired. As shown in Fig. 3d, increasing the number of sensing interac-
tions increased the differences in opening fraction when compared to the perfect match. With the nanosensor
containing 8 closing interactions, we were able to differentiate between two off-targets with single T-T and A-A
mismatches that have an estimated difference in binding energy as little as 0.51 kcal/mol (less than 1 kgT, Fig.
S5).
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Extension to other biomolecular targets and incorporation of logic sensing
operations

We next demonstrated that the large optical signal contrast developed in our model nanosensor can indeed be
swiftly and modularly adapted to other biomolecular targets without the need to tediously re-optimize the signal
output. A single molecule sensor for anti-Digoxigenin (anti-Dig) antibodies was engineered by incorporating
two specific Dig antigen biorecognition elements on each sensor arm (Fig. 4a). To meet the required geometry
for bivalent binding36 the nanosensor was initially kept in the closed state via DNA-DNA interactions. After
surface immobilization and antibody incubation, DNA opening staples were added which resulted in ~85%
sensors still in the closed state (Fig. 4a, upper panel and Fig. 4b) suggesting that the sensor is held in the
closed state by the bivalent binding of the antibody. However, in the absence of the antibody, the nanosensors
opened almost quantitatively (Fig. 4a, lower panel and Fig. 4b). As illustrated in Fig. 4a and 4b, the near digital
signal contrast optimized for the model sensor is still preserved in the antibody nanosensor. Additionally, we
evaluated the specificity (Figs. S8 and S9) as well as the potential of this antibody sensor to be useful in more
complex biological fluids by performing the antibody assay described above in 50% blood plasma (Fig. 4c and Fig.
§10). The obtained percentages of open sensors measured in blood plasma were within experimental error when
compared to those measured in buffer, confirming that neither stability of the DNA origami nanosensor nor the
performance of the antibody binding assay were compromised. We also evaluated the sensitive concentration
range of the anti-Dig antibody assay under clinically relevant conditions (20 min incubation) to show that the
antibody concentration at which the signal change is half the maximum (Cj,j¢max) lies at 104 pM, which is in
accordance to previously reported values [37] and in a concentration range relevant for diagnostic applications
[38] (Fig. S11).

Next, we studied whether the sensor platform can also be utilized for the detection of enzymatic activities. Usu-
ally, optical enzyme (e.g., protease or nuclease) activity sensors are designed by placing two labels close to the
substrate binding site in a manner that leads to loss of FRET or turn-on of fluorescence signal upon substrate
cleavage. In designing such sensors, one is faced with the inherent conflict between placing the labels close
enough to the cleavage site to achieve high optical contrast yet far enough not to influence the enzyme-substrate
binding which results in many rounds of optimization and often suboptimal signal contrast. This challenge can
be globally addressed by the sensor scheme proposed here where target recognition is decoupled and spatially
separated from the transduction element. To illustrate this, we designed a single molecule activity sensor for the
nuclease Xhol: without the need to re-engineer the transduction element, we simply incorporated the restriction
sites for Xhol in the DNA-DNA closing interactions (Fig. 4d). In the presence of Xhol, the closing interactions
are cleaved leading to opening of the DNA origami sensor and loss of FRET (Figs. 4e and S12). In contrast,
no opening is observed if the nanosensors are closed with DNA-DNA interactions without Xhol cleavage sites,
confirming the desired specificity (Figs. 4e, 4f, and S13).

Finally, to illustrate the ability of the proposed nanosensor to modularly exchange and combine different sensing
elements on one platform, we designed a sensor capable of detecting two different (anti-Dig and anti-DNP)
antibodies (Fig. 4g) acting as a molecular OR gate. Two different antigens (Dig and DNP) were incorporated on
the opposing arms of the nanosensor closed via DNA-DNA interactions. Upon addition of DNA opening strands
the nanosensor opens when neither of the antibodies are present and stays closed if either or both antibodies
are present (Fig. 4i). Fig. 4h and Fig. S14 illustrate that the high FRET contrast is still preserved despite a
more complex sensing scheme. In fact, as illustrated in Fig. 4j, the multiplexed sensing is not restricted to the
same type of biorecognition elements: by incorporating the Xhol restriction site and another DNA-DNA closing
interaction we could build a logic AND gate for two different biomolecular targets: one based on a binding event,
and one based on a cleavage reaction. Here we could show that the sensor only opens when both, Xhol and DNA
targets, are present (Figs. 4k, 1, and Fig. S15). Altogether, the modularity the DNA origami offers to incorporate
different biorecognition elements, combined with the preserved robust FRET readout opens many possibilities
to engineer new multiplexed sensors as well as logical sensing schemes for answering more complex diagnostic
questions.

169

November 24, 2023 6 of 14



bioRxiv preprint doi: https://doi.org/10.1101/2023.11.06.565795; this version posted November 27, 2023. The copyright holder for this
preprint (which was not certified by peer review) is the author/funder. All rights reserved. No reuse allowed without permission.

a b j
I
B0 !
) Antigen e !
3 |
o 1
S 10 4 1
£ i
o 1
z i
L e A
0.0 0.5 1.0
Proximity ratio
C
1.0 4
-~
c
8
g
<= 0.5
o
o
Q
(]
I e
_ =
0.0 -
Y R Y
& )
d . b e f
> 1.0
& -

Xhol 20

YA restriction
site

Norm. occurrence
Open fraction
o
o

#->2 - Xhol 10
-
. -
&l 2P ' ' '
NN\ 2l 0.0 0.5 1.0
§9600¢ Proximity ratio
g h !
1.0
Input Output =

anti-Dig anti-DNP
Y ¥

) Antigen 1 (Dig)
@ Antigen 2 (DNP)

Norm. occurrence
Open fraction
o
o

0 =
1 0 -
r 3; 0 1
L 1 1 = 0.0
- 0.0 05 1.0
Proximity ratio
J k |
Xhol : 1.0
restriction site Input Output Y 20 :
+ 3 H c
Xhol DNA
DNA/DNA o 3 ! g
interaction z 5 ! g o5
Q 1
o 10 | S
: 0 | 5
1 0 S ! _
0 1 0 | - =
1 1 T T T 0.0
() 0.0 0.5 1.0

Proximity ratio

Figure 4: Extension of the sensor platform to different molecular targets and introduction of logic sensing operations.
(a) Detection of antibodies by incorporation of antigen recognition elements (Dig) on the opposing arms of nanosensor
kept in the closed state via DNA-DNA interactions. Upon addition of DNA opening strands the nanosensor stays closed in
the presence and opens in the absence of anti-Dig antibodies. The high signal contrast is illustrated by confocal microscopy
scans (scale bar: 2 um). (b) Spot-wise PR histograms obtained for the antibody sensor in the absence (blue) and in the
presence of DNA opening strands (cyan) as well as in the presence of DNA opening strands and 100 nM anti-Dig antibody
(orange). (c) Corresponding fraction of open antibody nanosensors obtained in buffer as well as in blood plasma. (d)
Detection of enzymatic activity by incorporation of nuclease-specific restriction site in the DNA-DNA closing interaction.
(e) Spot wise PR histograms obtained for nanosensors containing the Xhol restriction site in the absence (green) and pres-
ence (blue) of Xhol. No opening was observed for nanosensors without the specific restriction site in the presence of Xhol
(orange). (f) Corresponding fraction of open nuclease nanosensors with and without restriction site. (g) Multiplexed detec-
tion of two different antibodies (anti-Dig and anti-DNP) via a molecular OR gate is achieved via the incorporation of two
different antigens (Dig and DNP) on the opposing arms of the closed nanosensor. Upon addition of DNA opening strands
the nanosensor stays closed if either or both antibodies are present. (h) Spot wise PR histograms for antibody nanosensor
inputs shown in (g). (i) Corresponding fraction of open nanosensors for different antibody nanosensor inputs. (j) Multi-
plexed detection of two different biomolecular targets (nucleic acid and restriction enzyme) via a logic AND gate can be
achieved by incorporation of the restriction site and another DNA-DNA closing interaction. The nanosensor opens only
in the presence of both, nucleic acid, and restriction enzyme targets. (k) Corresponding spot wise PR histograms obtained
for different molecular inputs of shown in (j). (I) Corresponding fraction of open nanosensors for different nanosensor
inputs. Bar plots show the mean values of three independent measurements (each include at least 423 single nanosensors)
with the error bars corresponding to the standard deviation.
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Conclusions

General and modular strategies to assemble sensors have the potential to vastly speed up the development of
new diagnostic tools for health and disease research. Here, we developed a generalizable approach to create
DNA origami-based synthetic sensing systems with high signal contrast and single-molecule sensitivity. We
harnessed the modularity of DNA origami nanostructures to: 1) modularly assemble all the elements of the
sensor, 2) spatially decouple sensing from signal output, 3) provide a large conformational change required for
large FRET contrast, 4) implement strategies to tune the response window, 5) engineer multivalent sensors which
enabled improved specificity, multiplexing, logic sensing, and additional tuning capabilities via cooperativity.

Optical single molecule sensors allow to detect and monitor target analytes with ultimate sensitivity and unprece-
dented spatial resolution. However, achieving a large FRET contrast in single-molecule DNA origami sensors
so far has been challenging: low FRET contrast and broad FRET distributions often require averaging over hun-
dreds of nanostructures to distinguish the two states of the sensor [39-42]. Here we combined two tricks to solve
this: a large conformational change and an additional transient guiding interaction to control the orientation of
the dyes in the FRET pair — which led to a high FRET contrast and allowed the clear differentiation of the two
sensor states on the single molecule level. The modularity and the ability to immobilize the sensors on the sur-
face in a specific orientation [43] make this approach readily extendable to other readout mechanisms, such as
electrochemical readout [44], fluorescence quenching (e.g., by a graphene surface [45, 46]), or bioluminescence
energy transfer [9, 11, 17] as well as pave the way towards highly multiplexed sensor chips.

An exciting avenue to explore going forward would be the utilization of de novo designed binders [15, 16] as sens-
ing elements, combining the many possibilities provided by protein design with a high-contrast single molecule
readout and multivalent sensing schemes. One of the challenges that would have to be addressed, however, is the
stability of DNA origami-based sensors. Here we showed that the sensor is still functional in 50% blood plasma,
but further studies will be needed to fully assess the stability of the sensors in complex chemical environments
or live cells. Recent progress on stabilization strategies for DNA origami structures [47-49] offers many options
that can be tested to achieve maximal performance. Altogether, the modularity, tunability, and sensitivity of the
reported approach provide a starting point for the rapid development of tailored and complex sensors for a wide
range of analytes.
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Methods
DNA origami design and synthesis

DNA origami nanostructures were designed in caDNAno [1] according to a design published by Marras et al.
[2]. All staple strands were ordered at Integrated DNA Technologies, Inc., Belgium except for the fluorescently
labeled strands, which were ordered at biomers.net GmbH, Germany. For detailed folding recipes and sequences,
see Supplementary Text and Tables S1-S8. The folding was executed in a thermocycler using the temperature
ramp as described earlier [3]. After folding, samples were subjected to agarose gel electrophoresis; we employed
1.5% w/v gels in 1xTAE buffer supplemented with 10 mM MgCl,. Gels were run for at least 3 hours at 70 V. Then,
gels were inspected using a gel documentation system (Fusion FX, Vilber Deutschland GmbH, Germany) where
we used the red fluorescence channel to identify the bands containing closed DNA origami sensors (an example
scan is shown in Fig. S16). These bands were cut using a scalpel and placed on Parafilm. Then, the gel fragments
were squeezed with a small glass slide wrapped in Parafilm to extract the DNA origami nanostructures. For
storage, we aliquoted the origami solution to 200 puL PCR tubes: we mixed 40 uL of origami solution with 8 pL
of 5 M NaCl solution to minimize degradation. Two slightly different versions of the nanosensors were used for
different applications - for details on the differences, see Tables S1-S7 and supporting text.

Coarse-grained simulations of DNA origami nanostructures

caDNAno design files were converted to oxDNA [4-6] input files using the tacoxDNA web server [7], the closing
interactions were manually added in oxView [8] and the resulting structure was simulated at 20 °C, 400 mM NaCl
on the 0xDNA.org server [9] with the standard settings as well as the recommended relaxation procedure.

Transmision electron microscopy (TEM) measurements

TEM grids (Formvar/carbon, 400 mesh, Cu, TedPella, Inc., USA) were Ar-plasma cleaned and incubated for 2
min with DNA origami sample (5 pL, 1-5nM). Grids were washed with 2% uranyl formate solution (5 uL) and
incubated for another 4 s with 2% uranyl formate solution (5 pL) for staining. TEM imaging was performed on
a JEM-1100 microscope (JEOL GmbH, Japan) with an acceleration voltage of 80 kV.

Preparation of microscopy samples

Microscope slides (24 mm x 60 mm size and 170 um thickness (Carl Roth GmbH, Germany)) were cleaned in a
UV/ozone cleaner (PSD-UV4, Novascan Technologies, USA) for 30 mins at 100 °C. Then, CoverWell perfusion
chambers (Grace Bio-Labs, 0.5 mm deep) were glued on top of the slides and the glue was strengthened by
heating on a hot plate for ca. 20 s at 100 °C. Then, the chambers were cleaned with 1 M KOH by incubating for
10 mins and then washing with 1x PBS four times. Surfaces were passivated by incubating with BSA-Biotin (1
mg/mL in 1x TE with 50 mM NaCl, Thermo Fisher Scientific, USA) and subsequent washing with 1x PBS buffer
three times. Then, chambers were incubated with 0.25 mg/mL NeutrAvidin (Thermo Fisher Scientific, USA) in
1x PBS for 10 mins followed by final washing with 1x PBS three times. DNA origami solutions were diluted
in immobilization buffer (10 mM TRIS, 10 mM MgCl,, 750 mM NaCl) as required to reach the desired surface
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density of DNA origami sensors (50-100 pM), which was checked on the confocal microscope. When the desired
density was reached, the surfaces were washed in the respective buffer that was used for the experiment.

Single-molecule confocal microscopy measurements

Home-built confocal microscope based on an Olympus IX-83 body (Japan) was used to acquire single molecule
fluorescence scans. A supercontinuum white light laser pulsed at 78 MHz (SuperK Extreme, NKT Photonics,
Denmark) was used to excite the samples. The excitation wavelength was selected using an acousto-optically
tunable filter (SuperK Dual AOTE NKT Photonics, Denmark) controlled by a digital controller (AODS 20160
8R, Crystal Technology, USA). If needed, a second acousto-optically tunable filter (AA.AOTEns:TN, AA Opto-
Electronic, France) controlled with a home-written LabVIEW (National Instruments, USA) program was used
to alternate between two wavelengths (532- and 639-nm). We used a neutral density filter, a linear polarizer
and a A/4 plate to achieve circularly polarized excitation light of the desired intensity. For the single-molecule
confocal scans 532-nm (2 uW) excitation was used. The excitation light was sent to the sample through an oil
immersion objective (UPlanSApo 100x, NA=1.4, WD=0.12 mm, Olympus, Japan) via a dichroic beam splitter
(zt532/640rpc, Chroma, USA). A piezo stage (P-517.3CL, E-501.00, Physik Instrumente GmbH&Co. KG, Ger-
many) was used to move the sample in X-Y. The sample was kept in focus over extended periods with the help
of a z-drift compensation system (IX3-zdc2-83, Olympus, Japan). The emitted light was collected with the same
objective and separated from the excitation light with the same dichroic beam splitter. Then, the emission light
was sent through a 50-pum pinhole, the two emission channels were split using beam splitter (640DCXR, AHF
Analysetechnik AG, Germany), additionally filtered with two emission filters (RazorEdge 647, Semrock Inc.,
USA for the red channel and BrightLine HC 582/75, Semrock Inc., USA for the green channel) and focused onto
the single photon detectors (SPCM, AQR 14, PerkinElmer, USA). A custom LabVIEW program was used for
data acquisition.

Single-molecule wide-field microscopy measurements

For detection of single-molecule fluorescence transients, a commercial wide-field/ TIRF microscope Nanoimager
from Oxford Nanoimaging Ltd. was used. Red excitation at 638 nm was realized with a 1100 mW laser, green
excitation at 532 nm with a 1000 mW laser, respectively. The relative laser intensities were set to ca. 3.5 mW for
green and to ca. 1 mW for red excitation. The microscope was set to TIRF illumination. Data acquisition was
initialized by time-lapsed imaging. A frame of 100 ms was recorded every second separately for both excitation
lasers. Measurements were carried out at 37 °C.

Single-molecule titrations

For each DNA target concentration a separate chamber with closed nanosensors (Version 2) was prepared.
Single-molecule titrations were conducted in the buffer containing 10 mM Tris and 10 mM MgCl, with varying
amounts of NaCl (see Table S9 for details). Serial dilutions of the 15 bp opening strand (see Table S8) were pre-
pared in the same buffer and each chamber was filled with the opening staple solution and closed using adhesive
seal tabs (Grace Bio-Labs, USA). The samples were incubated overnight at room temperature to ensure that the
thermal equilibrium has been reached even for very low (nM) target concentrations. The opening of the sensors
was quantified by acquiring single-molecule fluorescence scans on the confocal microscope.

Single-molecule pulsed interleaved excitation FRET measurements in solution

For single-molecule FRET measurements of freely diffusing nanostructures (Fig. S7) we used a home-built setup
based on an Olympus IX-71 inverted microscope (for a detailed description of the setup, see Ref. [10]). The
slides were prepared analogously to single-molecule measurements for surface immobilized samples except the
slides were not incubated with NeutrAvidin to measure freely diffusing nanosensors in solution at 500 pM-1 nM
concentrations. We used pulsed interleaved excitation with a 532-nm laser at 4 pW intensity and a 640-nm laser
at 5 uW excitation intensity at 40 MHz repetition rate, respectively. The data was analyzed with the PAM [11]
software. All channel burst search was performed to select the single bursts and ALEX 2CDE and |[TDX-TAA|
filters were used the filter the selected burst data.
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Single-molecule studies of target specificity

Nanosensors used for studying target specificity (Version 1) contained a shorter 11 bp closing interactions (for a
tull list of sequences see Table S8). For each (off) target concentration a separate chamber with closed nanosen-
sors was prepared, filled with the solution containing the target DNA in 10 mM Tris, 1 mM EDTA, 5 mM MgCl,
and 750 mM NaCl and closed using adhesive seal tabs (Grace Bio-Labs, USA). Samples were incubated overnight
to ensure that thermal equilibrium was reached, and the open fraction was determined by performing single-
molecule fluorescence scans on the confocal microscope.

Antibody detection assay

Nanosensors used for the detection of IgG antibodies (Version 1) were equipped with two digoxigenin (Dig)
functionalities and/or two dinitrophenol (DNP) functionalities per sensor arm (see Table S7 for modified se-
quences). Additionally, four and six 11 bp DNA-DNA closing interactions, respectively, were incorporated to
facilitate bivalent binding of the target antibody in a bridge-like manner to the opposite arms of the nanosensor
(Table S3). For each sample a separate chamber with closed nanosensors was prepared. anti-Dig antibodies (Rb
monoclonal, Thermo Fisher Scientific, USA, Catalog # 700772, AB_2532342) and/or anti-DNP antibodies (Rat
monoclonal, Thermo Fisher Scientific, USA Catalog # 04-8300, AB_2532964) were diluted to 100 nM in the
buffer or diluted heparin blood plasma containing 10 mM Tris, 1 mM EDTA, and 750 mM NaCl. Chambers
were filled with the antibody solution and incubated for 30 min. Following antibody binding, the DNA-DNA
closing interactions were removed by a strand displacement mechanism upon 10 min incubation with 100 uM
17 bp DNA opening DNA strands (Table S8). The closing of the nanosensor by bivalent binding of antibodies
was quantified by acquiring single-molecule fluorescence scans on the confocal microscope.

Restriction enzyme activity assay

For monitoring restriction enzyme activity, nanosensors (Version 1) were equipped with six or eight 11 bp DNA-
DNA closing interactions containing a 6 bp sequence (Table S6) specific for the binding and cleavage of the
restriction enzyme Xhol. For each sample a separate chamber with closed nanosensors was prepared and filled
with 1xCutSmart™ buffer (New England BioLabs, USA) containing 50 mM potassium, 20 mM Tris-acetate, 10
mM magnesium acetate, and 100 pg/ml recombinant albumin. 0.5 pL of XholI (20.000 units/mL, New England
BioLabs, USA) were added and incubated for 10 min. The opening of the nanosensor by the cleavage of the DNA-
DNA interactions was quantified by acquiring single-molecule fluorescence scans on the confocal microscope.
For monitoring the cutting kinetics of the Xhol restriction enzyme cleavage reaction of the closing interactions,
single-molecule fluorescence transients were recorded on a wide-field microscope after the addition of 0.5 pL of
Xhol (20.000 units/mL, New England BioLabs, USA).

Data analysis

A python script was used to process the acquired single photon counting data which is available on GitLab
https://gitlab.lrz.de/tinnefeldlab/cospota). Briefly, the software finds single spots using a wavelet
decomposition-based approach and then calculates the spotwise PR as PR = Ipeq/(Ired + IGreen). We used the
spotwise PR to distinguish between open (PR<0.3) and closed (PR>0.3) conformations. Data was plotted and
fitted using Matplotlib, Scipy and Numpy. For the estimation of Ki/, and ny, we used the modified Hill equa-
tion:

[T]m

K + [T]n

which also allowed fitting the start (Ogart) and end (0.pg) points of the titration curve given by the target con-

centration [T] and the occupancy at each concentration 6([T]). The reported errors are standard errors of the
fit.

e([T]) = Ostart + (eend - estart) (1)
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Supplementary Text

Detailed DNA origami folding procedure

16 uL of unmodified staples were mixed with 4 uL of modified staples, 5 uL of FoB20 and 25 pL of
p8064 scaffold (produced in-house). Modified staples consisted of the desired modified staples and
the respective unmodified staples to replace the modified staples that were not desired in the
respective experiment. An exemplary recipe for the modified master mix for the 2x13 sample from
Fig. 2 is given below:

Red and green dye strands (2x1 pL)

Row 4 closing staples (4x1 pL)

Row 1-3 staples without closing interactions (12x1 pL)

Biotin 1-4 (4x1 pL)

Stabilization staples without stabilizing interactions (4x1 uL)
We used two slightly different versions of the DNA origami design. Version 1 was used in the
experiments described in Fig. 3 and 4 in the main text, while Version 2 was used in the experiments
described in Fig. 2. The staples needed for Version 1 of the sensor are described in Tables S1, S3,
S5-S7 and the staples needed for Version 2 of the sensor are described in Tables S2, S4 and S5.

179



25
8 20 A — 1
o
3 15 4 . E
j+3
o
g 10 A E 1
s
5 _ .
0 .
0.0 0.2 0.4 0.6 0.8 1.0 0.0 0.2 0.4 0.6 0.8 1.0 0.0 0.2 0.4 0.6 0.8 1.0
PR PR PR
Initial closed Opened After washing
B
20 - 1 1
@
e
£ 15 . 1
5
Q
j53
© 40 { . 1
£
(=}
=z 5 4 - -
0 T T f f T T T y T T T T T T T T T
00 02 04 06 08 1.0 00 02 04 06 08 1.0 00 02 04 06 08 1.0
PR PR PR

Initial closed After washing

Fig. S1. Reclosing of the hinge nanostructure with two closing interactions measured in the
presence of 50 mM (A) and 400 mM (B) NaCl. Samples were opened by incubating them with 100
UM opening strands for 1h. Afterwards, they were washed at least 10 times with the respective
buffer and scans were taken after approximately 190 hours to allow for complete equilibration.
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Fig. S2. Reclosing of the hinge nanostructure with four closing interactions measured in the
presence of 50 mM (A) and 400 mM (B) NaCl. Samples were opened by incubating them with 100
1M opening strands for 1h. Afterwards, they were washed at least 10 times with the respective
buffer and scans were taken after approximately 190 hours to allow for complete equilibration.
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Fig. 83. Full field of view of the TEM micrographs used for the collage shown in Fig. 1B.
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Fig. S4. FRET proximity ratios (A) and single molecule confocal scans (B) obtained for Version 1
of the nanosensor with a FRET pair consisting of ATTO532 and ATTO647N incorporated directly
onto the hinge arms (Table S5) at different ionic strengths (increasing concentrations of MgClL,).

Scale bar: 2 pm.
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Fig. S5. Binding free energies (AG) for the different off-targets as well as for the perfect match as
shown in Fig. 3 in the main text, as calculated by NUPACK at 25°C in a buffer containing 750 mM
NaCl and 5 mM MgCL. AAG is the difference in binding free energy when compared to the
perfectly matched target.
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Fig. $6. Exemplary confocal microscopy scan images of the experiments shown in Fig. 3B (A), Fig.
3C (B) and Fig. 3D (C). Scale bar: 2 um.
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Fig. §7. Nanosesnor opening kinetics (proximity ratio vs. time) obtained for 100 nM of the target
containing a single nucleotide mismatch (left) and 100 nM of perfectly matched target (right)
measured at 1 nM concentration of DNA origami nanosensor containing 4 closing interactions.
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Fig. §8. Control experiment for nanosensor containing no Dig recognition elements. In this case,
opening of the sensor is observed even after incubation (100 nM, 30 min) with anti-Dig antibodies.
(A) Exemplary confocal microscopy scans. Scale bar: 2 pm. (B) Proximity ratio histograms for one
experiment. (C) Fraction of open sensors. Error bar represents the standard deviation obtained
from three independent measurements.
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Fig. §9. Comparison of the extent of opening for sensor with Dig antigens when incubated with
100 nM of the corresponding specific antibody (Anti-Dig, orange) to 100 nM of a non-specific
antibody (Anti-DNP, green). (A) Exemplary confocal microscopy scan images. Scale bar: 2 pum.
(B) Proximity ratio histograms for one experiment. (C) Fraction of open sensors. Error bar
represents the standard deviation obtained from three independent measurements.
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Fig. $10. Exemplary confocal microscopy scans for the data acquired for the antibody sensor (data
shown in Fig. 4C before addition of the target (left), upon the addition of DNA opening strand
alone (middle) and upon incubation of 100 nM antiDig antibody and addition of DNA opening
strands (right) in heparin plasma. Scale bar: 2 pm.
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Fig S11. Estimation of the response window of the Anti-Dig antibody nanosensor. We achieve a
CHalf-Max. Value of 103.5 pM.
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Fig. S12. Kinetics of the Xhol restriction enzyme reaction. (A) Exemplary single-molecule FRET
trace and (B) Average of 103 single-molecule transients of the cleavage reaction of the closing
interactions (66 units/mL Xhol, 10 min incubation) monitored by the DNA origami sensor. The
FRET transients of the single DNA origami sensors were recorded on a wide-field microscope.
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Fig. S13. Exemplary confocal microscopy scan images obtained for the nuclease
(shown in Fig. 4D-F). Scale bar: 2 pm.
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Fig. S14. Exemplary confocal microscopy scan images obtained for the multiplexed sensor for
antiDig (orange) and anti-DNP (cyan) antibodies (OR gate) as shown in Fig. 4G-I. Scale bar: 2 um.
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Fig. S15. Exemplary confocal microscopy scan images for the multiplexed nuclease and nucleic
acid sensor (AND gate) shown in Fig. 4]-L. Scale bar: 2 um.
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higher order aggregates

open nanosenso

closed nanosenso

excess staples

Fig. S16. Exemplary fluorescence scan of an agarose gel used for purification of the nanosensors.
The respective band was then cut using a scalpel.
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Fig. S17. Depiction of the placement of the modifications (FRET pair, sensing elements, biotin
staples used for immobilization as well as stabilizing interactions) in the nanostructure. The
numbering in the front view represents the helix numbering in caDNAno and are also used to
indicate the positions of the sensing elements in Tables S3, S4, S6, and S7.
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Table S1. Unmodified DNA origami staple sequences used for Version 1 of the nanosensor.

ID

Sequence (5°->3’)

AAATATCCCATATGTTCAGGCAAATCCAGTGATGACAGTTGGGCGGTTGTAAATC

ATATTACCAAATACCTGTAATTCTAAAACTTT

GCTGGGAATCAAAGAAACGTAGACGGGAGAATTAACTGAACACCCA

GTCCACTAAATCCCTTTAAACCAAGGCGGGCCTGT

ACGTGGACTCCAACGT

CAAAGGGCTCAAAAATCAAGCCGTGTATGTTAGCAAAGGTGCTGCGGC

GAGCACGTATCCAAATTTACCGCGAACTGGCAAAGAAACGCAAAGACATTAC

CGTGGAACTCAAACTATCGGAAATGGATAAGAG

O | X || Q||| W~

AAATTAGTAATAACATCATCACACGAATTTAGGCACCG

—
o

TTTACGAGCGTGGCGTTTTATAGCCGATTTACCAGCGCCAAAGTATC

—
—

AGGGCAAATTAACCGTTGGCCAACAGAGAATCGCAGAA

—
[\

CAGCCGAAATCGGCAATTAAAGA

—_
(SV]

CACCCAGCAGTGTTTTGAGGCCACCGAGTAAAGCGTAAGAAAGCCAAAAGCCTG

—_
o~

TATATAAATCAAAAGAAT

—
w

CGCTAAACAACCCTAATTGGAAAAACGCTCATGGGCCAGCCAAGAACAAGGAAAATAG

—
(o)

TATAAACAGCCAAAGTCA

—
N

CTAACTTCTTTGCAGGAGGCCGATTAAAGGGA

—
oo}

ACTCCTTAAAGCGCATATTTTTTGTTTAACGGAAAAACCCAGAACA

—
O

AAAGCCCAATAGCCAGTAATTATTTACAACAGAGGTGAGGCGGTGCTG

[\
(e]

GCTTTTGTCACAATCAATATTAG

N
—

CCAGCAGGCGAAAATCCTGTTTGATGGTGGTCAGAATGCGTAC

N
(NS

TCCTTTACAGAGAGAATAACATAAAAACAGGGTTACGCATTTTATTTAGGT

N
w

AACATATTATTTATCCCAATAA

)
=

CGCACAGGGTGCACTCTGTCGTAGAAAATACATACATAAAGAAA

N}
w

CCATCGCCGTAAAAAAAGC

[\
[o)}

CATTGACCTAAAAATTACCTTCAAATATAATTTTAAAAGTTTGAGTAACA

N
N

AGCTGTGATAACAAAATTAAGTTGGCACTCGTATT

[\%]
e}

ACCCACCGGAAAAAGAAGGGAAGGTTGAAGTATTAGACTTTACAAACAAAACA

N
\O

AGACGATCCAGCGCAGGTTTTCACGGTCATAC

W
o

CACTGCGCGCCTCGGCCTTTAATCGCAGTAAA

w
—

GCAACCGACAAATCATCGTAGTAATATCGTCTATCACTTTGAC

w
\S}

GAATTTCGAGCAAGCAAAAGTAGAACTTTCCTC

W
W

CATTCCCTTTTTAAGAAAAGTTAAGCCCATCTTACCAACGCTATAGAC

w
~

CTCTCTGAATAATGGAAGGGAGCGGAGAATTT

W
9]

ATATTCACAAACAAATGTACATCGTTGCTTCTAGACAAAGCATAG

W
(o)}

GCTCATTTGCCGCCAGAGGGTAAAGTTAAACG
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37

CACCAGACGATATCAAAATTATTTGCAATCATTTTCTAAAGCA

38

GTCTCATTTGTTTAATGGAGATAAATTGGCAGATTCACCAGCTTGCCTGTCAGA

39

TATCACCAGTAGCACCACCACG

40

TAATTTCATTAAAGGTGAATACAAAAGGAGTAGGGCTCCCGACTTCCATCAC

41

CCGGAACACCGGAACGCTTTGAA

42

TAGTGAACAAGAAAAATAACCAATCAAACGGG

43

GTCTGAGAGACTACCTTTTAGA

44

AGATTTGAAATAGAGGCATTAAGTTTAAATAATAACGGAATACCCTG

45

ATCGGTTAAATACATATTTATCATATGGACAAAGTTACC

46

CCTAGGAATTGAATGATGAACTTTTACAGCCACCCTCAGAGCCACC

47

CGCCCCTTCTGACCTGAAAAGAGTCTGTGCGGGAGTATCCTGAAATAATA

48

CGCCTGGCCCTGAGACGCGTGCCATAGCGTCTGCTGTAGTCGAGCTTGATAAATT

49

GGGTGGAATTCGTAGCGAGAGATAACAGTCAGCAGCGTAAAGGAATTGCGAATTTTT

50

GGGGTTTCTGCCAGCAGAGTTGCAGAGTAGTA

51

TTCCAGATGCCGGGTTACGCAAACGCAACGCAAGAAAACAGGGAGAGATCTTAGGATT

52

CCGAGCTCGTTTTTCGATTTTAAGAACTGGCAGGGAACCCATGAGGA

53

TGAAACTCGTTTATAGATTTAGTTAA

54

CGGATCCGCCGGGCGCGGTATGCCAACAAATCATACGTC

55

TGGGGAATGCAGCATTTGGGACAA

56

GCATGCGTCCGTGAGCCTCCGCTGATTGTCAACTT

57

AAACCATTCCATGCTTTTGGACTTTTTGAACTGACCAACTTTGAA

58

GGTACGAACGAGCCAGACGAGGTAAAATACGAGGCGCAGACGGT

59

GCTGATTGCCGTTCCGCTGCAGCCGAATATAACAATA

60

TCGTCGCTAAATCGTTTATGCAACTAATAGTAGCCCGAAACTACAGAGGC

61

GCCTGTAATACTATTGTAAATATGGGATCGGATAAGTGCCGTC

62

ACGTAAATCGGTCATTAAATTCTTTCCAGTATAGCCCGGAATAG

63

GGAAAAAATTCGTGTACCAGGAACAACAAAGACAGCATCGGAGGAC

64

TTACCAGTATTCGCCAGACGACGACAGTATCTGATATAAGACGTTA

65

GCGAATCATTTTTAATAAAGCTTTTCACGCCGCTTTT

66

AAAACGAGCGATTAATCTCCGTGGGAACAAAGAGCCACTGA

67

CTCTGAATTTACCGTTACGCAGAAAAGCCCCAGATAAAAATTCTA

68

GTAAGGTACTGGTAATAAGTTGAGAAGGATACAAAGG

69

ATGGCTTTCCGGCACCTGGTGAAGATATTTAATTTGCGGGTTCAA

70

CTGGCACTCCAGCCAGCTTTTGATGATAATAAGCAAGGATAGCTTTTTCGTC

71

TCTGTAGCAATAGAACGCGACTTTCCAGGAGAGATAACCCACAAGA

72

GTGTATTTTTGAATGGCTAGGAGCACTTATTCATCCTGATTCGCCTCCC

73

CCGTGCAACCGTACTGCGTAACGATCTAAAGAAT

74

CGTCGGATGTTGGGTAACGCCA

75

CCCTGAGAGTATTAAGAG

76

TTAATGAAGATCGTGCCGGAAACCAGGCAAAGCGCCCCC

77

CAATCATAGTTACAGGAGGTTTAGTACCGCCACCCTTTGGTGTCATC
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78

AAAAACGGATAAGCAGCAACCGCAAGATGCGGTATCATTTCGCGTAA

79

TGGCACAACGCCCCACCCTCAGAACCGCCACCCTCACGGCGGATAGC

80

CAGCGCCAAGCTCCGTCGGTGGTGCCATGGCGCTTTTATATTTTATACATAATAAA

81

TAGCATGTCAATCATAAAATGCAAGTCAAATCCAGGTC

82

AGAATTAGATAGAGCCGGCGCTCACAATTCCACAAGCTGCATACGAACTA

83

TCTACTAACATTAAAGTAACACCACCCTCATTTTCAGGGATAG

84

AACATTTATTTCGGTCCGTTCTCACGGAAAAAGAGCCA

85

CCCATCCAATGGCAGCATTCAGAGGTGGAGCCGGCCAG

86

AGCCGCACTCAAAGCATAAAGTGTAAAGCCCG

87

AAGAGGTCATTTTTGCGAATCCCCGGTCTTTA

88

CTGAAAGCGGAGACCTTCATCAAGAGTAATCTTGAGAG

89

GGGTAAAGTACAGCAACGGGACTTCAA

90

AACCTTGTTATCGTCACTGTTGCCCTGCTGGTGCTGAATTAAGCTAAC

91

GAGCAACCTAAATCCGCGACCTGCTCCATGTTACTAATCTACGTCAT

92

ATTCAACTTGCCTAATAGCGGGGT

93

AAACATCATAAATATTCATTGGATGGCTACTC

94

AATTGGGCGGCTGGCTTTGCATCAAAAAGATTTTTTAATCTC

95

TAATCATTGACAGATGAACGGTGTA

96

ACGGAACATGTCGAAAACGAAAGAGGCAAAACGCATAACAATAA

97

AAGGCTTGCCCTGACCAAGAACCCCTGACT

98

CAGACCAGGCGCATATTGAGATGAGACTGGTGTTC

99

AGAGGTGAATTAGTTTTGCCGAGGATCCACTGGTGTGTTCAGCGGCA

100

CAATCATATCATTATAACCAAAATAATCATGGAGGTTTCTTTGCTCGTCGGA

101

GAAACAAAGTACAGAGATTTA

102

CGGATATTCATTACCCAAATCAACTGCTCATCTTTAAAC

103

TTTGAACGAGGGTGGTGTCTATGACCCTCCGGCCAAGATAGACTTTCTCCGGCTT

104

TAAACAAAAGAACCTTATGCTTTTCACCAGTGAGACGGGCAACATCACAGTTAGAGG

105

AGTTTCCAGTCACCCTTGATTCCCATAAAGCTGCCGGACTCGCCATGT

106

CCACTACGTGCAGGGAGTTTGACCATTAGCAAGTCTG

107

ACACTTTGTATCATCGCCTGATAAATTGACATTATGGAATTACGAGC

108

GACCCCCATTGCGCCGGCGCGAGCGCATCAAT

109

ATAAATCAGTACCTTTTTTGATTAATGTGT

110

ATATCGCGAAGAGGAAAAATGTTTGTTTAATTCCCTTCAC

111

GCGGGATCTTAAACGCGATAAAACCAGTCAGTTTGCGTATTGGGCGCCA

112

AGGTTGAAAATCTCCAAAAACAGCCCTAGGAACGCAGATGGGCCGGTGCG

113

TGATTTCGAGGTGAATTTCCATGTACCTGTGAGCG

114

AGGATTAGAGAAAAATCACTCAAATGTCAGTGAAT

115

CAAACCATCAATATGATATTC

116

GCTCAAAGCGAACCAGACCCAGAAGCCGGAATCGCCAGAACGCAAGCGG

117

AATGCCGGAGAGGACTAGAAGCCTGTTTTAAAAACG

118

CAGTTTCAGCGGAGTGAGATTTTCTGCG

22

199



119

AAGGTCGGTCGCTGAGGCTAAGGCACCAACACTATTAATAAATAATGAA

120

GAAAGGCAATCGATGGTAAAACACAGTTAA

121

TTCGTAAAAGGAAACAGTAGCGACCGGAAACGTCACCAATGGTG

122

TTAATCTAAAATATCTTTATTAGTCTTACTAGAAACGCTCAACGCGA

123

CTATCAGGTCAACCGTTTTTAGAAATTGCTAGCGGTGC

124

GTAAATGAAATAGAAAAAAACATTGGAAGTTTATCCCTTACCCGGGTA

125

GTCGTTTTGTTATTTGAGGGTTCAGGCTGCGCAACTG

126

GCATTCCACAGAAAAGGCTGCAA

127

GTTTCGTCACCAGCGGTTTATAGCATTAATGTTT

128

GCTGAGACTCCTCAATTAACGGGATCAGAAACAGCGGA

129

AGCGGGGTTTTGCTCAGTAC

130

CAGGTTTGCTAAACAGTAGCTATTTTTAAGATTGTCAGGAGTCGTCATAC

131

GAGAGGGTGGCCTCAGATTTTGTTTTTGTGAGGAGCACATCCTCATAACAT

132

GTGTATCTCTGCCAGAATCAGCACGTACAGTGTAGAACGTCAGCGGGCT

133

CTATTATTCTGAAACCCGTATAA

134

AGTCTGGAGCAAACAAGAGCGGAGACATGCCTGAG

135

CGCTGTAACCTCCATGCTGATCTAATGCAGAAC

136

AGAGTTCGCTATTATTATACTATTAAAGCCAGAATGGAAAGCGCA

137

ATCAAAGCCAGCAGCAAAATGTGAGTCCTACCATTGGCCTTG

138

TCACCTTCAGTATTATTAATTTATAAAGTACATATAATGATTAAG

139

AACCTTTTTAATCAGAAATAATTGACAGGAGGTTGAGGCAGGTCGTAATCAGTAC

140

TCATTACATTTTAACGTCCACCAGAA

141

TCGCAATAGTATTATCATCATATTCCTGATTATCTTG

142

ATAAATATTTTAGACACCGCCACGCTCAATCGTCTGCCTT

143

AATCCTGAAGATGATTTAGATTAAGA

144

TTTGGAATTAATTTTCCCTTATATGTAAGGCT

145

AGAAGAATAACCACATAAAAAAATCATAGCAG

146

GCGTAGATCGTTATTCAAACCCTCAATCAATCCAGC

147

ATACAGTTTCGACAAAATCAACAGTTGAAAAAAC

148

GTACACAAACATGTCATAGCCTTGAGCCATTTGGGAAGAAAATACAACGCCATT

149

CGGATTCGTTCAATTATTCA

150

GCGTTCCAAGATAATCGGCCAGTTTGGAACAAGA

151

GACGACAAACTCATCGTTGCAACATACGAGCATGTAG

152

AAAACATTTTGTGCAACAGTGCCACGCTGAGAATAACGCGAGGTCCAGAC

153

AATCATCTTCTAGCAAGGCAGAATCAAGTTTGCCTCCGCCAGCAAGAAATT

154

TGTACCAGTAATAATACCGAACGAACCAATCTGG

155

TTCAAATATCAATATTGAAAAATGCGGAACAAAGAAACCACCAGAAGGTT

156

ACCGCAGCAAAAGCGCGTTTTCATCGGCAGAGCCGCAGATGAAT

157

TAAAGTCACCGACCCCTTATTAGCGTTTCAGA

158

TTTAGTATGAGGCGAATAACAACTAGCCGTCAATAGATAATACATTTG
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Table S2. Unmodified DNA origami staple sequences used for Version 2 of the nanosensor.

S

Sequence (5°->3’)

GCTGGGAATCAAAGAAACGTAGACGGGAGAATTAACTGAACACCCA

TCATTACATTTTAACGTCCACCAGAA

CAGCCGAAATCGGCAATTAAAGA

CAGGTTTGCTAAACAGTAGCTATTTTTAAGATTGTCAGGAGTCGTCATAC

CTCTGAATTTACCGTTACGCAGAAAAGCCCCAGATAAAAATTCTA

GTACACAAACATGTCATAGCCTTGAGCCATTTGGGAAGAAAATACAACGCCATT

CAACATACGAGGCATAAAATGGTCCGATATATAGCCTTTAATTGTATTA

AAGGCTTGCCCTGACCAAGAACCCCTGACT

O | 0| N[ Q|| | W] DN =

AACATTTATTTCGGTCCGTTCTCACGGAAAAAGAGCCA

—
(=}

TTTAGTATGAGGCGAATAACAACTAGCCGTCAATAGATAATACATTTG

—
—

CATTCCCTTTTTAAGAAAAGTAAGCAGAGCGAACCTTAATTGAGATAGAAGAACTGATAGC

p—
[\

CGCACAGGGTGCACTCTGTCGTAGAAAATACATACATAAAGAAA

[a—
w

AATGGGATAGGTCACGCAGAACCGTGTA

—
>N

GCGTAGATCGTTATTCAAACCCTCAATCAATCCAGC

—
9)]

GCGGGATCTTAAACGCGATAAAACCAGTCA

—
)}

TTACCAGTATTCGCCAGACGACGACAGTATCTGATATAAGACGTTA

—
N

GAATTTCGAGCAAGCAAAAGTAGAACTTTCCTC

—
oo}

GGTACGAACGAGCCAGACGAGGTAAAATACGAGGCGCAGACGGT

—
O

ATAAATCAGTACCTTTTTTGATTAATGTGT

e}
(e}

CACTGCGCGCCTCGGCCTTTAATCGCAGTAAA

N
—

AGTTTCCAGTCACCCTTGATTCCCATAAAGCTGCCGGACTCGCCATGT

N
NS}

GCATGCGTCCGTGAGCCTCCGCTGATTGTCAACTT

N
w

GCATTCCACAGAAAAGGCTGCAA

[\
>

GAGAGGGTGGCCTCAGATTTTGTTTTTGTGAGGAGCACATCCTCATAACAT

3%}
w

CGTGGAACTCAAACTATCGGAAATGGATAAGAG

e}
[e)}

CCACTACGTGCAGGGAGTTTGACCATTAGCAAGTCTG

N
N

AAACATCATAAATATTCATTGGATGGCTACTC

N
2}

AACATATTATTTATCCCAATAA

N
\O

ATCGGTTAAATACATATTTATCATATGGACAAAGTTACC

W
[}

GTCTGAGAGACTACCTTTTAGA

w
—

CCGTGCAACCGTACTGCGTAACGATCTAAAGAAT

w
[0S}

CCCATCCAATGGCAGCATTCAGAGGTGGAGCCGGCCAG

w
w

TGGCACAACGCCCCACCCTCAGAACCGCCACCCTCACGGCGGATAGC

w
N3N

GTCGTTTTGTTATTTGAGGGTTCAGGCTGCGCAACTG

W
w

GCTTTTGTCACAATCAATATTAG

W
(@)}

AACCTTGTTATCGTCACTGTTGCCCTGCTGGTGCTGAATTAAGCTAAC

W
N

AACCTTTTTAATCAGAAATAATTGACAGGAGGTTGAGGCAGGTCGTAATCAGTAC
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38

AATGCCGGAGAGGACTAGAAGCCTGTTTTAAAAACG

39

AGGGCAAATTAACCGTTGGCCAACAGAGAATCGCAGAA

40

AGCCTAATTTGCCAGTGAGCTA

41

AAACCATTCCATGCTTTTGGACTTTTTGAACTGACCAACTTTGAA

42

CGGATATTCATTACCCAAATCAACTGCTCATCTTTAAAC

43

ATCAAAGCCAGCAGCAAAATGTGAGTCCTACCATTGGCCTTG

44

TCGTCGCTAAATCGTTTATGCAACTAATAGTAGCCCGAAACTACAGAGGC

45

GAAAGATTCATCAGTTACGGAGATCATCTTT

46

ACACTTTGTATCATCGCCTGATAAATTGACATTATGGAATTACGAGC

47

GCCTGTAATACTATTGTAAATATGGGATCGGATAAGTGCCGTC

48

CAATCATAGTTACAGGAGGTTTAGTACCGCCACCCTTTGGTGTCATC

49

CTCTCTGAATAATGGAAGGGAGCGGAGAATTT

50

GGGTAAAGTACAGCAACGGGACTTCAA

51

AAGAGGTCATTTTTGCGAATCCCCGGTCTTTA

52

TAGCATGTCAATCATAAAATGCAAGTCAAATCCAGGTC

53

TTTGAACGAGGGTGGTGTCTATGACCCTCCGGCCAAGATAGACTTTCTCCGGCTT

54

ACGGAACATGTCGAAAACGAAAGAGGCAAAACGCATAACAATAA

55

AGCCGCACTCAAAGCATAAAGTGTAAAGCCCG

56

CCAGCAGGCGAAAATCCTGTTTGATGGTGGTCAGAATGCGTAC

57

CAATCATATCATTATAACCAAAATAATCATGGAGGTTTCTTTGCTCGTCGGA

58

CTATCAGGTCAACCGTTTTTAGAAATTGCTAGCGGTGC

59

AGTCTGGAGCAAACAAGAGCGGAGACATGCCTGAG

60

ATTTTCGCAAGAAAAATAAGGCCCATTAAAAAAAGGGACAT

61

TGGGGAATGCAGCATTTGGGACAA

62

GCTGATTGCCGTTCCGCTGCAGCCGAATATAACAATA

63

ATGGCTTTCCGGCACCTGGTGAAGATATTTAATTTGCGGGTTCAA

64

GTCCACTAAATCCCTTTAAACCAAGGCGGGCCTGT

65

CACCAGACGATATCAAAATTATTTGCAATCATTTTCTAAAGCA

66

TGAAACTCGTTTATAGATTTAGTTAA

67

ATTCAACTTGCCTAATAGCGGGGT

68

AGACGATCCAGCGCAGGTTTTCACGGTCATAC

69

TTAATGAAGATCGTGCCGGAAACCAGGCAAAGCGCCCCC

70

GGGGTTTCTGCCAGCAGAGTTGCAGAGTAGTA

71

GTGTATTTTTGAATGGCTAGGAGCACTTATTCATCCTGATTCGCCTCCC

72

TCGGGAGAAACAATAAAGGAT

73

AAGGTCGGTCGCTGAGGCTAAGGCACCAACACTATTAATAAATAATGAA

74

ATATTACCAAATACCTGTAATTCTAAAACTTT

75

CGCTAAACAACCCTAATTGGAAAAACGCTCATGGGCCAGCCAAGAACAAGGAAAATAG

76

CTAACTTCTTTGCAGGAGGCCGATTAAAGGGA

77

TAAACAAAAGAACCTTATGCTTTTCACCAGTGAGACGGGCAACATCACAGTTAGAGG

78

AGAATTAGATAGAGCCGGCGCTCACAATTCCACA
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79

TTCAAATATCAATATTGAAAAATGCGGAACAAAGAAACCACCAGAAGGTT

80

CCGGAACACCGGAACGCTTTGAA

81

CGGATTCGTTCAATTATTCA

82

TGTACCAGTAATAATACCGAACGAACCAATCTGG

83

GTCTCATTTGTTTAATGGAGATAAATTGGCAGATTCACCAGCTTGCCTGTCAGA

84

CAGTTTCAGCGGAGTGAGATTTTCTGCG

85

TAGTGAACAAGAAAAATAACCAATCAAACGGG

86

GTTTCGTCACCAGCGGTTTATAGCATTAATGTTT

87

AGGTTGAAAATCTCCAAAAACAGCCCTAGGAACGCAGATGGGCCGGTGCG

88

CAGACCAGGCGCATATTGAGATGAGACTGGTGTTC

89

AAAGCCCAATAGCCAGTAATTATTTACAACAGAGGTGAGGCGGTGCTG

90

GAGCACGTATCCAAATTTACCGCGAACTGGCAAAGAAACGCAAAGACATTAC

91

CCATCGCCGTAAAAAAAGC

92

AAAACATTTTGTGCAACAGTGCCACGCTGAGAATAACGCGAGGTCCAGAC

93

CGGATCCGCCGGGCGCGGTATGCCAACAAATCATACGTC

94

GCGAATCATTTTTAATAAAGCTTTTCACGCCGCTTTT

95

AGGATTAGAGAAAAATCACTCAAATGTCAGTGAAT

96

AGCGGGGTTTTGCTCAGTAC

97

AATCATCTTCTAGCAAGGCAGAATCAAGTTTGCCTCCGCCAGCAAGAAATT

98

CAAACCATCAATATGATATTC

99

GCGTTCCAAGATAATCGGCCAGTTTGGAACAAGA

100

GAAACAAAGTACAGAGATTTA

101

CCTAGGAATTGAATGATGAACTTTTACA

102

CATTGACCTAAAAATTACCTTCAAATATAATTTTAAAAGTTTGAGTAACA

103

GCTCAAAGCGAACCAGACCCAGAAGCCGGAATCGCCAGAACGCAAGCGG

104

AAATTAGTAATAACATCATCACACGAATTTAGGCACCG

105

ACCCACCGGAAAAAGAAGGGAAGGTTGAAGTATTAGACTTTACAAACAAAACA

106

TGATTTCGAGGTGAATTTCCATGTACCTGTGAGCG

107

GTGTATCTCTGCCAGAATCAGCACGTACAGTGTAGAACGTCAGCGGGCT

108

GCTGAGACTCCTCAATTAACGGGATCAGAAACAGCGGA

109

GTAAGGTACTGGTAATAAGTTGAGAAGGATACAAAGG

110

GCTCATTTGCCGCCAGAGGGTAAAGTTAAACG

111

CTGGCACTCCAGCCAGCTTTTGATGATAATAAGCAAGGATAGCTTTTTCGTC

112

CAGCGCCAAGCTCCGTCGGTGGTGCCATGGCGCTTTTATATTTTATACATAATAAA

113

GGGTGGAATTCGTAGCGAGAGATAACAGTCAGCAGCGTAAAGGAATTGCGAATTTTT

114

TATAAACAGCCAAAGTCA

115

GGACGTTGGGAAGAAATAGCCGGAACGTAATG

116

AGAGTTCGCTATTATTATACTATTAAAGCCAGAATGGAAAGCGCA

117

TTCGTAAAAGGAAACAGTAGCGACCGGAAACGTCACCAATGGTG

118

AGCTGTGATAACAAAATTAAGTTGGCACTCGTATT

119

CCCTGAGAGTATTAAGAG
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120

AAAACGACGGCCAGTTTTCATCAATAGTAGTCAGCTTGCCAACAACCATCGCCCAGA

121

GGAAAAAATTCGTGTACCAGGAACAACAAAGACAGCATCGGAGGAC

122

TCACCTTCAGTATTATTAATTTATAAAGTACATATAATGATTAAG

123

AGAAGAATAACCACATAAAAAAATCATAGCAG

124

ACCGCAGCAAAAGCGCGTTTTCATCGGC

125

TCGCAATAGTATTATCATCATATTCCTGATTATCTITG

126

CTGAAAGCGGAGACCTTCATCAAGAGTAATCTTGAGAG

127

ACGTGGACTCCAACGT

128

ATACAGTTTCGACAAAATCAACAGTTGAAAAAAC

129

CACCCAGCAGTGTTTTGAGGCCACCGAGTAAAGCGTAAGAAAGCCAAAAGCCTG

130

AGAGGTGAATTAGTTTTGCCGAGGATCCACTGGTGTGTTCAGCGGCA

131

AATCCTGAAGATGATTTAGATTAAGA

132

TCCTTTACAGAGAGAATAACATAAAAACAGGGTTACGCATTTTATTTAGGT

133

AGATTTGAAATAGAGGCATTAAGTTTAAATAATAACGGAATACCCTG

134

TTAATCTAAAATATCTTTATTAGTCTTACTAGAAACGCTCAACGCGA

135

GACCCCCATTGCGCCGGCGCGAGCGCATCAAT

136

CGCCTGGCCCTGAGACGCGTGCCATAGCGTCTGCTGTAGTCGAGCTTGATAAATT

137

GAGCAACCTAAATCCGCGACCTGCTCCATGTTACTAATCTACGTCAT

138

ATATTCACAAACAAATGTACATCGTTGCTTCTAGACAAAGCATAG

139

ACGTAAATCGGTCATTAAATTCTTTCCAGTATAGCCCGGAATAG

140

CAAAGGGCTCAAAAATCAAGCCGTGTATGTTAGCAAAGGTGCTGCGGC

141

CGCCCCTTCTGACCTGAAAAGAGTCTGTGCGGGAGTATCCTGAAATAATA

142

AAATATCCCATATGTTCAGGCAAATCCAGTGATGACAGTTGGGCGGTTGTAAATC

143

ATATCGCGAAGAGGAAAAATGTTTGTTTAATTCCCTTCAC

144

CTATTATTCTGAAACCCGTATAA

145

TAAAGTCACCGACCCCTTATTAGCGTTTCAGA

146

TATATAAATCAAAAGAAT

147

TTTACGAGCGTGGCGTTTTATAGCCGATTTACCAGCGCCAAAGTATC

148

TTCCAGATGCCGGGTTACGCAAACGCAACGCAAGAAAACAGGGAGAGATCTTAGGATT

149

CGCTGTAACCTCCATGCTGATCTAATGCAGAAC

150

AAAAACGGATAAGCAGCAACCGCAAGATGCGGTATCATTTCGCGTAA

151

GTAAATGAAATAGAAAAAAACATTGGAAGTTTATCCCTTACCCGGGTA

152

TCTGTAGCAATAGAACGCGACTTTCCAG

153

AATTGGGCGGCTGGCTTTGCATCAAAAAGATTTTTTAATCTC

154

TAATCATTGACAGATGAACGGTGTA

155

ATAAATATTTTAGACACCGCCACGCTCAATCGTCTGCCITT

156

GCAACCGACAAATCATCGTAGTAATATCGTCTATCACTTTGAC

157

TCTACTAACATTAAAGTAACACCACCCTCATTTTCAGGGATAG

158

ACTCCTTAAAGCGCATATTTTTTGTTTAACGGAAAAACCCAGAACA

159

CCGAGCTCGTTTTTCGATTTTAAGAACTGGCAGGGAACCCATGAGGA

160

TTTGGAATTAATTTTCCCTTATATGTAAGGCT
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161

TAATTTCATTAAAGGTGAATACAAAAGGAGTAGGGCTCCCGACTTCCATCAC

162

GACGACAAACTCATCGTTGCAACATACGAGCATGTAG

163

GAAAGGCAATCGATGGTAAAACACAGTTAA

164

TATCACCAGTAGCACCACCACG

165

CGTCGGATGTTGGGTAACGCCA

166

AAATCCTTTGCCCGAATTTCAGGTTAACAATTAGACTG

167

GTCACCTCACCGGAAACAATCG

205

28




Table S3. Closing staples and fluorescently labelled staples used in Version 1 of the nanosensor.
For the closing interactions, the number of the caDNAno helix is indicated (see Fig. S17). Yellow

and Red indicate complementary sequences. Green indicates the toehold used for opening. Blue

indicates additional spacer elements.

Name-HelixID

Sequence (5’->3’)

Rowl-topl6 ATATATTGAGGGTAATTGAGCGCTGAAACCGATATCC
GGTAACA

Rowl-topl3 ATATATTCCACCACCAGAGCCGTTAGC

Rowl1-bot24 AATAGATGTATTTATATATTGCGGGACGTTGGGAAGAAATAGCCGGA
ACGTAATG

Rowl1-bot29 AATAGATGTATTTATATATTTTGGGAAGGGCGATGCATCGTAA

Row2-top13 ATATATTTTCAAGCCTAATTTGCCAGTGAGCTA

Row2-topl6 ATATATTTACCCTCATTTTCGCAAGAAAAATAAGGCC
CATTAAAAAAAGGGACAT

Row2-bot24 AATAGATGTATTTATATATTTTCGGCCAACGCGCGGGGAGAG

Row2-bot29 AATAGATGTATTTATATATTTGGCCTCTTCGCTATTACCCACGGGAAT
AATTCGCAGGCAAGCCAA

Row3-top13 ATATATTTTATTGAGTAAGCAGAGCGAACCTTAATTG
AGATAGAAGAACTGATAGC

Row3-topl6 ATATATTTTACCTCGGGAGAAACAATAAAGGAT

Row3-bot24 AATAGATGTATTTATATATTTTCGTGCCCAACATACGAGGCATAAAAT
GGTCCGATATATAGCCTTTAATTGTATTA

Row3-bot29 AATAGATGTATTTATATATTTTCTGAATGGGATAGGTCACGCAGAACC
GTGTA

Row4-top13 ATATATTTTTAGAGCAAGAAACAATGAGCTATCTAGC
CTTAAACCAGTATAATAC

Row4-top16 ATATATTTTTTCAGAGCCGCCACCCTGCCATCTTCCT
GAGCATCATAATTTAATG

Row4-bot24 AATAGATGTATTTATATATTTTTCTTGAAAGATTCATCAGTTACGGAG
ATCATCTTT

Row4-bot29 AATAGATGTATTTATATATTTTTTGCAAGCGGCCAGTTTTCATCAATA

GTAGTCAGCTTGCCAACAACCATCGCCCAGA

Green_dye_non_hybridizing

AATTCTCAGAGCAATTCTGATGGGTAATCATAGCTGTTTCCTGTG-
[ATTO542]

Red_dye_non_hybridizing

GTTAGAATCAGAGCGGTACAAAATAGAAGGCTGGAAAC-[ATTO647N]
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Red_dye_Int_spacer

GTTAGAATCAGAGCGGTACAAAATAGAAGGCTGGAAACTCTGACGGC
-[ATTO647N]

Green_dye_1nt_spacer

AATTCTCAGAGCAATTCTGATGGGTAATCATAGCTGTTTCCTGTGT
[ATTO542]
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Table S4. Modified (closing, stabilization and fluorescently labelled) staples used in Version 2 of
the sensor. For the closing interactions, the number of the caDNAno helix is indicated (see Fig.
S§17). Yellow and Red indicate complementary sequences. Green indicates the toehold used for

opening. Blue indicates additional spacer elements.

Name-HelixID

Sequence (5’->3’)

Rowl-topl3 ATCAGTACGAGGGTAATTGAGCGCTGAAACCGATATCCG
GTAACA

Rowl-topl6 GTGCTCGTGATATTTTTCCACCACCAGAGCCGTTAGC

Rowl1-bot24 GTGCTCGTGATATTTTTGCGGTTTGCGTATTGGGCGCCA

Rowl1-bot29 ATCAGTACTTGGGAAGGGCGATGCATCGTAA

Row2-top13 ATCAGTACTCAGAGAGATAACCCACAAGA

Row2-topl6 GTGCTCGTGATATTTTTTTTTACCCTCAGAGCCGCAGATGAAT

Row2-bot24 GTGCTCGTGATATTTTTTTTTTCGGCCAACGCGCGGGGAGAG

Row2-bot29 ATCAGTACGGCCTCTTCGCTATTACCCACGGGAATAATT
CGCAGGCAAGCCAA

Row3-top13 ATCAGTACTTATTGAGTTAAGCCCATCTTACCAACGCTA
TAGAC

Row3-topl6 GTGCTCGTGATATTTTTTTTTTTACCGCCACCCTCAGAGCCACC

Row3-bot24 GTGCTCGTGATATTTTTTTTTTTCGTGCCAGCTGCATACGAACTA

Row3-bot29 ATCAGTACTTCTGGCGAAAGGGGGATGTGC

Row4-top13 ATCAGTACTTTAGAGCAAGAAACAATGAGCTATCTAGCC
TTAAACCAGTATAATAC

Row4-topl6 GTGCTCGTGATATTTTTTTTTTTTTTCAGAGCCGCCACCCTGCCATCTTCCTG
AGCATCATAATTTAATG

Row4-bot24 GTGCTCGTGATATTTTTTTTTTTTTCTTTCCAGTCGGGAAACCTGT

Row4-bot29 ATCAGTACTTTTGCAAGGCGATTAATCTCCGTGGGAACA

AAGAGCCACTGA

5bp_stabilisation_1

CATTGCACCCACGCAACCAGCTTGACGTTGTTTTTT

5bp_stabilisation_2

TTAATTGCGTTGCGCTCACTGCCTTTTT

5bp_stabilisation_3

AACGGTACGCCAGAATCCTGAGATACAATTTGTTTTGATACCGATTTTTGTG
TG

5bp_stabilisation_4

TTGAGGGAATATTGACGGAAATTACAAAATCATTTTTGGTCT
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Red_dye_3nt_spacer

GTTAGAATCAGAGCGGTACAAAATAGAAGGCTGGAAACTTTCTGACGGC-
[ATTO647N]

Green_dye_3nt_spacer

AATTCTCAGAGCAATTCTGATGGGTAATCATAGCTGTTTCCTGTGTTT
[ATTO542]
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Table S5. Biotinylated staples for immobilization of DNA origami nanostructures used in both
versions of the sensor. Blue indicates additional spacer elements.

Name Sequence (5’->3’)

Biotin1 5’Biotin-
TTTATTGCCGGTTGATAGTCAGTGCCTTGAGTAACAGTGCATGAA

Biotin2 5’Biotin-
TTTATTATAGTGGAAGCAATAGAGCTTACCCTCATATATTTTTGTA
C

Biotin3 5 Biotin-TTTCAAACTCTTCCTGTTGACCGT

Biotin4 5'Biotin-TTTATACACCGCCAAAATACAGGTA
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Table S6. DNA-DNA closing interactions used for Xhol nanosensors. Shown in purple is
restriction site of Xhol. The number of the caDNAno helix is indicated (see Fig. S17).

Name-HelixID

Sequence (5°->3’)

Rowl-top 13 ATACTCGAGTTATATATTGAGGGTAATTGAGCGCTGAAACCGATATCCGGTAAC
A

Rowl-topl6 ATACTCGAGTTATATATT CCACCACCAGAGCCGTTAGC

Rowl-bot24 AACTCGAGTATTTATATATTGCGGGACGTTGGGAAGAAATAGCCGGAACGTAAT
G

Row1-bot29 AACTCGAGTATTTATATATT TTGGGAAGGGCGATGCATCGTAA

Row2-top 13 ATACTCGAGTTATATATTTTCAAGCCTAATTTGCCAGTGAGCTA

Row2-topl6 ATACTCGAGTTATATATTTACCCTCATTTTCGCAAGAAAAATAAGGCCCATTAA
AAAAAGGGACAT

Row2-bot24 AACTCGAGTATTTATATATTTTCGGCCAACGCGCGGGGAGAG

Row2-bot29 AACTCGAGTATTTATATATTTGGCCTCTTCGCTATTACCCACGGGAATAATTCGC
AGGCAAGCCAA

Row3-top 13 ATACTCGAGTTATATATTTTATTGAGTAAGCAGAGCGAACCTTAATTGAGATAG
AAGAACTGATAGC

Row3-topl6 ATACTCGAGTTATATATTTTACCTCGGGAGAAACAATAAAGGAT

Row3-bot24 AACTCGAGTATTTATATATTTTCGTGCCCAACATACGAGGCATAAAATGGTCCG
ATATATAGCCTTTAATTGTATTA

Row3-bot29 AACTCGAGTATTTATATATTTTCTGAATGGGATAGGTCACGCAGAACCGTGTA

Row4-top 13 ATACTCGAGTTATATATTTTTCAGAGCCGCCACCCTGCCATCTTCCTGAGCATCA
TAATTTAATG

Row4-topl6 ATACTCGAGTTATATATTTTTTCAGAGCCGCCACCCTGCCATCTTCCTGAGCATC
ATAATTTAATG

Row4-bot24 AACTCGAGTATTTATATATTTTTCTTGAAAGATTCATCAGTTACGGAGATCATCT
TT

Row4-bot29 AACTCGAGTATTTATATATTTTTTGCAAGCGGCCAGTTTTCATCAATAGTAGTCA

GCTTGCCAACAACCATCGCCCAGA
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Table S7. Antigen modified staples that were used in a sensor for anti-Dig and anti-DNP
antibodies. The number of the caDNAno helix is indicated (see Fig. S17). Blue indicates additional
spacer element.

Name-HelixID [ Sequence (5°->3’)

Rowl-topl6 [DNP]TGAGGGTAATTGAGCGCTGAAACCGATATCCGGTAACA

Rowl-top13 [DNP]TCCACCACCAGAGCCGTTAGC

Rowl-bot24 [DNP]TGCGGGACGTTGGGAAGAAATAGCCGGAACGTAATG

Row1-bot29 [DNP]TTTGGGAAGGGCGATGCATCGTAA

Row4-top13 [DIG] [AGAGCAAGAAACAATGAGCTATCTAGCCTTAAACCAGTATAATAC

Row4-top16 [DIG]TTTTCAGAGCCGCCACCCTGCCATCTTCCTGAGCATCATAATTTAATG

Row4-bot24 [DIG]TTTCTTGAAAGATTCATCAGTTACGGAGATCATCTTT

Rowd-bot29 [DIG]TTTTGCAAGCGGCCAGTTTTCATCAATAGTAGTCAGCTTGCCAACAACCA
TCGCCCAGA
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Table S8. Sequences of opening strands used in different sensor constructs. Red indicates the

mismatch.

Name Sequence (5°->3’)

15 bp interaction ACTGATGTGCTCGTG

17 bp interaction ATATATAATAGATGTAT
17 bp mismatch GC ATATATAATACATGTAT
17 bp mismatch AT ATATATAATAGTTGTAT
17 bp mismatch GC+AT ATATATAATACTTGTAT
17 bp mismatch Toehold AT ATTTATAATAGATGTAT
17 bp mismatch Toehold TA ATAAATAATAGATGTAT
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Table S9. Fit results as well as buffer compositions for the titration data shown in Fig. 2.

Sample

Buffer

K1/2

Ny

2x13

10 mM Tris, 10 mM MgCl,, 50 mM NaCl

100.08 + 10.43 nM

0.9782 + 0.084

2x13

10 mM Tris, 10 mM MgCl,, 200 mM NaCl

195.05 £ 12.36 nM

0.8709 + 0.041

2x13

10 mM Tris, 10 mM MgCl,, 400 mM NaCl

601.19 £ 19.57 nM

0.8075 £ 0.019

2x13
stabilized

10 mM Tris, 10 mM MgCl,, 50 mM NaCl

704.97 £ 64.84 nM

0.7997 £ 0.049

4x13

10 mM Tris, 10 mM MgCl,, 50 mM NaCl

1087.31 + 85.60 nM

1.5459 +0.1524

6x13

10 mM Tris, 10 mM MgCl,, 50 mM NaCl

2025.14 + 102.35 nM

1.7335 £ 0.1255
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