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Abstract

Harnessing the precision of DNA origami and the sensitivity of single-molecule
Fluorescence Energy Transfer (sm-FRET), this dissertation aims to make a contribution
to enhance the capabilities of current biosensing technologies. The research explores

two main projects: DNA origami curvature sensors and DNA origami vesicle sensors.

In the first project, a novel non-destructive method for single-particle size
characterization and curvature sensing in biosystems was introduced. Utilizing flexible
DNA origami structures that can adapt to a range of curvatures, and using sm-FRET as
the transduction mechanism, this approach enables precise quantification of particle size
and curvature. The sensors, consisting of segmented DNA origami structures linked
together via flexible DNA linkers and incorporating a strategically placed FRET pair,
demonstrated the ability to conform to the shape of nanoparticles. The activity of the
sensors was validated on various particle types, including model DNA origami templates,
silica particles and lipid vesicles, proving its adaptability and precision. The results,
measuring particle sizes from 50 nm to 300 nm and bending angles from 50° to 180°,
demonstrated the versatility and accuracy of the sensors. Importantly, the modularity of
the DNA origami technique, which allows for customization to specific applications,
further enhanced the practicality of the sensors in real-world applications ranging from
accurate nanoparticle characterization to opening new avenues in nanotechnology

research.

The second project explored the transformative potential of DNA origami vesicle sensors
In biosensing and molecular cargo transport. Through the design of DNA origami
structures capable of detecting the presence of a vesicle and performing triggered cargo
transport, this research potentially contributes to the field of therapeutic and diagnostic
innovations. Designed as rectangular DNA origami nanostructures, the sensors
employed ATTO647N-labeled ssDNA protrusions and cholesterol anchors to detect lipid
vesicles by sm-FRET readout. The hydrophobic nature of the ATTO64/N fluorophore
ensured strong anchoring to lipid vesicles, inducing stretching of the ssDNA strand which
resulted in distinct FRET contrasts. As a significant step towards therapeutic

applications, the capabilities of the sensors were explored in a proof-of-concept



molecular cargo transport system using a strand displacement mechanism to facilitate
the transfer of ATTO647N-labeled cargo to surrounding lipid vesicles. Our results confirm
the potential of this versatile system as a biosensor tailored for real-time detection of lipid

vesicles and as a promising molecular cargo transport mechanism.

These projects collectively exemplify how the specificity and adaptability of DNA origami,
when coupled with sm-FRET, contribute to the evolving landscape of biosensors. By
advancing these interdisciplinary technigues, this work aims to expand the scope and
utility of biosensors across various disciplines, including material science, molecular

diagnostics and medical treatment.
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‘I was taught that the way of progress was neither swift nor easy.”

Marie Sktodowska Curie



1. Introduction

As our perception of the complexity of the world continues to deepen, the advent of
biosensors has revolutionized our ability to explore and exploit the wonders of life.
Biosensors are analytical devices combining a biological recognition element with a
transducer that can generate a guantifiable signal from a biological input. Traditional
laboratory assays often involve separation and identification processes, such as Gas
Chromatography-Mass Spectrometry (GC/MS) for analysis of chemical mixtures, or
purification steps followed by Nuclear Magnetic Resonance (NMR) spectroscopy for
structure determination, which can be time-consuming and require specialized and
expensive equipment. Biosensors, on the other hand, provide a simpler, faster, and often
less expensive method for specific analyte detection with high sensitivity and accuracy
by providing real-time results without the need for isolation or complex identification
steps that can be easily interpreted by the user.! Thanks to advances in technology,
versatile biosensors can now be made small enough to fit in wearable devices, moving
from labs to everyday use. Moreover, this technology promotes collaboration across
flelds like biology, chemistry and engineering, leading to innovative solutions in a wide
range of application areas including diagnostics, environmental monitoring, biophysics

and materials science.

While there is a large pool of materials that are suitable for biosensing applications,
meeting specific requirements for sensitivity, selectivity, responsiveness, stability,
biocompatibility and cost-effectiveness can be challenging. Therefore, it is essential to
investigate materials that meet these diverse biosensing specifications while simplifying
the manufacturing process.? In this regard, nanotechnology has been playing a
transformative role in enhancing the capabilities of biosensors. The nanoscale properties
of materials such as nanoparticles, guantum dots and carbon nanotubes provide a high
surface-to-volume ratio compared to bulk materials, resulting in enhanced reactivity,
different optical behaviors and altered mechanical and electrical properties. These
features lead to increased sensitivity, specificity and the ability to miniaturize sensors for
point-of-care testing.® Gold nanoparticles in biosensors, for example, change their

surface plasmon resonance upon interaction with certain biomolecules, resulting in a



visible color change. This property makes it possible to detect biological targets, such as
viral proteins in rapid HIV tests, with high specificity and sensitivity.* ® Furthermore,

features like multiplexing allow for simultaneous detection of multiple targets.

In the rapidly growing worlds of biosensing and nanotechnology, DNA nanotechnology
has emerged as a transformative platform with remarkable capabilities to create
nanoscale structures with exceptional precision and versatility. In the early 80s, Ned
Seeman’s ground-breaking research® established the foundations of DNA
nanotechnology, which demonstrated the extraordinary potential of using DNA as a
programmable molecular building block. Paul Rothemund later pioneered the concept of
DNA origami”?, a method in which a long, single-stranded DNA molecule is folded into
desired shapes by means of shorter 'staple’ strands. The biosensing field quickly
recognized the great application potential of Rothemund's DNA origami innovation.
Leveraging this technique, scientists can now precisely design and modify DNA
structures for specific applications. This precision is due to the specific interactions
between the DNA base pairs, ensuring accurate detection of the target with minimal
interference from other substances. The modularity of the technigue enables versatile
and adaptable DNA nanostructures, which can incorporate different components such
as biorecognition elements, fluorescent markers and nanoparticles, and can be
reconfigured to meet different needs, from biomarker identification to cargo transport
regulation.'®'® Consequently, these diverse properties enable the fabrication of
customized, adaptable DNA origami biosensors''® with unigue detection and
transduction properties that have attracted considerable attention from the research

community.

Incorporating Single-Molecule Fluorescence Resonance Energy Transfer (sm-FRET)'9 20
into biosensors as an optical transduction mechanism provides a unigue understanding
of biomolecular interactions and the ability to detect rapid changes at the molecular level.
FRET is a non-radiative process through which energy is transferred from an excited
donor fluorophore to an acceptor fluorophore, which is in close proximity, typically within
1 nm to 10 nm. The efficiency of this energy transfer is strongly dependent on the
distance between the donor and acceptor molecules, as well as the spectral overlap

between the donor emission and the acceptor absorption.?! This characteristic makes



FRET a great transduction mechanism for biosensors, as it can precisely detect
biomolecules.?? %3 The fluorescence of the acceptor molecule is only elicited when the
donor and acceptor fluorophores are closely positioned. This means that any
environmental changes impacting the distance between these molecules will influence
the fluorescence, facilitating the detection of even minor changes, like the presence of a
specific biomolecule. This phenomenon has been widely utilized as a powerful tool in
biological and chemical studies, allowing researchers to investigate molecular
interactions, distances and dynamics with high spatial and temporal resolution.
Additionally, since FRET does not produce harmful radiation, it is a safer alternative to

other sensing methods that rely on radioactive or ionizing radiation.?

The accuracy of FRET measurements could be further improved by combining FRET
with DNA origami to optimize the precise positioning of donor and acceptor fluorophores.
Taking this approach to the single-molecule level provides an even greater level of
precision. Observing individual molecules, instead of averages from many, gives a clearer
picture of heterogeneous molecular behaviors and interactions. When combined with
FRET and the precise placement capabilities of DNA origami, sm-FRET biosensors are
able to detect these individual molecular events, which brings a level of detail and
accuracy that is transformative for understanding complex biological processes and

interactions at the most fundamental level 2°

Based on the strong foundation of Ned Seeman's and Paul Rothemund's groundbreaking
works, this thesis aims to contribute to the constantly evolving worlds of DNA
nanotechnology and biosensing, bringing us closer to a future where molecular
interactions can be resolved with precision and utilized in broad range applications, from
medical diagnostics to pharmaceutical science. The results of an extensive research
centered around two main projects are presented here: DNA origami curvature sensors
and DNA origami vesicle sensors. Each of these projects is an example of combining
DNA nanotechnology and single-molecule fluorescence sensing enabling applications in

particle characterization, cargo transport and beyond.

The first project, DNA origami curvature sensors (Section 3), introduces a non-destructive
method for single-particle size characterization and curvature sensing in biosystems.

This novel approach challenges the limits of DNA origami by designing dynamic



structures capable of detecting a range of curvatures, instead of possessing an on/off
behavior. Accurate nanoparticle size measurement is essential across industries,
influencing their physical and chemical properties and ultimately the safety, efficiency,
and functionality of their applications. For instance, in the biomedical field, the size of a
nanoparticle can determine its biological fate, affecting its circulation time in the blood,
its uptake by cells and its distribution in the body.?*?¢ Current methods, like dynamic light
scattering (DLS), transmission electron microscopy (TEM) and scanning electron
microscopy (SEM), face challenges such as sample preparation, instrument limitations
and particle interactions which can influence the accuracy of the measurements.
Addressing this need, the DNA origami curvature sensors project dives into a novel
solution. The DNA origami curvature sensors adapt to particle shape, with size
differences detected through shifts in FRET efficiency at the single-molecule level,
covering a range of 50 nm to 300 nm. The DNA origami curvature sensors do not only
measure particle size, they are also capable of sensing curvature. This method could
revolutionize our understanding of biological phenomena and precision medicine, as it
can profile soft dynamic systems such as cell membrane curvature in disease and
exosome-based liquid biopsies for early-stage tumors. The sensors can be attached to
cells, providing a promising tool for studying local membrane curvatures. In this regard,
this thesis contributes to the field by combining rational DNA origami designs with single-

molecule approaches to tackle some of the most challenging biosensing applications.

In the second project, DNA origami vesicle sensors (Section 4), we aimed to address the
critical role of lipid vesicles in cellular processes and their emerging role in nanomedicine,
as evident by their use in pioneering COVID-19 vaccine formulations. The main focus here
s to challenge the applicability of DNA origami into more complex avenues by designing
structures that are able to not only sense the presence of a vesicle but potentially perform
triggered cargo delivery into the vesicles that they are attached to. This precision in
detection and manipulation of lipid vesicles is vital for therapeutic and diagnostic
innovations and intersects seamlessly with the intricate web of molecular interactions
which require high specificity. Biosensors that utilize these specific affinity interactions
allow for real-time cellular monitoring. However, effective application within the complex
environment of lipid vesicles remains challenging. Motivated by this, our study combined

the precision of DNA origami with the sensitivity of sm-FRET to achieve real-time lipid

4



vesicle detection and to explore molecular transport methodologies. Exploiting the
hydrophobic interactions between lipid vesicles and a labeled DNA probe precisely placed
on a DNA origami structure, this sensor displays a significant FRET signal contrast in the
absence and presence of lipid vesicles, signifying a strong affinity-based interaction.
Utilization of these affinity specific interactions provides opportunities for precise vesicle
detection and potential delivery mechanisms, making the sensor a promising candidate

to be used as a triggered cargo transfer and drug delivery system.

Following this general introduction, this dissertation begins with a foundational
theoretical background section that explores the essentials of biosensors, DNA
nanotechnology and fluorescence with a particular focus on sm-FRET. Subsequently, the
thesis is partitioned into two main sections, each dedicated to one of the two core
projects forming this work. These sections begin with the highlights of the individual
motivations and literature review that guided our focus toward these research topics.
This is followed by an overview of the publications that have emerged from these
projects. The dissertation is completed in a conclusion and outlook section, summarizing
key findings and suggesting future directions for research in these areas. Lastly, the
appendices provide additional information, including a detailed materials and methods
section of the experiments as well as supplementary information of the related

publications.

The work demonstrates the strong potential of DNA nanotechnology to shape the future

of biosensing and molecular diagnostics.



2. Theoretical Background

2.1. Biosensors: Bridging Biology with Technology

In a world where the unseen can change everything, biosensors have emerged as a
critical bridge between the invisible molecular world and our perceivable surroundings,
converting subtle biochemical interactions into clear, identifiable signals. Biosensors, at
the intersection of biology, chemistry and electronics, trace their roots back to the early
20th century. One of the most notable milestones in the history of biosensors was in the
1960s, when Leland C. Clark Jr. introduced the concept of the enzyme electrode, which
became the precursor to the first glucose biosensor.?® His innovation shaped the
management of diabetes, and since then, biosensors have expanded into numerous

flelds, from medical diagnostics to environmental monitoring.

A biosensor refers to a specialized device or system integrating biological elements, such
as enzymes, antibodies, or living cells, with a transducer to detect and measure specific
biological substances or processes.! The signal generated by the interaction of the
biological element and analyte is converted into a measurable electrical or optical output
by the transducer (Figure 1). Biosensors are designed to provide rapid, accurate and
selective detection of target molecules or biological events with a high sensitivity. The
advantages of real-time monitoring, portability and the potential for miniaturization, make
biosensors valuable tools in various fields, including scientific research, medicine,

environmental monitoring, food safety and biotechnology.
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Figure 1. Schematic diagram of a typical biosensor setup illustrating the key components,
including the receptor, transducer and readout. Various types of receptors and transducers are
depicted, showcasing the versatility of biosensors in detecting different analytes and enabling
diverse applications.

Among the numerous types of biosensors, from electrochemical to thermal, optical
biosensors offer a unigue perspective into the world of molecular interactions.® In
particular, fluorescence biosensors can detect specific biological processes through the
use of molecules that absorb and emit light at different wavelengths. As these
fluorescent entities bind to their target molecules, their emission properties change. This
change results in signals that correlate with the concentration or activity of the analyte
being studied. Because of their rapid response, high sensitivity, specificity and versatility
in probe design, fluorescence biosensors are used in a wide range of applications ranging
from diagnostics to environmental monitoring.®! Fluorescence-based biosensors are
primarily based on three methods: fluorescence quenching®, fluorescence
enhancement'® and fluorescence resonance energy transfer (FRET)®3. Among these,
FRET-based optical biosensors have recently gained prominence in cellular studies due

to their superior sensitivity to conformational changes.®+38

With numerous technological advancements, biosensors have evolved significantly, and
the integration of nanomaterials presents an innovative pathway towards enhanced,
cost-effective and portable devices. In particular, nano-engineering of DNA stands out as
a particularly promising way to improve biosensor capabilities.®® 40 Merging DNA

nanotechnology with FRET-based biosensors enhances detection potential of



biosensors. The distance dependency of FRET makes it essential to control the
placement of dyes, a requirement that is fully addressed by the programmable nature of
DNA. This confluence of technologies allows for unparalleled precision, specificity and
modularity in biosensor design and functionality. Precision provides accurate and reliable
measurements through the ability to fine-tune and control sensor response. The
specificity is based on the precise base pair interactions in the DNA, which ensures that
the sensor detects only the intended target molecules with minimal interference from
other substances. By allowing the incorporation of different functional modules such as
biorecognition elements, fluorescent markers or nanoparticles, modularity enables the
creation of versatile DNA nanostructures with increased complexity and controllability.
These structures can be reconfigured in a controllable manner using nucleic acid strands,
environmental stimuli and enzymatic treatments.'! 444 Additionally, by exchanging DNA
recognition elements, the same biosensor can be used for the detection of one biomarker
to another'® or can provide regulated cargo transport.'” The modular nature of the
system further allows different components to be modified independently. For example,
the transduction mechanisms can be modified without changing the recognition
mechanism. Similarly, biocompatibility and durability of the structures can be optimized
without affecting the functionality. Taken together, due to their addressability, DNA
nanostructures can precisely identify and attach to target molecules, while fluorescence
provides a highly sensitive detection of molecular interactions. This collaboration is a
notable step forward in the transition from traditional biosensors to more sophisticated

tools, and highlights the evolving sophistication of molecular detection.

For a better understanding of DNA nanotechnology-enabled fluorescence biosensors, it
Is important to provide a basic background of each building block: DNA nanotechnology
and fluorescence. Starting from the fundamental principles, the following sections will
explain the basic principles of these two concepts and will establish a complete picture

of how they apply to the projects of this dissertation.



2.2.  Deciphering DNA: From Molecular Design to Nanotechnology

2.2.1. The Structure of the DNA Molecule

DNA is one of the most basic building blocks of life, carrying genetic information and
instructions for the functioning, reproduction and development of all living organisms.
The most common DNA structure found in nature is B-DNA, in which two long strands
rotate around each another to form a right-handed double helix (Figure 2a) of
approximately 10.5 base pairs in turn, resulting in a total turnover length of 3.4 nm. The
DNA strand is made up of polynuclectides, which are composed of the repeating
monomeric units of a phosphate group, a pentose sugar (2-deoxyribose), and a
nucleobase (Figure 2b). The four nucleobases of a DNA molecule are adenine (A),
thymine (T), cytosine (C) and guanine (G). Each of these nucleobases pairs in a DNA
double helix in a way where G is paired with C via three hydrogen bonds and A is paired
with T via two hydrogen bonds (Figure 2¢). This specific pairing, known as Watson-Crick
base pairing®®, is fundamental to the structure and function of DNA, allowing it to store

genetic information and serve as a template for replication and transcription.

The right-handedness of DNA molecule is favored due to the specific arrangement of the
nucleotides and the stacking interactions.*® When viewed along the axis of helix, right-
handedness refers to the clockwise direction, and it ensures the integrity and stability of
DNA structure. According to the carbon atoms in the sugar molecules, each strand has
distinct 5 and 3" ends where 5" end has a phosphate group attached to the 5 carbon of
the sugar and 3" end is associated with a hydroxyl group attached to the 3" carbon (Figure
2b).4” The strands of the double-helix run in opposite directions, /e the structure is anti-
parallel*” This means that 5" end of one strand pairs with the 3’ of the complementary
strand and vice versa. From this asymmetrical arrangement, major and minor grooves
arise along the double helix with major groove being wider in B-DNA structure (Figure
2a).*® These grooves are important as they provide binding sites to proteins and other

molecules.

One of the key features of DNA that has enabled its various applications is its excellent

mechanical rigidity against bending.“? Being a natural polymer, DNA is typically modeled



by worm-like chain (WLC) model which describes mechanical behavior of DNA as
intermediate between a rigid rod and a random coil, accounting for both local stiffness
and long-range flexibility with the inclusion of the persistence length.*>° The persistence
length represents the characteristic length scale over which DNA maintains its stiffness
before bending. Single-stranded DNA (ssDNA) behaves more like a flexible polymer, and
the Freely Jointed Chain (FJC) model? which describes DNA as a series of connected
flexible segments where each segment can rotate freely around the bond connecting it

to the next segment becomes more applicable.
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Figure 2. DNA molecule overview. (a) The double helix structure of the DNA molecule is depicted,
highlighting the dimensions, major and minor grooves and the concept of turnovers. (b) The
binding interactions between the bases (adenine (A), thymine (T), cytosine (C) and guanine (G))
and sugar-phosphate backbone are illustrated. The 3" and 5 ends of the DNA strands are
indicated. (c) Detailed chemical structures and bonding arrangements of the bases are presented,
showcasing their unique characteristics and bonding patterns.

2.2.2. DNA Nanotechnology: DNA as an Engineering Tool

Beyond the role it plays in biclogical systems, DNA has also become a versatile tool in
engineering. By exploiting the remarkable self-assembly and programmability of DNA to
create complex nanostructures and functional devices, researchers have pioneered a
new concept known as DNA nanotechnology. As he raised the conceptual foundation of

DNA nanotechnology in the early 1980s, it is essential to acknowledge Ned Seeman. The
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development of immobile nucleic acid junctions by specifically designing DNA strand
sequences to remove the symmetry of the assembled molecule® turned DNA into a
scaffold for the precise placement of functional components at the nanoscale, paving

the way for the realization of sophisticated nanostructures.

Building on these fundamentals, in 2006, the innovative work of Paul Rothemund’
demonstrated how DNA can be folded into complex two- and three- dimensional shapes
on the nanoscale, creating the concept of DNA origami. Just as traditional paper origami
transforms a two-dimensional sheet of paper into different three-dimensional shapes,
DNA origami uses a long DNA scaffold to fold into pre-designed three-dimensional
nanostructures by exploiting the programmability and specificity of DNA base pairing
(Figure 3a). A bottom-up self-assembly technigue, DNA origami relies on the folding of a
long single-stranded DNA (scaffold, typically a viral DNA of ~7000 nucleotides) with the
help of a set of short DNA strands (staples). The staples are designed to have
complementary sequences to specific regions of the scaffold. When the strands are
mixed, sequentially heated and cooled, the multiple binding domains of the staples
facilitate the assembly of the scaffold into a designed shape through crossover base
pairing (Figure 3b). Since its invention, DNA origami has continued to evolve, allowing the
synthesis of virtually any arbitrary shape from 1D to 3D structures with custom
asymmetry, cavities,>* °> or curvatures,®®>® enabling advanced applications such as
hierarchical or crisscross assembly,”?%? single-stranded origami,®® % and dynamic
structures.'* 6558 Following the development of DNA origami, tools have been created to
assist in the design and visualization of the DNA origami nanostructures. One example is
CaDNANo® a software that provides an easy-to-use interface for creating arbitrary two-
or three-dimensional DNA nanostructures by visualizing the placement of DNA strands
and their interactions. It has greatly simplified the design process and made it more
accessible for researchers to create complex and functional DNA nanostructures for a

wide variety of applications.
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Figure 3. (a) Schematic representation of DNA origami folding. Starting with a long, single-
stranded DNA scaffold, short staple strands are added to guide the folding into a specific shape.
Through a series of carefully controlled thermal cycles, the DNA is coaxed into a desired structure.
(b) Stages of DNA origami preparation: Design of scaffold and staple strands using
computational tools = Mixing of scaffold and staples in proper stoichiometry — Controlled
thermal annealing to facilitate folding — Purification and verification of the final structure.

The technology further enables the integration of functional components, such as
nanoparticles, biological ligands, or fluorescent dyes with perfect addressability and
precision, leading to the development of novel tools for sensing, drug delivery, computing,
and more. Altogether, DNA is a powerful nanoscale engineering tool’%/4 with exciting
prospects for scientific research and technological innovation due to its programmability,

modularity and biocompatibility.
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2.3. Lightas a Tool: Fluorescence, FRET and Single-Molecule
Techniques

Light is an essential part of the way we perceive the world. It consists of visible
electromagnetic radiation and can be understood as a collection of photons, which
display both wave and particle characteristics, known as the wave-particle duality. From
the wave perspective, light is an electromagnetic wave with oscillating electric and
magnetic fields perpendicular to its direction of propagation. These oscillations

determine its properties like wavelength, frequency and amplitude.

When light interacts with an object, its behavior depends on the interaction with the
atoms or molecules of that object. Some materials absorb specific wavelengths of light,
giving rise to color perception. Others transmit light, allowing it to pass without much
absorption or reflection. The interaction can also cause refraction, where light changes
its direction as it moves between media due to speed changes. Diffraction is another
outcome, where light waves bend or spread when encountering obstacles or narrow
openings. This phenomenon leads to interference patterns and enables light to

propagate around obstacles.
When discussing the basic concept of light, the fundamental equations to mention are:
The wave equation:

c=Av (M

which relates the speed of light (c) to its wavelength (A) and frequency (v). It states that

the speed of light is equal to the product of its wavelength and frequency.
Planck's equation:
E=hv (2)

formulated by Max Planck, this formula describes the energy (E) of a photon in relation
to its frequency (v). It states that the energy of a photon is directly proportional to its

frequency with the proportionality constant being Planck's constant (h).

These equations are critical to the understanding of the nature of light, its propagation,

and the quantization of energy. They provide a foundation for various principles and
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phenomena in optics, such as the wave-particle duality of light and the interaction of light

with matter.

2.3.7. Fluorescence

Understanding light and its properties is the foundation for the exploration of the
fascinating phenomenon of luminescence. When a material absorbs light, the energy of
the photons is transferred to the electrons, as well as the vibrational and rotational states
of the molecules, in the material. This energy excites the electrons to higher energy levels,
called the excited states. The energetically unstable nature of these excited states causes
the electrons to rapidly return to the lower energy states, resulting in release of excess
energy in the form of either heat dissipation or light emission. The latter occurs when the
material has specific energy levels within its electronic structure that allow the electrons
to transition from the excited states back to the ground state through a process called
radiative decay. The emitted light has a longer wavelength and lower energy than the

absorbed light, resulting in a characteristic Stokes-shift’> in color.

Luminescence refers to the emission of light from a substance when it is in an
electronically excited state. This phenomenon can be categorized into two main types
based on the nature of the excited state: fluorescence and phosphorescence. In
fluorescence, the excited state is typically a singlet state, where the electron in the excited
orbital is paired with the electron in the ground-state orbital. In this case, the return of the
electron to the ground state is allowed by spin, resulting in the rapid emission of a photon.
The emission rate constants of fluorescence are around 108 per second (108 s) for
fluorescent dyes, leading to a typical fluorescence lifetime of approximately 1-10
nanoseconds (10 ns, 10x107 s). In contrast, phosphorescence involves an excited triplet
state with an unpaired electron, leading to a spin-forbidden return to the ground state.
Being a much slower process, phosphorescence lifetimes range from microseconds to

seconds or even longer.”®

Overall, fluorescence exhibits fast emission rates and short lifetimes, making it a valuable
tool for various applications, including fluorescence spectroscopy, imaging and

biochemical assays.
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2.3.2.  Jablonski Diagram and Characteristics of Fluorescence
Emission

The interactions that take place between light absorption and emission are commonly
depicted using the Jablonski diagram (Figure 4a).”’ It is a graphical representation that
illustrates the electronic energy levels and various transitions involved in luminescent
processes. Professor Alexander Jablonski, considered the pioneer of fluorescence
spectroscopy, is honored with the eponymous Jablonski diagrams’/ due to his
significant contributions, which included the elucidation of concentration depolarization
and the introduction of the term "anisotropy” to characterize the polarized emission from

solutions.

The diagram incorporates two important principles: Kasha's rule and the Franck-Condon
principle. Kasha's rule’® states that upon absorption of light, the excited molecule rapidly
undergoes vibrational relaxation within the same excited electronic state, reaching the
lowest vibrational level of that state. As a result, the excited molecule is considered to be
in a vibrationally relaxed state before any subsequent emission occurs. This relaxation
occurs on an ultrafast timescale, typically within picoseconds (10?7 seconds).
Additionally, since only one state is expected to produce emission, the emission

wavelength is not affected by the excitation wavelength.

The Franck-Condon principle’® 8 (Figure 4b) refers to the probability of electronic
transitions during absorption and emission processes. It states that electronic transitions
between energy levels occur so rapidly compared to nuclear motions that the nuclel
remain fixed during the electronic transition. This principle implies that the geometry of
the molecule does not significantly change during electronic transitions, resulting in

vertical transitions on the Jablonski diagram.

Atypical Jablonski diagram is shown in Figure 4a. The vertical axis represents the energy
levels. The ground electronic state (Sp), where the electrons normally reside, is located at
the bottom, while the excited electronic states are positioned higher up. These excited

states can include singlet states (S1, Sy, etc.) and triplet states (T+, To, etc.). Each electronic
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energy level of the fluorophores can possess various vibrational energy levels,

represented as 0, 1, 2 and so forth.

Upon absorption of a photon, several possible processes can occur. Usually, the
molecule gets excited to an electronically excited state, typically to a singlet state (Sv).
From this excited state, with a few exceptions, the molecule can undergo internal
conversion (represented by vertical dashed lines in Figure 4a), a rapid process where the
excess energy is dissipated through non-radiative pathways such as vibrations or
interactions with the surroundings. Following Kasha's rule, this internal conversion brings

the molecule to the lowest vibrational level of the excited singlet state.

Following the internal conversion, the molecule has two possible paths. The first path is
fluorescence, where the molecule undergoes a radiative decay from the excited singlet
state (S1) to the ground state. During this transition, the molecule emits a photon with
lower energy compared to the absorbed photon. The difference in energy (or wavelength)
between the absorbed and emitted photons is called the Stokes shift (Figure 4c). This
shift occurs due to various relaxation processes, such as vibrational relaxation and
energy dissipation during internal conversion. Kasha's rule is relevant here as it explains
the rapid relaxation of the molecule to the lowest vibrational level of the excited state,
allowing for efficient fluorescence emission. It is typically observed that the emitted
photon has lower energy (longer wavelength) than the absorbed photon, resulting in a

red-shifted emission.

In the second path, the molecule can undergo intersystem crossing, a process in which
it transitions from the excited singlet state to an excited triplet state (T+1). This transition
involves a change in the spin state of the electron. From the excited triplet state, the
molecule can undergo a slower radiative decay back to the ground state, resulting in
phosphorescent emission. Phosphorescence is characterized by its longer emission
timescales, ranging from microseconds to seconds or even longer. The Franck-Condon
principle comes into play here, as it suggests that electronic transitions occur much
faster than nuclear movements. Hence, the positions of the atomic nuclei essentially

remain unchanged during these electronic transitions.
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Figure 4. Schematic illustrations representing key concepts in spectroscopy. (a) Jablonski
diagram illustrating energy levels and transitions involved in electronic spectroscopy. (b) Franck-
Condon principle visualized through overlapping vibrational energy levels of the excited and
ground states. (c) Absorption-emission spectrum showcasing the Stokes shift, depicting the
energy difference between the absorbed and emitted photons.

Fluorophore lifetime (t) and quantum efficiency (Q) are important parameters that can
be calculated based on the Jablonski diagram. The lifetime of an excited state is the
average time it takes for the molecule to return to the ground state through radiative or
non-radiative processes. In the Jablonski diagram, the lifetime can be estimated by
considering the rates of the different relaxation pathways (k). For example, if
fluorescence is the dominant relaxation pathway, the lifetime can be calculated by

considering the rate of radiative decay from the excited state to the ground state:

T=— )

krad

where Kkrad iS the rate constant for radiative decay from the excited state to the ground
state. Alternatively, if non-radiative processes dominate, the lifetime can be estimated by

considering the rates of non-radiative transitions with the formula:

T=— (4)

- krad"'knr
where kar is the rate constant for non-radiative transitions.

Quantum efficiency (Q) represents the efficiency with which an excited molecule
undergoes radiative decay compared to non-radiative processes. It is expressed as the
ratio of the number of photons emitted through radiative decay to the total number of

absorbed photons. The quantum efficiency can be calculated using the formula:
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krad (5>

kyraa+knr

A higher value of Q indicates a higher efficiency of radiative decay, while a lower value

suggests a higher predominance of non-radiative processes.

2.3.3. Fluorescence Resonance Energy Transfer

Fluorescence Resonance Energy Transfer (FRET) is a spectroscopic technigue for
investigating molecular interactions and distances at the nanoscale. FRET is named
‘resonance energy transfer' because it relies on the resonant interaction between donor
and acceptor fluorophores, facilitating energy transfer. FRET was first described in the
1940s by Theodor Forster, who outlined the theoretical principles of non-radiative energy
transfer between nearby molecules. Therefore, FRET is also often referred to as Forster

resonance energy transfer in recognition of his pioneering work.

In contrast to radiative transfer, FRET involves non-radiative energy exchange between
fluorophores with closely matched energy levels (Figure 5a). This transfer mechanism is
similar to coupled oscillators, where energy is transferred through dipole-dipole
interactions. The principle underlying FRET is also based on dipole-dipole interactions; if
the absorption spectrum of the acceptor overlaps with the emission spectrum of the
donor, the excited donor transfers energy to the acceptor in close proximity, leading to
fluorescence emission at a longer wavelength (Figure 5b). Because FRET is sensitive to
molecular proximity, it is often referred to as a "spectroscopic ruler'®’ and is used to study
molecular interactions, spatial arrangements and conformational changes of molecules

such as proteins and nucleic acids.
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Figure 5. Energy transfer between a donor and an acceptor molecule. The scheme (a) illustrates
the process of energy transfer from the excited state of the donor molecule (cyan) to the acceptor
molecule (magenta) through FRET. (b) Jablonski diagram showcasing the energy levels and
transitions involved in FRET, depicting the excitation and relaxation processes of a donor
molecule and an acceptor molecule.

2.3.3.1. Understanding the Calculations and Parameters of
FRET

To understand FRET more quantitatively, it is essential to consider the Forster theory.®%
8 This theory describes the energy transfer efficiency (E) between the donor and
acceptor fluorophores. The rate of energy transfer from a donor to an acceptor kr(r) is

given by
kr(1) = — %) (6)

where tp is the decay time of the donor in the absence of acceptor, Ro is the Forster
distance and r is the donor-to acceptor distance. Forster distance signifies the distance

at which the energy transfer efficiency is 50% and is typically in the range of 2 to 6 nm.

The efficiency of energy transfer is influenced by several factors, including the quantum
yield of the donor (Qp), the spectral overlap integral between the donor emission
spectrum and the acceptor absorption spectrum (J(A)), the relative orientation of their
transition dipoles (k%) and the distance (r) between them. Equation 7 expresses the

relation of the energy transfer rate (kr) to these parameters as a function of distance (r).

9000(In10)
128mS5Nn*

r(r) = 2%

Tpre

) [y Fo(D) e4(D)A*dA (7)
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In this equation, Qp represents the quantum yield of the donor in the absence of the
acceptor, n denotes the refractive index of the medium (typically assumed to be 1.4 for
biomolecules in agueous solution), N is Avogadro's number, tp stands for the lifetime of
the donor in the absence of the acceptor, Fo(A) represents the corrected fluorescence
intensity of the donor in the wavelength range A to A+AAN, ea(A) Is the extinction coefficient
of the acceptor at A (typically given in units of M~ cm™") and k2 is a factor describing the

relative orientation of the transition dipoles of the donor and acceptor.

The overlap integral J(A) measures the spectral overlap between the emission of the
donor and the absorption of the acceptor. With isoenergetic energy transfer, where the
donated and accepted energies match, a higher J(A) indicates a greater probability of
successful energy transfer (Figure 6a). Therefore, a significant overlap between the donor
emission and the acceptor absorption spectra increases the probability of effective

energy transfer. The spectral overlap integral J(A) is described by the formula:

J) = [,” Foea)A*dA (8)

If equation 7 is written in terms of the Forster distance knowing that at that distance kr(r)
= tp'! from the equation 6, Forster distance can be calculated from with the following

formula:
Ry = 0.211(k*n~*QpJ ()¢ in A (9)

The orientation factor (k%) accounts for the relative orientation of the donor and acceptor
transition dipoles in FRET (Figure 6b). Experimental determination of the precise k? value
is challenging due to molecular complexity, but theoretical models can provide estimates.
It can be mathematically expressed in terms of the angles (8) between the donor and

acceptor transition dipole moments. The orientation factor is described by the formulas:
k? = (cosO; — 3c0s0pc050,)? (10)
k? = (sinBpsin®,cos® — 2c0s0,c050,)? (11)

where Bt represents the angle between the emission transition dipole of the donor and
the transition absorption dipole of the acceptor. Bp and 0a are the angles between these
dipoles and the vector that connects the donor and the acceptor. Additionally, @ denotes

the angle between the planes defined by these dipoles. The orientation factor ranges
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from O to 4m, representing all possible orientations. A value of 1 indicates perfect
alignment, maximizing energy transfer, while a value of O represents perpendicular
orientation, inhibiting energy transfer. In the calculations to determine Ro, the value of k2
Is generally assumed to be 2/3. This assumption considers that donor and acceptor
undergo rapid rotational diffusion prior to energy transfer, ensuring a random orientation

distribution between them.

The efficiency of energy transfer (E) corresponds to the proportion of absorbed photons
by the donor that undergo successful transfer to the acceptor. This fraction can be

determined by the following expression:

— kr(r) <—| 2)

‘ED_1+kT(T)

representing the ratio of the transfer rate to the total decay rate of the donor in the
presence of the acceptor. By recalling the relationship kr(r)=tp1(R0/r)é, one can
conveniently rearrange equation 12 to obtain:

Ro®
R06+T6

E= (13)

Equation 13 once again shows that transfer efficiency is highly dependent on the
distance between the donor and acceptor when it is near Ro (Figure 6c¢). As the distance
decreases below Ro, the efficiency rapidly increases to 1.0 and the donor emission
becomes unobservable. In contrast, the efficiency quickly drops to zero if the distance
exceeds Ro. Reliable distance measurements are feasible within a range of r=0.5Ro t0

r=2Ro. Outside this range, FRET is not practical for distance measurements.
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Figure 6. Components of FRET analysis. (a) Spectral overlap: lllustrates the overlap between the
donor emission and acceptor excitation spectra, indicating efficient energy transfer. (b) k2
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dependence on donor emission and acceptor excitation dipole orientations. Different orientations
result in varying k? values, affecting the efficiency of energy transfer in FRET. (c) FRET efficiency
vs distance plot: The graph presents the FRET efficiency as a function of distance between the
donor and acceptor molecules. The Forster radius, Ry, is highlighted as the distance where FRET
efficiency drops to 50% of its maximum value.

The transfer efficiency is commonly evaluated by comparing the relative fluorescence

intensity of the donor in the absence (Fp) and presence (Fpa) of the acceptor.

E=1-24 (14)

Fp
It can also be deducted from the lifetimes of the fluorophores as in the following:

E=1-24 (15)

D

FRET has been an essential spectroscopy technigue in detecting molecular interactions
and dynamics with remarkable sensitivity. However, to further explore the complexity of
these interactions and to bypass ensemble averaging, which can mask the behaviors of
individual molecules, the scientific community began to move toward single-molecule
techniques. These techniques allow researchers to analyze heterogeneities and transient
states that would otherwise remain hidden in bulk measurements, providing an
extraordinary view of molecular behavior. Exploiting the power of FRET at the single-
molecule level allows for more detailed observation of individual molecular interactions,

revealing subtleties and nuances that are often lost in ensemble studies.

2.3.4.  Single-Molecule Fluorescence

Single-molecule detection (SMD) is a sophisticated and highly sensitive technique that
allows for the observation and analysis of individual molecules providing insight into their
behavior, characteristics and interactions.#4% Since it provides high sensitivity and a
bright signal against a dark background, fluorescence is a primary method of choice for
SMD.

Single-molecule measurements overcome the [imitations of ensemble-averaging

measurements, where bulk methods observe the average or collective behavior and
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mask unique characteristics. Instead, single-molecule measurements allow the study of
individual molecules and uncovering variations known as molecular heterogeneities.
These heterogeneities can take the form of static heterogeneities, such as different
intrinsic molecular states (for example, various protein folding states), or dynamic
heterogeneities, like transitions between different states (e.g., alternate chemical reaction
pathways).8” 8 Operating at the highest level of analytical sensitivity, single-molecule
measurements can detect rare and hidden events otherwise averaged in bulk

measurements. o

One of the requirements of single-molecule fluorescence (SMF) is the careful selection
of a suitable fluorophore that is bright, non-toxic, and possesses desirable photophysical
properties such as high photostability.®” Different applications require various
fluorophores and labeling techniques, and choices must be aligned with the demands of
the specific experiment. It is critical to ensure that the labeling strategy is both specific

and efficient, and that the labeled molecule remains functional.

Furthermore, SMF techniques require careful control over the concentration of the
molecules being studied.?® This is essential to reduce the probability of having multiple
molecules within the observation volume, which would lead to ensemble effects rather
than single-molecule behavior. The concentration must be low enough to achieve single-
molecule sensitivity but not so low that the molecules of interest are rarely encountered.
This often requires a sensitive balance that depends on the particular system and the

detection method being used.

The experimental setup for SMF often requires advanced instrumentation, including
highly sensitive detectors, specialized optics and controlled environmental chambers to
minimize background noise and interference. Both confocal microscopy and widefield
microscopy techniques are commonly used, each of which has its own specific
application.?! In confocal microscopy (Figure 7a), a laser is used to excite a single point
in the sample, and a spatial pinhole is placed at the confocal plane in the detector path to
eliminate out-of-focus signal. This ensures that only the light from the focused plane
reaches the detector, allowing for the creation of high-resolution, three-dimensional
images. By scanning through different planes, a 3D image can be reconstructed. The

confocal setup is particularly useful in reducing background noise, making it an attractive
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choice for single-molecule studies. In widefield microscopy (Figure 7b), the entire
specimen is uniformly illuminated, and the emitted fluorescence is captured
simultaneously across the field of view. Although this method is simpler and often faster
than confocal microscopy, it can result in more background noise since out-of-focus light
Is also detected. Within widefield microscopy, total internal reflection fluorescence
microscopy (TIRFM) is a specialized technique that uses the phenomenon of total
internal reflection to create an evanescent field. When the incident light is above the
critical angle at the interface between two media with different refractive indices (e.g.,
glass and water), an evanescent field is created that decays exponentially with distance
from the interface. This wave can excite fluorophores within approximately 200 nm of
the interface, allowing for highly selective imaging of molecules at surfaces. TIRFM
provides excellent signal-to-noise ratios and is particularly useful for studying processes
that occur near the surface. This approach enables more selective imaging of the sample
and is great for studying surface-bound or near-surface molecules, but its applicability is
limited to "quasi-two-dimensional samples’. Objective-based TIRF and prism-based TIRF
are technigues used in microscopy to selectively illuminate molecules near a surface
(Figure 7c). In objective-based TIRF, the critical angle for total internal reflection is
achieved using the objective lens of the microscope, creating an evanescent field that
illuminates only a shallow region near the interface. Prism-based TIRF creates the same
effect by directing laser light through a prism on top of the cover glass. Together, these
technigues enable a wide range of applications in single-molecule studies, with the choice
of method depending on the specific nature of the sample and the research guestions

being investigated.
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Figure 7. Comparative schematic representations of various microscopy technigues for single
molecule fluorescence detection. (a) Confocal Microscope: Depicts the use of pinhole apertures
to eliminate out-of-focus light, achieving greater resolution and contrast. (b) Widefield
Microscope: Illustrates the basic optical system, where a large area of the sample is uniformly
illuminated, capturing the entire field of view at once. (c) Prism Total Internal Reflection
Fluorescence (TIRF) Microscopy (top) and Objective TIRF Microscopy (bottom): Showcases the
specific configurations for illuminating a sample at a critical angle, enabling selective illumination
of a thin region adjacent to the interface, and thus improving the imaging of surface events.

Single-molecule fluorescence techniques can provide detailed information about a
fluorophore and its surrounding environment by analyzing its position, brightness,
emission wavelength and other photophysical properties. Since these properties are
sensitive to many biological, physical and chemical parameters, fluorescence-based
single-molecule techniques are increasingly finding their ways into different fields of
research. Besides their predominant use in biophysical research, these methods are also
being adapted to study chemical reactions at a single-molecule level, providing valuable
Insights into the mechanical understanding of chemical reactions and the exploration of
alternative reaction pathways. Through single molecule detection techniques, we are
approaching the dream, first described by Richard Feynman in 1963 as; "everything the

living things do can be understood in terms of jiggling and wiggling of atoms”.
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2.3.5. Lipid Vesicles: A Brief Introduction

Lipids are organic compounds that are insoluble in water but soluble in organic solvents,
and they play critical roles in the integrity and functionality of living cells. One of the most
significant arrangements of lipids in cell biology is the lipid bilayer, which forms the basic
structure of cell membranes. It provides a dynamic matrix that shapes the cell and
contributes to its selective permeability, enabling compartmentalization within the
biological systems. In the complex world of cellular biology, lipid vesicles emerge as
essential biomimetic systems, modeling the fundamental structure of cellular
membranes. As a tool for understanding membrane dynamics, lipid-lipid and lipid-protein
interactions, these self-assembled spherical structures consist of lipid bilayers

encapsulating an agueous compartment.

Vesicles naturally arise during secretion (exocytosis), material uptake (endocytosis) and
the movement of substances within the plasma membrane.®? When vesicles are
released from the cell, they are termed extracellular vesicles (EVs). EVs can be
categorized into three main types based on their size and biogenesis: exosomes (30-150
nm) originating from the endosomal system, microvesicles or ectosomes (100-1000 nm)
formed by direct budding from the plasma membrane and apoptotic bodies (50-5000
nm) released during programmed cell death (Figure 8a).% % Conversely, vesicles can be
prepared artificially, where they are termed liposomes.®® Liposomes are commonly
classified based on their layering (Figure 8a). Those with a single phospholipid bilayer are
termed unilamellar vesicles, while those with multiple layers are called multilamellar
vesicles (Figure 8b). Their size is another distinguishing feature: Small unilamellar
vesicles (SUVs) measure just several tens of nanometers across, while large unilamellar
vesicles (LUVs) are about a hundred nanometers wide. Giant unilamellar vesicles (GUVs),
on the other hand, are significantly bigger, being 10 to 1000 times larger than SUVs and
LUVs (Figure 8b).%
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Figure 8. Classification of lipid vesicles. (a) The two primary categories of lipid vesicles: natural
vesicles, derived from biological membranes and artificial vesicles, synthesized for research and
therapeutic purposes. (b) (Top) Details of the molecular structure of a lipid bilayer, highlighting
the hydrophilic heads facing the aqueous environment and the hydrophobic tails oriented inward.
Accompanying this illustration is a schematic categorization of vesicles based on layering;
unilamellar vesicles with a single lipid bilayer and multilamellar vesicles composed of multiple
concentric lipid bilayers. (Bottom) Classification of vesicles according to size: small unilamellar
vesicles (SUVs), large unilamellar vesicles (LUVs) and giant unilamellar vesicles (GUVs), each with

distinct diameter ranges.
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Lipid vesicles have long been recognized for their role as models for cell membrane
research. Lipid vesicles serve as biomimetic systems that mimic the biophysical
properties of cellular membranes, facilitating in-depth studies of cellular interactions and
functions.?” The foundational importance of vesicles in cellular function was highlighted
when the 2013 Nobel Prize in Physiology or Medicine was awarded to James E.
Rothman, Randy W. Schekman and Thomas C. Sudhof for unvelling the molecular
principles of vesicular trafficking, an essential system to the regulation of key intracellular

transport pathways.?8 103

After establishing a fundamental understanding of biosensors, DNA nanotechnology, the
principles of fluorescence techniques and lipid vesicles, the next focus is on their
application in the two main projects of this dissertation. In the following sections, these
projects will be discussed, both of which involve the sophisticated integration of DNA

origami structures with sm-FRET readout.
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3. DNA Origami Curvature Sensors

3.7.  Motivation

In the world of molecular and cellular interactions, size matters. Within the scope of
particles, especially at the nanoscale, the size has a profound impact on various aspects
of material science, medicine, pharmacology and bioclogy. For example, in the case of
lipidic nanocarriers such as liposomes, the dimensions of the nanocarrier can determine
its efficacy and stability in drug delivery.’%* However, accurate characterization of such
particles is quite challenging, especially in dynamic environments like cellular
membranes. The drawbacks and limitations of traditional technigues, such as dynamic
light scattering (DLS) and electron microscopy, highlight the need for innovative

approaches.

In this study, we showcased the potential of our DNA origami curvature sensors for the
size determination of nanoparticles. These self-assembled nanodevices adapt to the
shape of the particles to which they bind, and this change is quantified as a sm-FRET
readout. Their adaptable and modular design has been effectively applied to various
platforms, including DNA origami templates with diverse geometries, solid silica particles
and large unilamellar vesicles (LUVs). Using a variety of interaction chemistries, from
DNA hybridization to cholesterol insertion into lipid membranes'®%° we observed
consistent FRET value trends as expected. A significant feature of these sensors is their
ability to adjust their dynamic range based on modifications, such as the position of the

anchoring moieties or the FRET pair.

3.1.1. Particle Characterization

Particle size is a comprehensive and essential parameter for many applications. Certain
physical and chemical properties, as well as the purity of the particles can be evaluated
using particle size distribution. The rate of reactions, packing density, solubility and

success of drug delivery are a few examples of some critical properties that are
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influenced by particle size. Many diverging industries require particle size analysis
techniques in order to characterize the materials, and eventually to manufacture high
quality, safe, pure and cost-effective products. All these factors make reliable and precise
size measurement of particles a crucial step towards different purposes. Particle size
analysis technigues diverge in terms of their working principles, quantification, or type
and amount of the sample required.’’® """ Some of the typical particle size analysis
technigues include dynamic light scattering (DLS), laser diffraction and direct imaging
technigues such as transmission or scanning electron microscopy (TEM or SEM). DLS
struggles with particle heterogeneity since it gauges the intensity of scattered light which
Is greatly influenced by larger particles. In a sample with a mixture of small and large
particles, DLS may overemphasize the presence of the larger particles, potentially giving
misleading information about the average particle size in the sample.’'? 113 On the other
hand, EM requires extensive sample preparation that can potentially alter the natural
state of the particles.”* Both DLS and EM have limitations for biological applications. In
biological systems, the complexity and diversity of samples can interfere with the
accuracy and reliability of these technigues. The diverse nature of biological samples can
disrupt the accuracy of these techniques. For DLS, biological macromolecules can affect
light scattering, and in EM, they may hinder clear imaging.' Additionally, optical
methods, when assessing sub-micrometer structures, encounter resolution constraints
due to the inherent limits of light. This barrier can obscure finer details in biological

processes, impeding progress in fields like nanomedicine.

The curvature, or the particle size, is also an important parameter for lipidic nanoparticles.
The use of lipidic nanocarriers especially in clinical applications is increasing together
with the realization of the profits of such materials. One of the most utilized examples of
such lipidic nanocarriers are the liposomes, which are small, spherical, artificial lipid
vesicles. Because of their size, biocompatibility, targetability and amphiphilic character,
liposomes are promising drug delivery systems.®® Since the particle size distribution of
such lipidic nanocarriers can have a drastic influence on the bulk properties, stability and
performance of the end product, determination of the average diameter and the size
distribution are fundamental quality control assays for such products.’® Additionally,
lipid vesicles are utilized as simple model membranes presenting the lipid bilayer as the

principle component of cell membranes.®’ This makes lipid vesicles as ideal structures
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to investigate existing biosystems as well as the emergence, evolution and functioning

of cells.

Given the profound influence of particle size across diverse fields, from material science
and chemistry to pharmaceuticals and biology, it is essential to prioritize the development

of systems that can measure particle size with precision and reliability.

3.1.2.  Curvature Sensing for Cellular Membranes

As the boundary of the cell, the cell membrane is the compartment where sensing and
cellular response are first elicited. Much of our understanding of membrane biology
comes from observing cellular membrane processes, where membrane curvature plays
an indisputable role. As a very dynamic system, the cell membrane often undergoes
conformational changes leading to drastic changes in the local membrane curvature.
Sensing the changes in the local curvature of membranes can help us to understand the
mechanisms of the cell membrane remodeling in intra- and extracellular processes.'>
119 These membrane curvatures appear and disappear dynamically, and their locations
are very difficult to predict. Also, the size of these curvatures is usually below the
diffraction limit of visible light, making it a real challenge to resolve their values using live-
cell imaging.’® In order to get insights into the membrane curvature, several /in vitro
systems and simulations have been implemented for precise sensing of curvature at
relevant scales. In one of the most common model systems, tubular structures from
optically visible giant unilamellar vesicles (GUVs, 5-50 pm in diameter) are formed via
micromanipulation with a pipette. In curvature sensitive protein studies, these structures
are used to adjust membrane tension and tubular diameter.!? 122 Fluorescence
techniques are also employed to quantify the binding of curvature sensitive proteins to
vesicle surfaces. The DNA origami method has proven to be an extremely versatile
engineering tool especially when combined to model membranes. '’ 1237128 The unique
advantages of DNA origami technigue, allow us to make modular designs where different
functions can be optimized separately. The ability of being membrane-active with
modifications on the DNA origami nanodevices makes it, for example, possible to analyze

lipid vesicles or sense cellular membrane curvature. Taking into account recent studies
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proving that model lipid membranes can be tightly wrapped around DNA origami
nanostructures to generate stable membrane curvatures, such type of synthetic
nanodevices can be used to work on the membrane curvature properties.'” Indeed,
Franquelim et a/ developed and studied a set of curved DNA origami coats that mimic
the shape of membrane-scaffolding proteins (e.g. BAR domains); revealing how curved
DNA origami can controllably deform and tubulate membranes dependent on curvature,
membrane affinity and surface density.'?* In another study, Xu et a/ developed a system
to prompt membrane fusion by providing SNARE protein organizations on DNA
structures as supporting platforms.’®% Inspired by dynamin proteins, Grome et a/
developed a spiral DNA origami that can induce membrane tubulation.’! 132 All-in-all,
whereas model systems enable tight control membrane curvature and composition, /77
vivo systems, on the other hand, lack facile solutions for controlling and localizing
membrane curvature events. Moreover, the current membrane curvature sensors
typically test only the binding of @ membrane to a geometrically matching entity'3® or
require incorporation of membrane binding proteins.’'® 134 Given the challenges for
gauging the mechanisms of membrane shape and function, there is an apparent need
for developing a simple way to sense and measure membrane curvature, and therefore

engineering a minimal membrane sensing system.
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3.2.  Overview of the Associated Publication
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In our published work “DNA Origami Curvature Sensors for Nanoparticle and Vesicle Size
Determination with Single-Molecule FRET Readout’, we discussed the importance of
particle size analysis in various industries and highlighted the limitations of existing
techniques such as laser diffraction, DLS and electron microscopy in accurately
measuring particle size, especially at the nanoscale. We proposed an alternative
approach using DNA origami curvature sensors that can adapt to the shape of particles
and report on their size through changes in FRET on the level of single molecules (Figure

9)

8 L
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Figure 9. The working principle of the DNA origami curvature sensors.

The curvature sensors were designed as segmented DNA origami structures with two
rigid blocks connected by DNA linkers. The linkers were designed as mainly double-
stranded DNA to ensure the maintenance of the rigidity of the blocks. They were
strategically positioned near the edges to minimize twisting motions. Furthermore, a one-
nucleotide gap was introduced in the middle of the linkers, serving as a well-defined hinge
point. A FRET pair, consisting of a donor (Cy3B) and an acceptor (ATTO647N) dye, was
positioned at the interior edges of the blocks. The working principle of the curvature
sensors was based on their ability to adapt to the shape of particles. When the particles
bound to the sensors, the structure of the sensors bent to accommodate the surface
curvature of the particles. This bending resulted in a change in the distance between the
fluorescent donor and acceptor dyes located on the two separate blocks of the sensors.

As a result, the efficiency of FRET between the dyes was altered. It is important to note
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that an important role in adjusting the dynamic range of the curvatures studied was
played by individual anchors placed at different marked distances from the hinge (6 nm,
13 nm and 20 nm distances from the hinge). By measuring this change in FRET
efficiency, the sensors provided a quantitative indication of the particle size or local

surface curvature.

Inorder to validate the concept, the curvature sensors were tested initially on model DNA
origami templates, which was followed by tests on silica particles and eventually on lipid
vesicles. For the DNA origami templates, the sensors successfully adapted to different
bending angles and showed distinct FRET efficiencies. The same trend was observed
when testing the sensors on BAR domain mimicking DNA origami nanostructures,
published by Franquelim et a/'%4 which had intrinsic curvature. When the sensors were
applied to silica particles of different sizes, the resulting FRET efficiencies were correlated
with the size of the particles, demonstrating the ability to distinguish between different
size populations. By changing the position of the FRET pair, the dynamic range and
sensitivity of the sensor could be adjusted. Finally, the curvature sensors were
successfully employed on lipid vesicles, which served as models for biological
membranes. The sensors attached to the vesicles via biotin or cholesterol anchors and
exhibited FRET efficiencies corresponding to the size of the vesicles. The results showed
that the curvature sensors did not deform the soft vesicles and could accurately sense

their curvature.

Overall, the DNA origami curvature sensors proved to be a reliable and adaptable
approach for measuring particle size and curvature. The use of FRET allowed for
sensitive and quantitative detection, and the modularity of the DNA origami technique
allowed for customization of the sensors to specific applications. We suggest that these
sensors could be further applied to study membrane remodeling in cellular processes

and provide insights into the biophysics of membranes.

In conclusion, our publication introduced an alternative approach to particle size analysis
utilizing DNA origami curvature sensors. These sensors demonstrated the remarkable
ability to conform to the shape of particles and precisely measure their size by detecting
changes in FRET. Through extensive experimental testing, we validated the efficiency of

these sensors on model DNA origami templates, silica particles and lipid vesicles. The
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tunability of the sensors allowed us to customize their dynamic range and sensitivity,
making them adaptable for diverse applications. We believe that, with further
adjustments this study will contribute to the accurate characterization of nanoparticles

and will open up new possibilities for the study of membrane dynamics.
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ABSTRACT: Particle size is an important characteristic of =
materials with a direct effect on their physicochemical features. .
Besides nanoparticles, particle size and surface curvature are Flat surface

particularly important in the world of lipids and cellular High Fi2

membranes as the cell membrane undergoes conformational F
changes in many biological processes which leads to diverging B et i
local curvature values. On account of that, it is important to Medium FRET
develop cost-effective, rapid and sufficiently precise systems that
can measure the surface curvature on the nanoscale that canbe -
translated to size for spherical particles. As an alternative i (s o
approach for particle characterization, we present flexible DNA

nanodevices that can adapt to the curvature of the structure they

are bound to. The curvature sensors use Fluorescence Resonance Energy Transfer (FRET) as the transduction mechanism on
the single-molecule level. The curvature sensors consist of segmented DNA origami structures connected via flexible DNA
linkers incorporating a FRET pair. The activity of the sensors was first d trated with defined binding to different DNA
origami geometries used as templates. Then the DNA origami curvature sensors were applied to measure spherical silica beads
having different size, and subsequently on lipid vesicles. With the designed sensors, we could reliably distinguish different
sized nanoparticles within a size range of 50—300 nm as well as the bending angle range of 50—180°, This study helps with the
development of more advanced modular-curvature sensing devices that are capable of determining the sizes of nanoparticles
and biological complexes.

KEYWORDS: Particle size, DNA origanti, single-molecule FRET, curvature sensor, lipid vesicles
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article size is a comprehensive and essential parameter snapshots as well as carrying the analysis in vacuum.”
P for many applications. Many diverse industries require Moreover, conventional electron microscopy variants, such as

particle size analysis techniques in order to characterize TEM or SEM, may require additional staining, chemical
the materials, and eventually to manufacture high quality, safe, fixation, or dehydration of the samples,'I which can be a
pure and cost-effective products. These factors make reliable problem for biological and more fragile samples where accurate
and precise size measurement of nanoparticles a crucial step for sizing requires preservation of the native hydrated state. In
nanomaterials. Particle size analysis techniques vary in terms of these cases, cryogenic EM (cryo-EM) would be a viable, albeit

their working principles, quantification, or type and amount of
the sample required. Some of the classical particle size analysis
techniques include dynamic light scattering (DLS), laser
diffraction and direct imaging techniques such as optical
imaging, transmission or scanning electron microscopy (TEM
or SEM). While laser diffraction method suffers from low Received: December 1, 2022
sensitivity and resolution, DLS is an ensemble method with the Accepted:  January 31, 2023
similar problem of low resolution. It further has the Published: February 3, 2023
disadvantage of being highly affected by the presence of

large aggregates due to scattering intensities. " Electron

microscopy techniques have the drawback of providing static

demanding, alternative in which a close-to-native state of the
specimens can be preserved by embedding the samples in
vitreous ice.” This EM variant, however, is typically carried out
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Figure 1. System definition of the curvature sensor. {(a) Segmented DNA origami blocks functionalized with anchering moieties attached to
the testing platform,. The FRET pair, Cy3B (donor)—ATTO647N (au_'l:pmr}, is positioned at the interior edges of the blocks. (b) A
schematic showing the DNA linkers between the two blocks of the curvature sensor, The DNA linkers have a gap of one nucleotide between
the staple strands (c) The side and bottom views of the curvature sensor with the dimensions. The bottom view shows the alternative
positions of the anchoring moieties with the di of 6 nm, 13 nm and 20 nm to the hinge. Biotin or cholesterol moieties, or ssDNA
binding sites were utilized depending on the nanostructure to be tested. (d) A superimposed TIRF image with donor dye (D} in cyan and
acceptor (A) in magenta. Gray spots indicate sensor incorporating both donor and acceptor dyes. (e) An exemplary single-molecule FRET
(smFRET) transi The il ence intensity over time is shown for the donor excitation—donor emission Iy, channel (cyan), the donor
excitation—acceptor emission Ip,, channel (gray) and the acceptor excitation—acceptor emission 1,, channel (magenta). From the I,;, and
the I, channels, mean FRET efficiencies are determined.

on expensive 300 kV transmission electron microscopes, and In the DNA origami technique, a long (7000—8000
suffers from low signal-ta-noise ratio.” It is therefore important nucleotides (nt)) single-stranded DNA (ssDNA) (scaffold
to measure the particle size on the nanoscale by developing strand) is folded into a desired shape by hybridizing with
cost-effective, rapid, biocompatible and sufficiently precise hundreds of short (~15-50 nt) ssDNA oligonucleotides
systems, as optical techniques on submicrometer structures (staple strands) in a programmable w"‘?‘"‘?_:(’ For DNA origami
afler from resalation: lmitsticns, curvature sensors, we explore specific advantages of the DNA

For spherical particles, molecular biosensors could report on origami technique to create nanostructtll_!'?;\;u with design
particle size by measuring the curvature of the particle. Living features like we]l-deﬁned’lr_i id structures, " and flexible
cells, for example, measure the curvature of vesicles as well as ones with hinges or jeints.” ™ Additionally, t!\c modularity of
the local curvatures of membranes, as curvature is related to lhc_ tc%‘hniqu_t allows tht attachment of diﬂcrm_t fui"_“l‘tfmdj
function and,/or assembly of molecular complexes. To this end, units including anchoring groups at specific sites™ o

incorporation of fluorescent dyes for signal transduction.” ™

To demonstrate the concept of a shape-adaptable DNA
origami system, we used Hat and curved DNA origamis as
model templates (Figure 51) to which the sensors can be
specifically attached through hybridization of single-stranded
DNA sequences. In this way, the DNA sensors adapted to the
geometry of the model templates, giving a specific readout that
exploits the high distance sensitivity of FRET together with

single-molecule detection. Therefore, the two sides of the

bacteria and eukar)'utic cells contain geometry-sensing tools in
their cytosol. BAR proteins, for example, recognize membrane
features such as concave or convex, deep or shallow.” The
principle is that different BAR proteins bind to specific
structural features as has recently been emulated with artificial
DNA  origami h}'stems.'\' To measure the size of spherical
particles or local curvatures of membranes or surfaces,
however, a pool of geometry-recognizing sensors would be

required in combination with a transduction mechanism that segmented DNA origami structures were equipped with a
reports binding of the sensors to the structure of interest. Cy3B as the donor and an ATTO647N as the acceptor. As the
Here, we propose an alternative approach for measuring the distance between the FRET pair changes with curvature, we
size of spherical particles or local surface curvature. We present provide a ratiometric FRET ruler to quantitatively measure the
DNA origami curvature sensors. These self-assembled nano- interaction of different curvatures. Next, we extended the
devices adapt to the shape of the particles they bind to. This approach to silica particles (Figure S1) in a size range of 50—
adaptation is then transduced optically by a change in 300 nm and membrane vesicles (Figure 51) employing
Fluorescence Resonance Energy Transfer (FRET), visualized different binding chemistries such as NeutrAvidin/biotin and
on the level of single molecules. cholesterol/lipid interactions. By changing the location of the
3089 hittpsidol.org!10.1021/acsnano.2c11981
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Figure 2. Curvature sensor on alternative DNA origami nanostructures. {(a} The bottom and side views of the curvature sensor showing the
position of the ssDNA binding site extensions as well as the fluorophores. FRET efficiency distributions of the curvature sensor on (b) 12HB
nanvstructures with ~35° 95 and 180° bending angles and (c) on Half, Quarter and Linear DNA origami nanostructures with the

illustrations of the sensor on those structures. The error refers to the

dard deviati
d

(SD). Number of molecules is 134 for ~55°, 128 for

~95% and 142 for ~180° bending angles on 12HBs and 120 for Half, 115 for Quarter and 136 for Linear DNA nanostructures,

FRET pair on the DNA origami curvature sensors, we showed
that it is possible to tune the dynamic range of the sensor as
well as the signal direction. The approach holds great promise
for measuring curvature also on living cells that is currently
difficult to assess by structures that Erobe binding geo-
metries™" or by polarization imaging.*’"

RESULTS AND DISCUSSION

Design and the Working Principle of the Curvature
Sensor. The curvature sensor is a segmented DNA origami
nanostructure consisting of two three-dimensional blocks that
were connected via four DNA linkers arranged within one
plane (Figure 1a). The linkers are mainly double-stranded to
maintain the stiffness of the blocks and they were placed close
to the edges to minimize torsional flexibility. In the middle of
the DNA connectors, a gap of one nucleotide was left by the
staple strands. This provides a clearly defined hinge between
the stiff blocks with minimal flexural modulus as single-
stranded DNA has a negligible persistence length compared to
double-stranded DNA (Figures 1b and 52).

Each block has the dimensions of ~28 nm X 27 nm X 10 nm
(L X W x H) and the gap between the blocks has the length of
~3.7 nm resulting in a total origami length of ~60 nm (Figure
1¢). The structure displays additional modification sites. For
signal transduction, a FRET pair, Cy3B as the donor and
ATTOG647N as the acceptor dye, was positioned at the interior
edges of the two blocks. As the structure bends, the distance
between the dyes changes leading to a different FRET
efficiency. For the attachment of our sensor to the structures
to be analyzed, anchoring moieties were incorporated.
Depending on the surface chemistry of the nanostructures to
be investigated, biotin or cholesterol moieties, or single-
stranded DNA (ssDNA) binding sites were utilized for specific
binding (Figure 1c). On each block, there are three possible
anchor positions placed with the same distance to the hinge
(anchors one under the other in Figure Ic). The anchors on
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the two blocks were positioned on different helices to prevent
their face-to-face interaction that could induce unwanted
closing interactions, e.g., for cholesterols. *“ Individual anchors
could be placed at different marked distances from the hinge
(6 nm, 13 nm and 20 nm distances to the hinge are indicated
in Figure lc), in order to adjust the dynamic range of
curvatures that can be studied. Alternatively, the position of the
dyes was also changed (e.g, 3 nm or 10 nm height above the
hinge) to further adjust the dynamic readout range of the
sensor (Appendix A, Supporting Information).

We used total internal reflection fuorescence micrascopy
(TIRF) to image single DNA origami curvature sensors and
deduced the underlying curvature values from smFRET
output. smFRET experiments were carried out on a
commercial fluorescence microscope {Nanoimager 5, ONI
Ltd, UK), with green—red alternating laser excitation (ALEX)
(see Supporting Information for details on sample preparation
and imaging).”"™"" From TIRF videos, we extracted
fluorescence intensity transients of individual fluorescent
spots using iSMS software that is based on Matlab. " Figure
Id presents a superimposed false-color image with donor dye
emission in cyan, acceptor dye emission in magenta and an
overlay of the two resulting in gray. To ensure that identified
fluorescent spots represented individual DNA origami
structures, we investigated the fluorescent transients with
respect to their photobleaching behavior and only considered
those with single-step photobleaching for further analysis. In
the exemplary transient in Figure le (representing the circled
spot in Figure 1d), the acceptor emission after donor excitation
(Ips, gray) was initially high and dropped after ~18 s when
photobleaching occurred. Instantaneously, the donor emission
(Ipp, cyan), which was initially low, increased as the donor
excitation energy was no longer transferred to the acceptor.
Acceptor emission after acceptor excitation (I,,, magenta) was
also monitored to evaluate photophysical processes related to
acceptor intensity fluctuations and to increase the fraction of

htpsyidol.ong10.1021 facsnano. 2c11981
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molecules with acceptor bleaching first. The FRET efficiency
for each sensor was quantified from the intensity information
on data channels Iy, (donor excitation-donor emission) and
I, (donor excitation—acceptor emission) for each molecule
over the whole period of the energy transfer as

I
FRET efficiency = —— 24
r X Ipp + Ipy

The y correction factor accounts for the different quantum
yields of the dyes and the wavelength dependent detection
efficiencies of the detector. The Iy, is corrected for direct
acceptor excitation at the donor excitation wavelength and
leakage of donor emission into the acceptor emission channel.
The corrected I, is calculated as

Ipp = Iopew = Piakage X Iop = Adivear X Laa

where I, ., is the total intensity measured in the acceptor
emission channel, I, is the direct acceptor excitation. The
Di e accounts for the amount of leakage of the donor
emission into the acceptor emission channel upon donor
excitation.

At least 100 molecules were analyzed per sample in the same
way to have sufficient statistical accuracy and the FRET
efficiencies were presented in histograms together with
Gaussian fits where applicable.

Sensor on DNA Nanostructures. Taking advantage of
the uniformity and handiness of DNA nanostructures, we
started by investigating the curvature sensors against various
DNA origami templates. Here, the attachment of the sensors
to the origami templates was achieved with the help of
complementary single-stranded DNA extension modifications,
following a zipper conformation for tighter bim:]ing.43

To enable a larger range of bending angles (from ~$0° to
180°), we placed the ssDNA extensions on the curvature
sensors at the 20 nm positions from the hinge. As the testing
platforms included only two binding sites, we used one anchor
per block on the curvature sensors (Figure 2a). In order to be
sensitive in the related bending angle range, the FRET pair was
placed at 2 3 nm height from the hinge (based on expected
calculations described in Appendix A, Supporting Information,
see Figure S-A2).

As the first testing platform, we chose a 12-helix bundle
(12HB) DNA origami nanostructure,”’ Three 12HBs were
prepared with DNA extensions acting as binding sites for the
curvature sensors separated by 18 nm, 29 nm and 42 nm,
respectively. These placements force the curvature sensor to
adapt different conformations with corresponding bending
angles of 557, 95° and 180” (see the schemes in Figure 2b).
After the immobilization of 12HBs on functionalized glass
coverslips, the curvature sensors with complementary DNA
extensions were incubated on them until an optimum surface
coverage was achieved (see Supporting Information, Section
1.1 and Section 1.4.2 for the details of sample preparation).

smFRET analysis revealed that the sensors successfully
bound to the [2HB nanostructures and showed mean FRET
efficiencies of 0.51 # 0.10 (standard deviation of the mean,
SD) for §5° 0.58 + 0.09 for 95° and 0.65 + (.10 for 180°
bending angles (Figure 2b). These homogeneous populations
exhibiting clear shifts with respect to each other clearly proved
that the curvature sensors report on the properties of the
structure they are binding to.

3091

All-in-all, the experimental FRET efficiencies for the bent
curvature sensors were similar to the expected FRET values
shown in Figure 5-A2. However, the value of the flat sensor for
the bending angle of 180° was substantially lower than the
expected FRET efficiency of 0.9. We assume that the
conformational freedom including torsional and bending
motions increased the average distance between donor and
acceptor. Torsions might be likely in this construct as the
attachment occurred only by one binding strand on each side.
Further control experiments using flat curvature sensors also
indicated noticeable reduced FRET efficiencies induced by
photophysical effects such as dye—dye interactions, as the
conformational flexibility does not prevent touching of dyes in
this conformation. Details on these experiments and
indications for direct dye—dye interactions are discussed in
the Supporting Information (Appendix B).

In addition to the 12HB templates, the curvature sensor was
subsequently tested against BAR (Bin/Amphiphysin/Rvs)
domain mimicking DNA origami nanostructures, previously
designed and published by Franquelim et al* These include
one linear (Linear) and two curved (Half and Quarter) DNA
origami nanostructures with different curvature values.
Utilizing those nanostructures allowed us to test the curvature
sensor on intrinsically curved and stiff platforms. The curvature
angle of the Half (131%) and Quarter (73°) DNA
nanostructures corresponded to the bending angles of ~50°
and ~1107% on the curvature sensor, respectively. The ssDNA
binding sites were positioned on these nanostructures at
suitable distances for the attachment of the curvature sensors
via DNA hybridization with the anchors of complementary
sequence at 20 nm distance to the hinge. As the binding
platform became more linear, the shorter distance between the
dyes on the sensor prompted higher FRET values. According
to the smFRET data, the sensor once again met the
expectations and showed alterations toward higher FRET
efficiencies from Half- to Linear DNA nanostructures with the
data of 0.55 + 0.12 for Half, 0.62 + 0.09 for Quarter and 0.68
+ 0.11 for Linear nanostructures (Figure 2¢). An equitable
lower FRET contrast issue as in the case of 12HB with 180°
bending angle was also observed with the Linear DNA
nanostructure. With the data supporting each other, it can be
deduced that due to certain conformational distortions, the
curvature sensor cannot be attached in a perfectly flat
conformation. Also, in consequence of dyes getting closer to
each other, their interactions induce lower mean FRET
efficiencies due to photophysical effects.””

In summary, our experimental data (with Forster Radius, R,
= 7.1) fit very well with the theoretical predictions (expecting
R, = 6.7"), with the small disparities putatively arising from
possible spectral and orientation deviations (Figure 53-a).
Considering the experimental FRET efficiency values between
~0.4 and 0.6, the curvature sensor successfully distinguished
the small differences in the most sensitive FRET range around
0.5,

We further questioned whether the width of the FRET
efficiency distributions could be affected from the presence of
curvature sensors binding to the testing platforms with only
one of the blocks. Since leaving the other block free to move
would affect the FRET distributions, we aimed to prove the
complete binding of the curvature sensors to the testing
platforms with both of the blocks. In this direction, a control
experiment was performed with the curvature sensors modified
with ssDNA anchors only on one of the blocks. The sensors

htpsyidol.ong10.1021 facsnano. 2c11981
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Figure 3. Curvature sensor on silica particles. (a) The bottom and side views of the curvature sensor showing the positions of the biotin
anchors as well as the fluorophores. (b} FRET efficiency distributions for the curvature sensor on silica particles of 50 nm, 100 nm and 300
nm (from top to bottom) with the illustrations of the sensor on the particles of corresponding sizes. (¢) FRET efficiency distributions of the
curvature sensor on a surface covered by a mixture of 50 nm and 300 nm silica particles. The error refers to the standard deviation (SD).
Number of molecules is 134 for 50 nm, 119 for 100 nm, 113 for 300 nm and 253 for the mixture of 50 nm and 300 nm silica particles.

were anchored on Half, Quarter and Linear DNA nanostruc-
tures via DNA hybridization at the binding sites. As the freely
moving block without any ancher could adapt different
conformations due to bending and rotation of the two DNA
origamis with respect to each other, we obtained fairly broad
FRET histograms (Figure $4) which are clearly different from
the previous data where both of the blocks were equipped with
ssDNA anchors (Figure 2c). This control experiment
confirmed the complete binding of the vast majority of the
curvature sensors with the anchors on both of the blocks. Still,
a small fraction of the sensors binding to the testing platforms
with only one block could be counted as a factor to broaden
the FRET distributions. Especially if the binding site distances
might slightly differ due to certain twists or flexibilities of the
testing platforms, one of the blocks of the curvature sensor
might be incapable of binding resulting in deviations from the
expected FRET efficiencies. A similar scenario might occur in
case the sensor or the testing platforms are missing some of the
binding sites due to the fact that they are not incorporated or
that they are not addressable all the time."”

Sensor on Silica Nanoparticles. Next, we used the DNA
origami curvature sensors to study silica nanoparticles with
different mean diameters. Despite displaying a size distribution,
silica nanoparticles are fairly homogeneous. As part of the
increasing complexity of systems studied with the curvature
sensors, silica particles do not exhibit binding sites at defined
positions but distributed over the surface. Modification of silica

3092

particles with biotinylated BSA allowed us to immobilize them
on glass coverslips as well as to provide a specific binding
chemistry for curvature sensors having biotin anchors.

First, silica particles modified with biotinylated BSA were
immobilized on a passivated and functionalized glass coverslip.
When the immobilized particles were further covered with
NeutrAvidin, the curvature sensors could be anchored on them
via biotin anchor (Supporting Information, Section 1.2 and
Section 1.4.3 for the details of sample preparation). As the
anchoring strategy might lead to off-target binding to the
Neutravidin coated glass coverslips in addition to the
functionalized silica particles, we estimated the amount needed
to cover the glass coverslips with a dilution experiment. The
sensor was tested on glass coverslips covered with 100 nm
silica particles of 1/100, 1/20 and 1/10 dilution. Accordingly,
we observed that silica particles of 1/10 dilution were required
to have a sufficiently covered surface where off-target binding
to the glass surface is minimized (Figure 85). Due to presence
of multiple binding sites on silica particles, three biotin anchors
on each block at 6 nm distance to the hinge were utilized on
the sensors in order to increase the binding probability (Figure
3a).

We performed smFRET measurements on the curvature
sensor with three different sizes of silica particles (50 nm, 100
nm and 300 nm). The range of these silica particles
corresponded to a relatively narrow bending angle range
(100—170°). In order to increase the sensitivity of the

htpssidol.ong10.1021 facsnano. 2c11981
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Figure 4. Curvature sensor on lipid vesicles. (a) The bottom and side views of the curvature sensor showing the position of the anchors
(biotin or cholesterol) as well as the Huorophores together with the sketches of the sensor on biotinylated lipid vesicles anchored via biotin
or cholesterol anchors, (b) FRET efficiency distributions of the curvature sensor on lipid vesicles of 50 nm, 100 nm and 200 nm (from top to
bottom) anchored via biotin and cholesterol anchors. The error refers to the standard deviation (5D). Number of molecules is 117 for 50
nm, 112 for 100 nm and 136 for 200 nm lipid vesicles that were tested with biotin anchors and 111 for 50 nm, 110 for 100 nm and 100 for

200 nm lipid vesicles tested with cholesterol anchors.

curvature sensor in this range, we shifted the FRET pair from
its initial position of 3 nm height to 10 nm (Figure 3a and
Figure S-A2).

From the Gaussian fits of the smFRET histograms, we
obtained mean FRET efficiencies of 0.36 £ 0.16 for 50 nm,
0.48 + 0.13 for 100 nm and 0.61 + 0.15 for 300 nm silica
particles (Figure 3b). These distributions with apparent shifts
with respect to each other further corroborated the reliability
of the curvature sensor to sense different degrees of curvature.
The data also proves that any possible off-target binding to the
passivated glass coverslips is minimized as we have well-defined
and separated distributions on silica particles of different sizes.
On the contrary, the sensor gives a very broad distribution
when it binds to the NeutrAvidin functionalized glass
coverslips as shown in the distribution in Figure 55-a
Additionally, the sensor was tested on a surface covered with
a mixture of 50 nm and 300 nm silica particles. The results
displayed two distinguishable fits with defined mean FRET
efficiencies, which were matching with the individual silica
particles (Figure 3c). This clearly demonstrates the ability of
the curvature sensor to resolve two significantly distinct size
populations of nanoparticles. Compared to the results obtained
with the sensors against DNA nanostructures, broader FRET
distributions were observed with silica particles, which is
reflected in the increased standard deviations. We analyzed the
size of the silica particles by TEM measurements (see
Supporting Information, Section 2.1 for the details of TEM
characterization) and noticed overall substantial heterogeneity
that was, however, less pronounced for the size distributions of
larger silica particles. It is visible in the TEM images that the
silica particles become more monodisperse and more spherical
as their size gets bigger (Figure 56).
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To demonstrate the tunability of the sensor, we next
reversed the working principle of the curvature sensor by
changing the position of the FRET pair. For that, the dyes were
placed close to the height of the hinge but moved apart
horizontally to a distance of ~7.5 nm (see sketch in Figure §7).
The idea of this design was that the dyes would come closer as
the structure bends. We tested this approach on silica particles
of 100 nm and 300 nm as well as on a functionalized glass
coverslip. The sensor showed the highest mean FRET
efficiency value of 0.56 = 0.14 and a lower FRET efficiency
of 0.48 + 0.11 on the curved surfaces of 100 nm and 300 nm
silica particles, respectively. The lowest value of 0.27 + 0.10 on
the functionalized glass coverslip (Figure 57) underlines our
model of how the curvature sensor works and shows how it can
be tuned in a FRET-ON or FRET-OFF configuration.

Sensor on Lipid Vesicles. Finally, we applied our
curvature sensor to lipid vesicles. Along with their use in
targeting, drug delivery and encapsulation of biomolecules,
lipid vesicles are utilized as simplified models of biological
membranes and are therefore of superior interest as targets of
curvature sensors. By virtue of their similarity to cellular
membranes, lipid vesicles are perfect models to gain insight
into existing biosystems, or the functioning, emergence and
evolution of cells.™ In contrast to the structures studied before,
lipid vesicles are very soft, posing the challenge that curvature
sensors have to adapt to the shape of the vesicles and should
not influence their shape.

In order to make the sensors reliably work with lipid vesicles,
we had to change the buffer conditions since the amount of
Mg** ions present in our typical buffers enhanced the
interaction probability between the vesicles, which could lead
to changes in their size distributions due to vesicle fusion. !
On the other hand, presence of positively charged ions is
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crucial for the stability of DNA origami nanostructures.’
After screening different salt concentrations, we found 650 mM
NaCl in the buffer as optimal for both vesicle and DNA
origami stability. As lipid vesicle models, large unilameller
vesicles (LUVs) were used. LUVs composed of 99% DOPC
(1,2-dioleoyl-sn-glycero-3-phosphocholine) and 1% Biotinyl-
cap-PE (I,2-dioleoyl-sn-glycero-3-hosphoethanolamine-N-
(cap-biotinyl)), were obtained from rehydration of a lipid
film, followed by extrusion of the lipid vesicle suspension.”*¢
The curvature sensors were tested on LUVs of different sizes;
that were produced by extrusion through membrane filters
with S0 nm, 100 nm and 200 nm pore diameters. In the
extrusion process, vesicles smaller than the pore size of the
filter can pass so that the polydispersity of the vesicle mixture
increases with larger pore sizes of membranes.” "% The
extruded wvesicles were characterized by DLS measurements
(see Supporting Information, Section 2.2 for the details)
yielding mean number-normalized diameters of 69.48 + 3.43
(5D of the mean) nm for vesicles extruded with the 50 nm size
filters and 92,16 + 4.28 nm for vesicles extruded with the 100
nm size filters. For vesicles extruded using a larger 200 nm size
filter, however, we did not obtain a reasonable mean number-
normalized diameter likely because of the increased poly-
dispersity (Figure S8).

After diluting the number of liposomal particles to ~100
pM, the biotin-labeled lipid vesicles were attached to
functionalized glass coverslips and further covered with
NeutrAvidin, The curvature sensors then attached to the
vesicles via biotin anchors (Figure 4a). The detailed protocols
for the preparation of lipid vesicles and the surfaces are
provided in Supporting Information, Section 1.3 and Section
1.4.4. Figure 4b shows the FRET distributions with mean
FRET efficiencies of 0.37 + 0.15, 0.48 + 0.16 and 0.54 + 0.17
for vesicle suspensions extruded using 50 nm, 100 nm and 200
nm filters, respectively. As supported by the relatively higher
standard deviations, our foresight of polydispersity for vesicles
was confirmed with the obtained broader distributions
compared to the previous experiments with the rigid and
more uniform testing platforms. However, recalling the mean
FRET efficiencies of 0.36 + 0.16 for 50 nm and 0.48 £ 0.13 for
100 nm silica particles, both results for silica particles and lipid
vesicles are in good agreement. In addition, the distribution of
200 nm lipid vesicles showed a shift toward higher mean FRET
efficiency still being smaller than the mean FRET efficiency of
300 nm silica particles.

We rationalized the experimental results for the spherical
structures (silica particles and lipid vesicles) by comparing to
the expected values. Figure S3-b shows the FRET efficiency
values vs measured particle diameters of silica particles
(obtained from the TEM data) and vesicles (obtained from
the DLS data). Experimental estimations for lower and upper
limits for the curvature sensor are also possible from the
calibration curves that we provide in Figure 53-b. The fit shows
that FRET efficiency drops below 10% for particles smaller
than 36 nm making the analysis of smFRET traces unreliable
which is consistent with the theoretical calculations for the
lower limit. In addition, the fit starts to flatten for particles
larger than 300 nm indicating the upper limit of the sensor. For
the spherical structures the deviations to the calculations are
more pronounced than for the DNA origami model templates
which is likely related to the heterogeneities of particles and
vesicles as also indicated by the broader FRET distributions. In
addition, for high FRET the photophysical dye—dye
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interactions again prevent the occurrence of very high FRET
values.

Finally, we tested anchoring the sensor onto lipid vesicles via
cholesterol moieties which is 2 more commeon and compatible
anchoring strategy and does not require chemical modification
of the lipid membrane investigated.”*" FRET distributions
obtained after cholesterol binding to lipid vesicles were very
similar to the distributions obtained with biotin anchors
(Figure 4b). The identical results of two different anchoring
strategies with the fact that cholestercl cannot bind to the
NeutrAvidin coated glass surface further support our state-
ments for the minimized off-target binding. All these results
confirmed the robustness as well as the reproducibility of
curvature sensor experiments. The values obtained for the
vesicles matching the values of solid nanoparticles indicate that
the DNA origami fully adapt to the shape of the underlying
structure and do not impose a measurable deformation even
on soft nanostructures such as vesicles.

CONCLUSION

Nanoparticles are typically characterized by DLS, electron
microscopy and other spectroscopic and imaging methods.
Single-particle methods can be advantageous to directly reveal
and characterize particle heterogeneities often critical for
particle applications. Using DNA origami nanotechnology, we
created here a set of adaptable curvature sensors displaying two
rigid arms, a floppy hinge and distinct binding positions at a
defined distance to the hinge. In combination with single-
molecule FRET readout, this strategy enables a fundamentally
different approach to curvature sensing. We demonstrated our
sensing devices on DNA origami templates with different
geometries, solid silica particles and large unilamellar vesicles.
Different interaction chemistries were employed including
DNA  hybridization, biotin-NeutrAvidin and cholesterol
insertion into lipid membranes, and the sensor stability was
tested at different salt concentrations of, e.g., NaCl and MgCl,.
In all cases, the expected tendency of FRET-values was
observed. Besides adapting the attachment chemistry, the
modular design of the DNA origami curvature sensor enabled
adaptation of the dynamic range by simple measures such as
the position of the attachment chemistry and the position of
the FRET pair. Depending on the FRET pair position, the
response of the sensor could even be reversed. Besides
measuring the size of nanoparticles, our controllable nano-
devices could in future be used for studying cell membrane
remodeling in intra- and extracellular processes, among other
biological applications. The possibility to observe dynamic
membrane changes could, eg, be demonstrated by osmotic
swelling of vesicles and visualizing the swelling with the
membrane curvature sensors. Similarly, sensors that bind from
the inside to the membrane of endocytic vesicles could yield
further insight into the fate of internalized vesicles. Curvatures
on cell membranes could also be correlated with the
accumulation of protein complexes and receptors opening
another window into the biophysics of membranes.

MATERIALS AND METHODS

Design, Production and Characterization of the DNA
Origami Nanostructures. The curvature sensors were designed
using caDNAno (version 2.2.0),"" and the initial 3D models were
predicted using CanDo.' ™" The design utilizes the p7560 scaffold
derived from M13mp18 bacteriophage and includes labeled positions
for attaching fluorophores and anchoring moieties. Folding of all the
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DNA origami structures was performed in a one-pot reaction mix of
the scaffold DNA and unmedified/modified oligonucleotides, which
was then subjected to a multistep thermocycler protocol. Purification
of the folded curvature sensors was performed by gel electrophoresis,
Besides the curvature sensors, all the DNA origami nanostructures
that were used as model templates were prepared as explained in the
Supporting Information. Further details of the DNA-origami
structures, sample preparation and purification can be found in
Supporting Information, Section 1.1. The correct folding of the DNA
origami nanostructures was characterized with transmission electron
microscapy (TEM) (Figure 59). The details of TEM characterization
are in Supporting Information, Section 2.1.

Surface Preparation. For surface preparation, 150 pL SecureSeal
Hybridization Chambers (Grace Bio-Laboratories) were glued on
cleaned glass coverslips and the sarfaces were passivated with
biotinylated-BSA (1.0 mg/mL) and functionalized with NeutrAvidin
(1.0 mg/mL, Thermo Fisher Scientific Inc.) for further modifications.
The details of the preparation of different surfaces which are flat, with
DNA origami nanostructures, with silica particles and with lipid
vesicles can be found in Supporting Information, Section 1.4,

Imaging and Data Analysis. For the fluorescence measurements
on the DNA origami nanostructures, with silica particles and on a flat
surface, the buffer was exchanged to the FRET buffer containing a
reducing and oxidizing system (ROXSYT™™ a5 well as oxygen
scavenging agents in order to increase the photostability of the
fluorophores. In particular, we used trolox/troloxquinone as the
reducing and oxidizing system in a 10 mM Tris—HCI, 1 mM EDTA
buffer with 1% (wt/v) p-(+)-glucose (Sigma-Aldrich, USA), 165
units/mL glucose oxidase (G2133, Sigma-Aldrich, USA), 2170 units/
mL catalase (C3155, Sigma-Aldrich, USA), 1 mM Trolox {~12% was
aged under UV light) and 12.5 mM MgCl,. LUV buffer containing 5
mM Tris=HCI, | mM EDTA, 0.5 mM Trolox and 650 mM NaCl, pH
7.0, was used for the smFRET measurements with lipid vesicles.

The smFRET measurements of the curvature sensor were
performed on a commercial fluorescence microscope, Nanoimager §
(ONI Ltd., UK), with TIRF illumination. The light program was set
to alternating laser excitation of red (~20 mW} and green (~15 mW)
lasers. For each sample, ~10—20 videos were acquired in a large field
of view {50 pgm x 80 pm) with 100 ms exposure time with a length of
500 frames. For the smFRET data analysis, the iSMS software that is
based on Matlab"’ was used. Intensity time traces of individual
immobilized molecules were extracted from each of the movies. These
single-molecule transients were analyzed and the individual transients
showing FRET were picked for the intensity based mean FRET
efficiency calculation. Further details of the imaging and data analysis
can be found in Supporting Information, Section 3.
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3.3.  Further Studies on DNA Origami Curvature Sensors

3.3.1. Dynamic Curvature Sensing on Lipid Vesicles

In our subsequent experiments, our first goal was to elevate the adaptability of the DNA
origami curvature sensors. Our approach was to make the system dynamic, that is, to
report real-time changes in the curvature of the particles being tested. In this direction,
we chose to work with LUVs, and planned to dynamically change their shape by
manipulating the osmotic pressure of their external solution.’® This manipulation was
achieved through the introduction of different agents: salts, sucrose and Polyethylene
glycol (PEG)."* 140 Theoretically, by adjusting the osmotic balance, we expected the

vesicles to either shrink or expand. Such changes would be detected by shifts in our sm-

FRET measurements.
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Figure 10. Overview of dynamic curvature sensing on lipid vesicles. (a) Schematic illustration of
increased osmotic pressure effects on lipid vesicles. When the osmolarity of the outer
environment of lipid vesicles is increased, the vesicles release their water content, leading to
shrinkage. This results in reduced curvature and higher FRET signals from the curvature sensors.
(b) FRET histograms of curvature sensors on 50 nm, 100 nm and 200 nm lipid vesicles under
osmotic pressure manipulation. The histograms display the distributions with osmotic pressure
(dashed lines) and without osmotic pressure (filled areas) for three different agents: sucrose, PEG
and NaCl (from left to right). While sucrose and PEG do not significantly impact the sizes of lipid
vesicles, NaCl exhibits an unexpected effect, suggesting its direct interaction with the DNA
origami curvature sensors rather than altering vesicle size.

The results, however, were mixed. Although increasing the salt concentration of the
external buffer resulted in a change in FRET readings, the change was counterintuitive.
We increased the osmolarity of the external buffer, which should have caused the LUVs
to release water and shrink (Figure 10a). This should have resulted in higher curvature
and lower FRET efficiencies reported by the curvature sensors. However, instead of
reduced FRET efficiencies due to the vesicles shrinking, we observed an increase in the
FRET efficiency (Figure 10b, the last histogram). This result suggested an alternative
influence at play, possibly indicating that the salt changes interacted directly with the DNA
origami curvature sensors, affecting their conformation.'1%° [t is likely that the high salt
concentration would bring the two blocks of curvature sensors closer together, resulting

in a decreased distance between the FRET pair and ultimately increased FRET efficiency.

On the other hand, the addition of sucrose and PEG, both designed to tweak the osmotic
pressure, did not result in noticeable changes in the FRET readout (Figure 10D, the first
two histograms). This lack of change led us to reevaluate the experimental conditions,
especially given the nature of the vesicles we were working with. LUVs posed unique
challenges. LUVs have a better ability to cope with external perturbations, compared to
Giant Unilamellar Vesicles (GUVs) which respond to external perturbations by undergoing
changes in their shape and membrane properties.”® Therefore, GUVs offer a more
comprehensive model for studying the mechanical, thermodynamic, electrical and
rheological properties of lipid bilayers in response to external factors, while LUVs are
limited in their ability to provide such insights.'#® 14/ Together with this, their modification
with biotin-moieties made LUVs even less amenable to size modifications via osmoatic
shocks.™® Moreover, their immobilization on modified glass coverslips added another

layer of complexity. It should not be overlooked that their natural behavior under osmotic
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changes may be limited by the possible surface effects such as strong adhesion via

biotin-streptavidin interactions, electrostatic interactions, or van der Waals forces.

In order to overcome these difficulties, we moved to a different environment. The sensors
and LUVs were mixed and tested in a solution, eliminating the potential surface effects.
Yet, this solutions-based approach came with a new set of challenges. The high flexibility
of our DNA origami curvature sensors turned out to be a problem here. In solution, the
majority of the sensors adopted a bent conformation limiting their accessibility. This
prevented LUVs from binding to the sensors, ultimately leading to an unbound sensor
population. The freely diffusing sensors in the solution showed a broad range of FRET

values, which made it quite difficult for us to interpret and analyze them.

To sum up, our trials to develop a dynamic system using DNA origami curvature sensors,
while initially promising, encountered a series of unanticipated challenges. While our
understanding has grown, optimizing the system for dynamic measurements requires

further refined investigation.

3.3.2.  Testing DNA Origami Curvature Sensors on Cellular
Membranes

As a bridge to biological applications, we focused on the application of DNA origami
curvature sensors to understand cellular membrane remodeling events. Our approach
was to place our sensors on the cell membrane and use fluorescence lifetime imaging

(FLIM) to detect differences in the curvature of the membrane.

We chose Hel a cells™® as our model system because they are a widely recognized and
used cell line in research due to their robustness and ease of culture. % 1 The curvature
sensors were anchored to the surface fixed Hel a cells via cholesterol anchors (Figure
17a). However, the attachment of our nanostructures to the complex environment of a
cell was not straightforward. Initial attempts suffered from significant background in the
images, likely caused by non-specific interactions and autofluorescence of the cells. A

BSA passivation strategy effectively decreased the background problem.
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Figure 17. Overview of curvature sensing on cells. (a) Schematic representation of curvature
sensors anchored on cells. (b) FLIM images of curvature sensors on surface-fixed Hela cells
showing successful anchoring of the sensors on the cellular membranes. The images consist of
three channels: (i) Green excitation and green detection, (i) Red excitation and red detection, and
(iii) Green excitation and red detection (FRET).

While our initial results were promising (Figure 11b), showing the applicability of the
sensor attachment on cells, there was an inherent limitation. Due to the relatively large
curvature of many cellular structures, our nanoscale sensors often appeared to lie flat on
these structures, which could mask real differences in curvature. However, our sensors
may show noticeable fluorescence lifetime variations in areas of pronounced curvature.

Hela cells provided a starting point, setting the stage for future applications.

We also believe that our DNA origami curvature sensors might be ideal for studying
structures like neuron cells and exosomes. Neuron cells have unigue shapes and intricate
structures with distinct parts which might possess a wide range of curvatures. On the
other hand, exosomes'®?1%° gre small membrane-bound vesicles, often ranging from 30
to 150 nanometers in size. They are secreted by almost all cell types and play crucial
roles in cell-to-cell communication by carrying a mix of proteins, lipids and genetic
material. These vesicles provide insights into the health and state of their cells of origin
and are even seen as potential markers for various diseases like cancer. Given their size
and biological significance, they align well with the capabilities of our sensors, potentially

letting us understand more about their biology.

To sum up, we made foundational progress in integrating our curvature sensors with

cellular structures. Further research is required to build on our current knowledge of these
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systems to further explore the promising potential of DNA origami curvature sensors in

cell biology.
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4. DNA Origami Vesicle Sensors

41. Motivation

Cellular processes involve a sophisticated network of molecular interactions where
precision and specificity are paramount. Every cellular signal transduction, transport
mechanism and biochemical pathway relies on these specific affinity interactions. In
order to understand and exploit these processes, biosensors have been developed to

detect and measure molecular interactions.

DNA origami technigue, with its ability to create nanostructures tailored to specific
molecular affinities, provides a promising basis for the design of such biosensors.
However, effective use of this technigue remains a challenge, especially in the complex
environment of lipid vesicles. As previously mentioned in prior sections, lipid vesicles are
essential for many cellular functions. By their very nature, they function through a series
of specific affinity interactions. Therefore, the development of biosensors that can
accurately read and manipulate lipid vesicles through their affinity interactions could

greatly improve our knowledge and use of these cellular entities.

The importance of affinity interactions is further highlighted by the emphasis on precise
molecular transport in modern medical applications. By designing delivery systems with
specific molecular affinities, therapeutics can be transported to their targets with greater

efficiency and with fewer side effects.

With this in mind, our work is motivated by the desire to provide a technology for the
detection of lipid vesicles, the enhancement of molecular sensing capabilities, and the
contribution of innovative delivery systems. In this work, we engineered a biosensor
harnessing the principles of sm-FRET for precise lipid vesicle detection. The system
centers on a hydrophobic ATTO647N modified single-stranded DNA (ssDNA) leash,
protruding from a rectangular DNA origami which undergoes conformational changes in
response to lipid vesicle presence, resulting in distinctive FRET signals. The strategic
placement of cholesterol anchors further modulates this interaction, affecting the
observed FRET populations. Beyond its role as a vesicle sensor, our system offers

potential as a cargo transport tool at the nanoscale.
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411, Lipid Vesicle Detection for Enhanced Therapeutics

Accurate identification, analysis and manipulation of lipid vesicles is essential to
unraveling the intricacies of cellular dynamics, improving targeted drug delivery and
pushing the boundaries of nanomedicine. With this in mind, our research aimed to
contribute to the methods of lipid vesicle detection and ensure that their potential is

exploited for improved therapeutic outcomes.

In the world of lipid vesicles, EVs, in particular exosomes, have gone beyond basic
functionalities. They carry a variety of components, such as nucleic acids, proteins and
metabolites that reflect their cell of origin. Additionally, their involvement in cell-to-cell
communication has led to increased interest in their therapeutic applications, particularly
as disease biomarkers in oncology.'*> 158 Unlike liposomes, exosomes efficiently enter
cells and can transport functional contents with little immune response. Therapeutically,
they hold great promise as they are shown to be safe; repeated injections of exosomes
fromm mesenchymal and epithelial cells in mice have not induced toxicity."* In recent
years, artificial exosomes have been emerging based on nanobiotechnology to overcome

the limitations of natural exosomes. 9161

Furthermore, as natural nanoscale carriers, exosomes have the ability to encapsulate and
transport bioactive compounds. Their unique structure allows for targeted drug delivery
to specific cellular or tissue sites, enhancing therapeutic efficacy.'® 162163 Ag a result,
this specificity not only enhances the pharmacological effects but also minimizes off-
target transports, potentially reducing side effects. One of the most studied systems
utilizing exosomes as delivery vehicles to transmit exogenous RNAs (small interfering
RNA (siRNA) and MicroRNA (miRNA)) to target tissues or cells /n vivo, regulating gene
expression and inhibiting tumor development. Exosomes can modify tumor growth
because of some proteins and RNAs which they deliver to the tumor cell. 764 195 Valadi et
al and Skog et a/ reported the two pioneering studies in which exosomes were used for
gene delivery demonstrating the transport of native mMRNAs and microRNAs
expressed in the exosome-producing cells to other cells in culture.’ 187 A following study
by Alvarez et a/ revealed the potential of exosomes in delivering siRNA to mouse brain

cells, suggesting therapeutic avenues for Alzheimer's disease. % Furthermore, exosomes
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have been investigated and identified as promising carriers for macromolecular

proteins.'®% 171

With the advancement of the field, a newer generation of lipid-based carriers, known as
lipid nanoparticles (LNPs), such as liposomes, solid lipid nanoparticles (SLNs) and
nanostructured lipid carriers (NLCs), has emerged. These LNPs are designed to optimize
the delivery of compounds, especially nucleic acids such as mRNA.72 173 Since the first
clinical approval of Doxil' 477 in 1995, they have gained considerable attention in the field
of therapeutics and have achieved a great clinical success. At the same time, as evident
by the approval of two RNA therapies and mRNA COVID-19 vaccines' 8183 LNPs have
shown tremendous potential for the delivery of nucleic acid drugs.’® As we move from
lipid vesicles to the sophisticated world of LNPs, the emphasis on accurate vesicle
detection becomes even more critical to ensure the efficacy and safety of next-

generation therapeutics.'®°

41.2.  Cargo Transport and Drug Delivery

At the heart of numerous biological and therapeutic processes lies molecular cargo
transport and drug delivery. In essence, molecular cargo transport refers to the
movement of molecular entities, such as proteins, nucleic acids and other biomolecules,
from one location to another within a biological system or laboratory setting. Drug
delivery, a specialized form of this transport, involved the introduction and distribution of
therapeutic agents to targeted sites within an organism to achieve a desired therapeutic

outcome.

The significance of efficient and targeted cargo transport and drug delivery is evident in
various therapeutic settings.'®® For example, a drug administered systematically may not
reach the intended site of action in optimal concentrations, leading to reduced efficacy
or even undesirable side effects. By controlling the delivery of therapeutic molecules,

scientists can maximize therapeutic benefits and minimize potential harms.

This is where the necessity for biosensors comes into play. Biosensors are invaluable

tools for monitoring and regulating both cargo transport and drug delivery. With real-time
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detection, biosensors can provide insights into the quality, quantity and condition of
drugs being transported. They can be indicators of potential contaminants, degradation,

or deviations, ensuring both safety and efficiency.

By using DNA origami, researchers can design drug delivery systems that are both
precise in targeting and robust in delivery, bridging the gap between molecular biology
and therapeutic application. Nanotechnologists aim to mimic living cells using artificial
systems. Initial efforts have produced artificial molecular motors and transporters, with
some integrated into molecular robotics.®® 187189 Recent advances in the field of DNA
nanotechnology have opened up new possibilities for cargo transport and drug
delivery.'90192 These DNA-based structures can act as carriers, encapsulating and
protecting cargo which can be a drug molecule or another therapeutic agent.’ Given
the programmable nature of DNA, these carriers can be tailored to release their cargo at

specific targets, enhancing the specificity and efficiency of drug delivery.

Using DNA nanotechnology, progress has been made in the development of nanoscale
devices for cargo transport. For example, molecular walkers have recently been shown
to move over long distances on DNA origami tracks. Seeman and his team created the
first molecular assembly line using DNA. A molecular walker was designed to
systematically gather nanoparticles from various stations, resulting in the formation of
small nanoparticle assemblies.’® One of the pioneering works in this direction was done
by Douglas et a/, in which an autonomous DNA nanorobot was developed that can
transport molecular payloads to cells, respond to cell surface inputs, and reconfigure its
structure for payload delivery, showing potential for targeted cell therapy.'®’ Later on, a
chemically responsive DNA polyhedron was designed, integrating a DNA icosahedron
with a module that allows the nanocapsule to open in the presence of cdGMP, enabling
controlled release of fluorescent dextran cargo.'®® In another work, Kopperger et a/
focused on the diffusive transport of DNA cargo strands bound to a supramolecular DNA
origami structure via an extended tether arm. Their results suggested that diffusive
motion on a molecular tether is a highly efficient mechanism for fast transfer of cargoes

over long distances.'?

Recently, the remarkable self-assembly capabilities of DNA offer opportunities for

designing diverse programmable formations and broader assemblies leading to
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improved molecular transport systems'®” 9% or systems tailored for cellular
interventions, such as cancer treatment?® 207 and enzyme replacement therapies.?%? As
an example, biomolecular complexes can form robust assemblies and simultaneously
exchange their subunit, ensuring both stability and adaptability. Drawing inspiration from
these natural phenomena, Brown et a/ developed a DNA origami receptor exploiting
multivalent interactions to form stable complexes capable of rapid unit exchange,
demonstrating applicability to various molecular cargo.”%? In another work, a DNA origami
nanocapsule was developed that can be loaded with cargo and opened or closed by

changing the pH of the surrounding solution.?%4

In conclusion, the synergy between biosensors and DNA nanotechnology holds promise
for pioneering advancements in cargo transport and drug delivery. Through the course
of this study, we aimed to establish a multifunctional system with potential applications

In both diagnostics and therapeutics.
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4.2.  Overview of the Associated Publication

DNA Origami Vesicle Sensors with Triggered Cargo Transfer

Ece Buber, Renukka Yaadav, Tim Schroder, Henri G. Franguelim and Philip Tinnefeld,

preprint in
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In our submitted work titled 'DNA Origami Vesicle Sensors with Triggered Cargo
Transfer," we explored the transformative potential of nanoscale systems that respond
to molecular signals, focusing on biosensing and cargo transfer. This work focused on
the interface between DNA origami and lipid vesicles, which are one of the fundamental
entities involved in cellular processes. Combining DNA origami precision with sm-FRET
sensitivity, we developed a biosensor tailored for real-time lipid vesicle detection,

highlighting its promise for molecular cargo transport.

The vesicle sensors were designed based on a rectangular DNA origami nanostructure
with dimensions of 70 x 100 nm. This system consisted of an ATTO64/N labeled 12 nt
ssDNA protrusion, a donor dye ATTO542 and cholesterol anchors. It capitalized on the
affinity interactions between ATTO64/N fluorophore and lipid vesicles with sm-FRET
readout. The role of this specific fluorophore was the basis of the sensor; its unique
hydrophobic properties enabled the fluorophore to anchor firmly to lipid vesicles.?05 206
Essentially, the conformation of the ssDNA leash changes depending on the absence or
presence of lipid vesicles at its vicinity. In the absence of lipid vesicles, the leash adopts
a coiled conformation and shows increased FRET due to the shorter distance between
the donor and acceptor dye. On the other hand, in the presence of vesicles, the
ATTO647N fluorophore anchors to the lipid vesicles, stretching the leash and increasing

the dye distance, thereby decreasing FRET (Figure 12).

Relative Counts

FRET

Figure 12. The working principle of the DNA origami vesicle sensors.
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We aimed to validate our approach by testing FRET efficiencies in various scenarios.
Initially, we used sensors with cholesterol anchors at a 15 nm distance from the probe
position, which was chosen strategically to ensure optimal interactions with the
anchored lipid vesicles. The sensor behavior both in the absence and presence of 100
nm DOPC LUVs was observed. Notably, there was a significant shift in the FRET
efficiency value upon vesicle introduction, indicating effective binding and that the
hydrophobic ATTO647N was successfully anchoring to the vesicle membrane. To further
validate the principle, we replaced the ATTO64/N fluorophore with AlexaF647/, a
fluorophore known for its minimal vesicle interaction due to its hydrophilic nature.?9”
When we tested this control probe in the absence and presence of the lipid vesicles in the
same way, the FRET values remained unchanged. This consistent result for the
AlexaF647/ probe further emphasized the unique affinity interactions between the
ATTO647N probe and lipid vesicles.

The research expanded to examine the role of cholesterol anchor positioning on vesicle
anchoring. In addition to 15 nm cholesterol distance, we further tested sensors with
cholesterol anchors positioned at 5 nm and 30 nm distances from the probe. Our sm-
FRET studies revealed that the 30 nm spacing showed no significant FRET differences
between the absence and presence of lipid vesicles, confirming that the ATTO64 /N probe
can only anchor into the lipid bilayer if the vesicle is sufficiently close. Interestingly, the 5
nm variant showed broad FRET distributions regardless of vesicle presence, likely due to
the interactions of the ATTO647N probe with the nearby cholesterol anchors, further
supporting the strong hydrophobic interactions that the sensor based on. Additionally,
the 5 nm configuration showed no FRET differences when tested with the control

AlexaF647 system.

We were further interested in the affinity of the sensor for different sizes of lipid vesicles.
Inthis direction, besides 100 nm lipid vesicles, we tested the sensors with 50 nm and 200
nm DOPC vesicles. Along with the model distance of 15 nm cholesterols, we further
utilized sensors crafted with cholesterol anchors placed at 20 nm distance from the
probe. The 15 nm configuration showed consistent behavior across different vesicle
sizes, while the 20 nm variant showed a discernable interaction with the larger 200 nm

DOPC vesicles. These results emphasize the importance of precision in the design of
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probes for vesicle interactions, as customization to specific sizes can improve their

performance and expand their use in diverse application fields.

Finally, we explored the potential of our system as a molecular cargo transport tool. To
achieve this, we planned a strand displacement system in which the sensor design was
slightly altered and a 17 nt ssDNA strand labeled with ATTO64/N was used as the cargo.
A 17 nt protrusion was initiated from the probe position on the DNA origami and the 17
nt ATTO647/N probe was attached to this protrusion, preserving a 5 nt toehold at the
forefront. The cargo transport system involved a 17/ nt cholesterol-modified displacer
strand, which has a stronger affinity for the ATTO647N probe. Upon interaction, this
displacer strand binds to the probe at the toehold segment, leading to its displacement
from the origami structure. As we noted higher FRET values without vesicles and a
decrease upon vesicle introduction, we further anticipated witnessing a loss of the FRET
signal but a persisting red emission after the displacement of the ATTO64/N probe.
Observations showed that when vesicles were present, the FRET value dropped,
consistent with the working principle of the sensor. The introduction of a cholesterol-
labeled displacer strand led to the disappearance of the FRET signal but maintained a
mobile red emission, indicating the successful relocation of the probe to the surrounding
lipid vesicles. Further experiments with a Tween20 buffer, which disrupts vesicles,
supported these findings showing the specificity of the vesicle-probe interaction. All in all,
the results demonstrate the potential of the vesicle sensor as a cargo transport system,

highlighting its versatility in molecular interactions.

Altogether, focusing on lipid vesicle detection, we developed a DNA origami-based
biosensor with sm-FRET readout with potential applications in cargo transport. Because
they mainly relied on molecular interactions, the hydrophobic ATTO647/N fluorophore and
strategic placement of cholesterol anchors were key to the success of the vesicle
sensors. Together with the sensing characteristics, the design and the working principle
of the sensor allowed it to be used as a cargo transport system. We believe, our simple
sensor design has a great potential in the rapidly growing field of nanotechnology,

providing a new perspective on nanoscale research.
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ABSTRACT

Interacting with living systems typically involves the ability to address lipid membranes of cellular
systems. The first step of interaction of a nanorobot with a cell will thus be the detection of binding
to a lipid membrane. Leveraging the programmable nature of DNA origami, we engineered a
biosensor harnessing single-molecule Fluorescence Resonance Energy Transfer (smFRET) as
transduction mechanism for precise lipid vesicle detection. The system hinges on a hydrophobic
ATTO647N modified single-stranded DNA (ssDNA) leash, protruding from a rectangular DNA
origami. In a vesicle-free environment, the ssDNA adopts a coiled stance, ensuring high FRET
efficiency. However, upon lipid vesicle binding to cholesterol anchors on the DNA origami, the
hydrophobic ATTO647N induces the ssDNA to stretch towards the lipid bilayer, leading to
reduced FRET efticiency. The strategic placement of cholesterol anchors further modulates this
interaction, affecting the observed FRET populations. Beyond its role as a vesicle sensor, we show
targeted cargo transport of the acceptor dye unit to the vesicle. The cargo transport is initiated by
vesicle bound DNA and a strand displacement reaction. Our interaction platform opens pathways

for innovative interaction such as biosensing and molecular transport with complex biosystems.
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INTRODUCTION

In the rapidly advancing field of nanotechnology, the development of dynamic systems that
respond to specific molecular signals is a major goal. These systems, capable of translating
molecular behavior into practical applications, have the potential to reshape areas such as
biosensing, targeted therapeutics, and precise engineering at the nanoscale. Central to these
advancements is the DNA origami technique'’, which offers a reliable and customizable
framework for designing nanoscale interactions by having stoichiometric and positional control
over the DNA structure and attached functional elements. DNA origami, utilizing the innate
programmability of DNA sequences, enables the design and realization of intricate nanostructures
with exceptional precision. This unique capability has fostered innovations across nanotechnology,
particularly in biosensing.®!'! With the ability to design custom sensors tailored for specific
molecular targets, DNA origami emerges as a powerful tool to address the challenges posed by

complex biological systems.'*!

Among the challenges, membrane systems and especially lipid vesicles stand out. These
membranous sacs play pivotal roles in diverse cellular functions, from molecular transport and
signaling to compartmentalization.’™?' Therefore, detecting and characterizing lipid vesicles is of
great importance. Sensors based on DNA origami can offer a subtle understanding of how lipid
vesicles behave, with the potential to probe, detect, and even manipulate their activities.”**’
Bridging the innovative capabilities of DNA origami to the intricate world of lipid vesicles can
provide deeper insights into vesicular behaviors and potentially unlock new therapeutic

opportunities.?*!
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DNA origami has uses beyond just detection. As modern medicine and technology advance, the
need for precise and controlled cargo transportation at the nanoscale becomes increasingly evident.
From targeted drug delivery to the transfer of specific molecular agents, the ability to move and
release cargo with specificity could reshape therapeutic strategies. The concept of molecular
constructs for precise cargo transport is now an achievable reality in scientific research. This
advancement holds significant implications for healthcare, diagnostics, and materials science. In
one of the pioneering works, Douglas et al. developed a DNA nanorobot that delivers payloads to
cells and changes its structure to release them, showing promise for targeted cell therapy. ¥
Thubagere et al. created a self-powered DNA robot with three functional domains that can move
across a DNA origami sheet and sort two types of molecular cargoes to their respective destinations
using a simple algorithm.* In a more recent work involving lipid vesicles, Baumann et al. created
a DNA mesh around lipid vesicles for drug delivery, releasing the dye calcein upon triggering.
This method increased cytotoxicity in HEK293T cells and holds potential for targeted
chemotherapy delivery.™ In our research, we have developed a multifunctional system that is not
only capable of sensing the presence of a vesicle, but also has the potential to deliver cargo directly
to the vesicles it is attached to. By leveraging the capabilities of DNA origami, integrating the
precision of single-molecule FRET (smFRET), and utilizing specific binding interactions, we have

created innovative biosensing and molecular transport systems with dual functionality.

Combining this foundation with our previous experience with DNA origami nanosensors for
lipid vesicle characterization®’, herein we introduce a DNA origami biosensor tailored for lipid
vesicle detection. This system utilizes an ATTO647N labeled single-stranded DNA protrusion, a
donor dye ATTO342, and cholesterol anchors. It capitalizes on smFRET and the affinity

interactions of ATTO647N, allowing for real-time vesicle sensing and the potential for molecular
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cargo transport. In our system, ATTO647N serves a dual role: not only is it the acceptor dye in the
FRET process, but its hydrophobic nature also drives its interaction with lipid bilayers. Our
research highlights how this system could change the way we detect and handle these lipid vesicles,

setting the stage for innovative uses in biosensing and transporting molecules.

RESULTS

The vesicle sensor is crafted from a rectangular DNA origami nanostructure™ * with the
dimensions of 70 x 100 nm. It features a 12 nucleotide (nt) long single-stranded DNA (ssDNA)
leash, modified with a ATTO647N fluorophore which serves as the main probe for vesicle sensing
(Figure 1la). This probe, due to its hydrophobic and cationic properties, anchors itself in

3638 Moreover, the sensor is equipped with

phospholipid vesicles, a behavior noted in prior studies.
an internally labelled ATTO542 fluorophore, serving as a donor for the fluorescence resonance
energy transfer (FRET) (Figure 1a and Figure S1). We postulate that the relative position of the
acceptor probe will change based on the presence or absence of lipid vesicles (Figure 1b).
Specifically, without the vesicles, the ssDNA probe is more likely to coil up, leading to increased
FRET. Conversely, with vesicles present, the leash will stretch out and anchor into the vesicles,
increasing the gap between the FRET pair and resulting in decreased FRET. For the purpose of
anchoring the sensor to modified glass coverslips, biotin attachments are located at the four corners
of this DNA origami structure (Figure 1a and Figure S1). Additionally, the sensor comes with four
cholesterol-based anchors that are placed parallel to each other in order to facilitate the capture of
lipid vesicles (Figure la and Figure $1).%**" These can be adjusted to various distances from the

primary sensing probe in order to more efficiently capture and sense vesicles of different sizes.
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To visualize individual vesicle sensors, we employed smFRET using total internal reflection
fluorescence microscopy (TIRF) on a commercial fluorescence microscope (Nanoimager S, ONI
Ltd., UK) with green-red alternating laser excitation (ALEX).*"#* Intensity transients of single
spots were extracted from TIRF videos via the iSMS software based on Matlab.*’ In Figure lc, a
false-color image displays donor dye emission in cyan, acceptor in magenta, and their overlay in
gray. We verified the fluorescence as originating from single vesicle sensors by observing single-
step photobleaching patterns. For instance, in Figure lc, the acceptor dye photobleaches around
11 seconds, leading to an increased, unquenched donor fluorescence (Ipp), while the FRET signal
(Ipa) drops to zero. This synchronized response confirms the presence of a single DNA origami
structure exhibiting FRET. We further tracked acceptor emission following its excitation (Isa) to
study associated photophysical behaviors and prioritize initial acceptor bleaching events. From the
intensity data of both the Ipp and Ipa channels during energy transfer, the FRET efficiency of

individual sensors were quantified as

‘IDA
FRET Ef ficiency = ———
11 4 ¥ *Ipp +Ipys

Here. the Ipa is corrected to account for the direct excitation of the acceptor at the donor
excitation wavelength and for any donor emission leakage into the acceptor emission channel. The
v correction factor compensates for the different quantum yields of the dyes and wavelength-
dependent efficiencies of the detection (see Sl for detailed materials and methods). For each
sample, we then analyzed a minimum of 100 molecules and represented the FRET efficiencies in

histograms, complemented with Gaussian fits where relevant.

To validate our design, we contrasted the FRET efficiencies of the sensor both in the absence

and presence of lipid vesicles. For this experiment, considering the highest possible overlap with
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the leash length and 100 nm lipid vesicles, we used the sensors with cholesterol anchors placed at
15 nm distance from the probe position. After immobilizing the sensors on BSA-Biotin-
NeutrAvidin-treated glass coverslips, smFRET measurements were performed. In the absence of
vesicles, the mean FRET value was 0.83 + 0.03 (standard deviation of the mean, SD). Upon
introducing 1 nM of 100 nm DOPC vesicles with a 1-hour incubation, the mean FRET value
shifted to 0.61 = 0.06 (Figure 1d). This shift confirms the effective binding of lipid vesicle to our
sensors and suggests the penetration of hydrophobic ATTO647N into the vesicle membrane. A
remaining fraction with a mean FRET of 0.81 + 0.03 likely represents either sensors devoid of

vesicles or those where the probe fails to engage with the vesicles.

To further substantiate the role of affinity interactions in the sensor mechanism, the hydrophobic
ATTO647N fluorophore was substituted with AlexaF647 on the ssDNA probe. Previous research
has demonstrated that AlexaF647 exhibits minimal interaction with lipid vesicles due to its
hydrophilic nature.*® When analogous experiments were conducted without and with lipid vesicles
for the sensors equipped with AlexaF647, the mean FRET values remained consistent at 0.78 +
0.02 (Figure le). The notably homogenous and narrow distributions for the AlexaF647 probe
further underscore the assertion that the distinct behavior of the sensor arises from the hydrophobic

affinity interactions between the ATTO647N probe and lipid vesicles.

67



a. b.
snm
-5 nm ny h ATTO P
nor
| ar |4
€ 3
&8 o e
e STTTETITINIY ; 533 TITY
‘ ‘
t LUV ) '
C‘ d’ Hydrophobic ATTO647N Probe e' Hydrophilic AlexaF647 Control
w/out LUVs w/out LUVs
. .

2 4]
3 3
=) o
v} 3 v} 3 :
1) U
= w/ 100 nm LUVs = w/ 100 nm LUVs
" T T
o T

3 o« <

e . .

B

€

Ti » (s A ;
ime ( FRET FRET

Figure 1. Concept and validation of the vesicle sensor. (a) A rectangular DNA origami base
equipped with a sensing unit consisting of a ssDNA leash labeled with an ATTO647N acceptor
and an ATTOS542 donor positioned on the DNA origami base. Cholesterol anchors, strategically
placed at various distances for vesicle capture, and biotin moieties for surface attachment are also
featured. (b) These sensors have the capability to bind to BSA-Biotin-NeutrAvidin-treated glass
coverslips using biotin moieties. Without lipid vesicles (left), the ssDNA sensing probe adopts a
coiled configuration, positioning it closer to the donor dye, resulting in higher FRET. When lipid
vesicles are present (right), the sensing probe elongates to permeate the lipid bilayer, driven by the
hydrophobic nature of the ATTO647N fluorophore. Due to the increased distance between the
probe and the donor dye, a decreased FRET is observed. (¢) The image at the top presents a

superimposed TIRF image with the donor dye (D) shown in cyan, and the acceptor (A) in magenta.
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Gray spots denote sensors that incorporate both the donor and acceptor dyes. An exemplary single-
molecule FRET (smFRET) trace at the bottom illustrates the fluorescence intensity over a period,
detailing the donor excitation—donor emission (Ipp) channel (cyan), the donor excitation—acceptor
emission (Ipa) channel (gray), and the acceptor excitation—acceptor emission (laa) channel
(magenta). Mean FRET efficiencies are calculated from the Ipp and lps channels. (d) FRET
efficiency distributions for vesicle sensors in scenarios both without (top) and with (bottom) lipid
vesicles. Distributions are shown for the hydrophobic sensing probe with ATTO647N and (e) the
hydrophilic control probe with AlexaF647. Accompanying illustrations in the plots suggest

potential conformations of the probe. The error refers to the standard deviation (SD).

Building on our observations, we investigated the influence of the distance of the FRET probe
to the cholesterol anchors. In addition to sensors with cholesterol anchors at 15 nm distance, we
assembled vesicle sensors with cholesterol moieties positioned at 5 nm, and 30 nm distance from

the probe. Each sensor was subjected to smFRET studies both with and without lipid vesicles.

For the sensor with the cholesterol anchors at a 30 nm distance from the leash, the smFRET
results (Figure 2a) reported mean FRET values of 0.81 + 0.04 and 0.81 + 0.03 for scenarios without
and with vesicles, respectively. The data suggests that, even when vesicles of 100 nm average
diameter are present, the probe remains in its coiled state because the vesicles are too distant to be
reached by the ATTO647N anchor. This design confirms that the FRET contrast arises solely when
the ATTO647N probe anchors into the lipid bilayer—an event only possible when the vesicle is

close enough to allow the probe to stretch toward it.

In the sensor variant with 15 nm cholesterols, as already presented in Figure 1d, a clear FRET

shift occurred based on vesicle presence, underlining the effect of proximity (Figure 2b). However,
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the results took a captivating turn when cholesterol anchors were only 5 nm from the probe.

Independent of lipid vesicle presence, these sensors exhibited wider FRET distributions with

comparable mean values (0.75 + 0.07 without vesicles and 0.71 + 0.09 with vesicles, Figure 2c),

yet distinct from the other tested distances. This observation can likely be attributed to the strong

hydrophobic interactions that allow the ATTOG647N probe to already interact with closely

positioned cholesterol anchors. Consequently, given the distinctive and reliable FRET shift

observed with the 15 nm spacing, we chose to utilize sensors with cholesterol moieties at this

distance for the remainder of our study. Additionally, a noteworthy observation was that, upon

testing the 5 nm cholesterol configuration with a control system featuring AlexaF647, there was

no apparent difference in FRET distributions (Figure S2).
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Figure 2. Influence of the cholesterol anchoring distances on the sensor both in the absence and
presence of lipid vesicles. The distributions of FRET efficiency for the vesicle sensors, both
without and with lipid vesicles, is depicted for (a) 30 nm, (b) 15 nm, and (¢) 5 nm cholesterol-
FRET probe distances. lllustrations accompanying the data highlight the positions of the
cholesterol anchors and potential movement patterns of the sensing probe. The error refers to the

standard deviation (SD).

In our pursuit to understand the sensor's response to varying lipid vesicle sizes, we further
examined its behavior with 50 nm, and 200 nm DOPC vesicles using the 15 nm cholesterol as well
as a 20 nm cholesterol configuration (Figure S3-a). Notably, while the 15 nm cholesterol-based
sensor exhibited minimal variation across vesicle sizes (Figure S3), the 20 nm variant revealed a
discernable peak in its interaction with the 200 nm DOPC vesicles, as illustrated in Figure S3-c.
This indicates that the positioning of cholesterol in relation to the probe can influence the affinity
of the sensor towards differently sized vesicles. Such findings underscore the importance of
meticulous design and adaptation in probe creation for vesicle interactions, holding the potential
to augment their relevance across diverse scientific and medical arenas.**** Tailoring probes to
align with specific vesicle dimensions can optimize their performance and extend their versatility

in multiple disciplines.

Building upon the insights from our prior experiments and recognizing the transformative
potential of cargo transport systems in molecular and nanoscale research, we delved deeper into
an intricate investigation employing the ATTO647N probe within a strand displacement system.
The design approach was systematic. A 17 nt single-stranded DNA was protruding from the probe

position on the DNA origami and a 17 nt ATTO647N probe was attached to this protrusion,
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preserving a 5 nt toehold at the forefront (Figure 3a). The cargo transport system involved a 17 nt
cholesterol-modified displacer strand, which has a stronger affinity for the ATTO647N probe.
Upon interaction, this displacer strand binds to the probe at the toehold segment, leading to its
displacement from the origami structure. More precisely, as we noted higher FRET values without
vesicles and a decrease upon vesicle introduction, we further anticipated witnessing a loss of the
FRET signal but a persisting colocalization of green and red emission after the displacement of
the ATTO647N probe. Due to the reason that a single cholesterol can diffuse in and out of lipid
vesicles'™#¥, the transferred probe can subsequently relocate to surrounding lipid vesicles. Initial
smFRET imaging without lipid vesicles revealed a mean FRET value of 0.39 £ 0.04. Presence of
lipid vesicles reduced this value to 0.23 + 0.06, corroborating the consistent working principle of
the sensor (Figure 3b and Figure 3c, left and middle panels). The experiment took an intriguing
turn when the 17 nt cholesterol-labeled displacer strand was introduced. The FRET signal
immediately vanished, yet a red emission persisted (Figure 3b and Figure 3c, right panel). This red
emission provided compelling evidence of the probe being successfully detached from the origami
and transported to neighbouring lipid vesicles. Another captivating observation was the
discrepancy in expected colocalization ratios after the introduction of the displacer strand in the
presence of lipid vesicles. Prior to cargo translocation, the system exhibited a high degree of
colocalization, as evidenced in Figure 3d, left and middle panels. However, upon introduction of
the displacer strand, instead of the anticipated colocalized spots, numerous red-only spots emerged
(Figure 3d, right panel). We theorize that this could be attributed to free lipid vesicles adhering to
the surface, paired with the mobility of the cholesterol strand across vesicles'’, causing a transport

of'the probe from one vesicle to another. This phenomenon may result in diminished colocalization

but a surge in red spots. Furthermore, the evident motion in these red spots post-displacement hints
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at their dynamic diffusion in and across lipid vesicles. Supporting these observations, when lipid
vesicles in the system were deliberately ruptured using a 0.05% Tween20 buffer®’, almost all red
signals disappeared, reaffirming the specific vesicle-probe interaction (Figure S4-d). A separate
evaluation of the impact of Tween20 on the system showed it only disrupts lipid vesicles and
thereby resets the sensor to its original state without vesicle (see Figure S5). To fortify our
hypothesis, a control test without vesicles was carried out. Upon introducing the cholesterol-
labeled displacer strand, a near-complete disappearance of the red signal was evident which
highlights the effectiveness of the strand in displacing the probe (Figure S6). In the absence of
lipid vesicles, the displacement process was considerably slower, taking almost an hour for the red
signal to fade, whereas in the presence of the vesicles, the red signal faded in just tens of seconds.
Supposedly, the cholesterol displacer strand first binds to the lipid vesicles and gets
upconcentrated. This upconcentration close to the probe results in increased transfer kinetics.
Collectively, these results vividly demonstrate the potential of the vesicle sensor as a robust cargo

transport system, emphasizing its versatility and specificity in molecular interactions.
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Figure 3. Investigation of cargo translocation to the lipid vesicles. (a) Schematic illustrations
detailing the cargo transport system. A 17 nt strand protrudes from the DNA origami base, binding
to a complementary 17 nt strand labeled with ATTOG647N, leaving a 5 nt tochold exposed. The
system initially exhibits higher FRET levels in the absence of lipid vesicles. Upon interaction with

lipid vesicles, the ATTO647N-labeled strand anchors into the lipid bilayer, leading to reduced
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FRET. After cargo translocation by strand displacement, the system shows no FRET due to
increased separation between the FRET pair. (b) FRET histograms displaying the FRET
characteristics of the system under different conditions: without lipid vesicles (left), with lipid
vesicles (middle), and post-cargo translocation (right), where no FRET is observed. (c)
Superimposed TIRF images after green-only excitation. The system without vesicles (left) and
with vesicles (middle) show clear FRET, evidenced by colocalization. After cargo translocation
(right), only green spots are observed, indicating the loss of FRET and absence of colocalization.
(d) Superimposed TIRF images after both green and red excitation. In the absence (left) and
presence (middle) of lipid vesicles, high degree of colocalization is observed. Following cargo
translocation (right), the colocalization is lost, coinciding with the absence of FRET. However,

numerous red spots remain distributed wherever lipid vesicles are present.

CONCLUSION

Understanding the interactions between vesicles and probes is not just of biophysical interest—
it is a pathway to improving applications in medicine, diagnostics, and molecular biology. Built
on the principles of affinity interactions, in this research, we have successfully developed a
biosensor predicated on the flexibility and programmability of DNA origami structures. The
vesicle sensor utilizes single-molecule Fluorescence Resonance Energy Transfer (smFRET) for
the precise detection of lipid vesicles. Central to the effectiveness of the sensor is the hydrophobic
ATTO647N dye-modified DNA leash, whose conformational shifts in the presence or absence of
lipid wvesicles facilitate distinguishable FRET signals. This observed versatility in response is
further augmented by the strategic positioning of cholesterol anchors, underscoring the pivotal role

of precise molecular design in dictating vesicle-sensor interactions. Moreover, the dynamic
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behavior of the sensor, as evidenced by the FRET shift upon vesicle interaction and the subsequent
engagement of the hydrophobic probe with the vesicle membrane, showcases its potential as a
robust mechanism for targeted cargo transport at the nanoscale. The ability to modulate this
transport and sensor response based on the proximity of cholesterol anchors provides insights into
tailoring DNA origami systems for specific applications, offering a promising avenue for enhanced
molecular specificity and efficiency. Our findings on the different affinities of hydrophobic and
hydrophilic dyes to lipid vesicles further amplify the importance of selecting appropriate probes
for specific biosensing endeavors. Such insights inform future design considerations, optimizing
probe interactions for targeted applications. Furthermore, the study of the vesicle sensor within a
strand displacement system illuminated the potential of DNA origami structures in molecular
transport. Our design adds a physical dimension to conditional cargo transport that first requires
the sensing of the vesicle depending on whether it can bridge from binding to the sensing unit
followed by cargo transfer through strand displacement which is a different dimension compared
to delivery upon molecular logics such as a logic and gate in the presence of two chemical

12
receptors.

In essence, our work has carved a significant stride in the domain of DNA origami-based
biosensing. The interplay of FRET signals, hydrophobic dyes, and vesicle presence paints a picture
of a sensor system that is not only versatile but is also specific, providing paths for real-world
applications. As we advance into an era increasingly reliant on nanotechnology and molecular
precision, tools such as the vesicle sensor developed in this study will play an indispensable role.
Their versatility, as highlighted in both biosensing and molecular transport, provides a testament

to the transformative potential of DNA origami in shaping the future of nanoscale research.
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5. Conclusion and Outlook

This dissertation explored the integration of DNA origami technigue with the principles of
single-molecule fluorescence resonance energy transfer (sm-FRET) in order to develop
biosensors specifically designed as particle curvature sensors and lipid vesicle sensors.
The combination of the precision of DNA origami and the high sensitivity of sm-FRET has
resulted in two key projects that can be potential platforms for particle characterization,
cell membrane curvature detection, vesicle sensing and targeted cargo transport

systems.

In Section 3, we exploited an alternative, non-destructive approach to particle
characterization using DNA origami curvature sensors. Being an essential
characterization parameter, particle size plays crucial roles in defining both inherent and
operational features of materials. For example, as a compelling drug delivery platform
and representative cell membrane models, lipid nanoparticles require precise size
control. This need becomes even more critical considering the influence of curvature
changes in cellular membranes on various biological functions. Existing technigues, such
as dynamic light scattering (DLS) and electron microscopy, offer valuable insight into
particle size, but they present several challenges. For example, laser diffraction methods
are limited by their low sensitivity and resolution. As an ensemble method, DLS not only
suffers from resolution problems, but is also significantly affected by the presence of
large aggregates influencing the scattering intensities.!'” "' TEM or SEM techniques
have the drawback of being performed in vacuum.'™ It is additionally important to
measure the particle size on the nanoscale by developing cost-effective, rapid and
sufficiently precise systems, since it is very difficult to track dynamic changes on
submicron structures due to resolution limitations. With the influence of particle size in
fields ranging from materials science to medicine, the need for accurate, reliable

measurement systems is undeniable.

Addressing this we designed adaptable curvature sensors as precise particle size
measurement tools utilizing DNA origami nanotechnology. These sensors featured two
rigid blocks, a flexible hinge and specific binding sites at a set distance from the hinge. By

combining this with sm-FRET, we introduced a novel approach to curvature sensing. Our
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sensors were tested on various structures, including DNA origami templates of different
shapes, solid silica particles and large unilamellar vesicles (LUVs). A variety of interaction
methods, including DNA hybridization, biotin-NeutrAvidin bonding and cholesterol
integration into lipid membranes demonstrated the versatility of the system. The
performance of the sensors was further evaluated under varying salt conditions of NaCl
and MgCla. Inevery test, the FRET values were in line with the expectations. An appealing
aspect of the DNA origami curvature sensors was their modular design, which offered
flexibility in tuning their dynamic range. Adjustments were made, for instance, in the
location of the attachment chemistry or in the positioning of the FRET pair. Depending
on the position of the FRET pair, the working principle of the sensors could even be
reversed. Initially placing the dyes at a larger horizontal distance and moving them closer
as the structure bends showed how the sensors can be tuned ina FRET ON or FRET OFF
configuration. We could successfully measure nanoparticles within a size range of 50-

300 nm and a bending angle range of 50-180° with the DNA origami curvature sensors.

In the follow-up experiments, we aimed to use the DNA origami curvature sensors in the
detection of dynamic size changes of particles. The idea here was to utilize lipid vesicles
and create osmotic imbalances in order to make them shrink or swell. The following
agents were used in order to create osmotic pressure imbalances; salts, PEG or sucrose.
While sucrose and PEG did not induce any change in in the sizes of LUVS, it was observed
that salt concentration had a direct effect on DNA origami nanostructures. Probably due
to the relative stiffness of LUVs due to their small size and the biotin modification, the
osmotic shocks had no effect on the size of LUVs. Furthermore, because the natural
behavior of LUVs can be affected by forces such as strong binding from the biotin-avidin
interaction, electrical attraction and repulsion, and subtler forces such as van der Waals
forces, performing these assays on the samples immobilized on the glass coverslips
presented additional challenges. The switch from surface measurements to solution
measurements was not helpful due to other issues that the sensors encountered in
solution environment. In particular, the sensors had difficulty binding to the LUVs due to

their preferred bent conformation while they were diffusing freely in solution.

Moving forward, the next goal was to explore the potential of the DNA origami curvature

sensors in cellular biology research. The initial tests with Hela cells highlighted both the
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complexities and promising potential of this research direction. While it was possible to
attach the curvature sensors to cell membranes via cholesterol anchors, they mostly
appeared to be flat against the cell surfaces, which is probably beyond the range of the
sensors. However, in areas where the curvature of the cells was particularly pronounced,
our sensors did indicate possible variations in the fluorescence lifetime. The use of Hela
cells was a first step in exploring the ways to use DNA origami curvature sensors in

biological applications.

We see the precision of DNA origami curvature sensors as a valuable tool for studying
complex cellular structures such as neurons and important biological particles like
exosomes. Given the medical importance of exosomes, our sensors may provide new
ways 1o characterize them, leading to new treatments and diagnostic methods.
Furthermore, attaching sensors inside endocytic vesicle membranes might help better
understand how these internalized structures function. Additionally, the correlation of
membrane curvatures with protein and receptor accumulations can provide a new
perspective on membrane biophysics. Our current research presents an alternative
method for nanoparticle analysis. Although there are challenges ahead, further
development of the DNA origami curvature sensors has the potential to be impactful in

nanotechnology and cellular biology.

In section 4, by combining the accuracy of DNA origami with the sensitivity of sm-FRET,
we introduced DNA origami vesicle sensors using hydrophobic interactions for the
detection of lipid vesicles. Cellular activities hinge on a complex web of precise molecular
interactions, and biosensors have been engineered to detect and quantify these
interactions. In that context, the detection of lipid vesicles is an important aspect because
of their critical role in a variety of cellular activities, from endocytosis to intercellular
communication. In another aspect, molecular cargo transport and drug delivery are
central to many biological and therapeutic processes, ensuring the targeted movement
of biomolecules and medicines within organisms. Biosensors play a crucial role in these
areas, offering real-time insights into the transported materials. In light of the growing
emphasis on lipid vesicle detection based on specific molecular interactions as well as
cargo transport in medical applications, the goal in this study was to provide an

alternative technology for lipid vesicle detection and molecular cargo transport.
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The design of the vesicle sensors was based on a hydrophobic ATTO647N labeled ssDNA
protrusion from a rectangular DNA origami and strategic placement of cholesterol
anchors. Through a series of systematic experiments, we observed a critical
conformational change in the ssDNA leash of the sensor in response to the presence or
absence of vesicles which was quantified by pronounced shifts in FRET efficiencies.
Notably, the control experiments using the hydrophilic AlexaF647 fluorophore showed no
difference in FRET efficiency, confirming the findings regarding the unique interaction
between the ATTO647/N fluorophore and the LUVs. The system was further fine-tuned
by adjusting the proximity of the cholesterol anchors, which revealed the sensitivity of the
system to the size of the vesicles. An impressive component of the system was its ability
to transport cargo: using a strand displacement reaction mechanism, the ATTO647/N
probe could be released and anchored to LUVs, demonstrating the potential of the
system to go beyond vesicle detection. The incorporation of strand displacement
reactions into DNA nanotechnology offers a dynamic method for applications in
biosensing, information processing and therapeutic interventions. However, there are
challenges to this potential. The kinetics of strand displacement, especially in complex
designs, can be unpredictable, creating the risk of unintended or "leakage" reactions.?%®
211 The need for careful DNA sequence design to avoid unwanted secondary structures

or interactions while maintaining specificity adds further complications.

The vesicle sensors of this study provide a valuable insight into the design of precise and
efficient molecular tools as molecular machines continue to dominate the focus of
advanced research. It is conceivable that, with further refinement and optimization, these
vesicle sensors could be designed for diverse applications ranging from targeted drug
delivery to real-time monitoring of cellular processes or biological interactions. In addition,
by diversifying the range of fluorophores and molecular anchors, this technology could
contribute to the development of a variety of sensors that respond to a wide range of
molecular cues. In the rapidly growing field of nanotechnology, the combination of DNA
origami with molecular sensing and cargo transport, as presented in this study, is set to

influence future nanoscale research.

Reviewing the research results, this dissertation has highlighted a wide array of potential

applications. The developed systems show promise beyond their immediate
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applications. These DNA origami systems could be employed for accurate drug delivery,
especially targeting cancer cells or specific tissues. Moreover, the biosensors might
become valuable diagnostic tools, aiding in early disease detection and treatment. As
nanotechnology progresses, integrating our systems with new technologies will further
extend their applicability. For instance, merging these sensors with microfluidic
technologies might result in compact labs-on-a-chip, revolutionizing diagnostics and
research methods. Another potential avenue is coupling the sensors with Al for real-time

data analysis, facilitating better treatment choices.

Yet, key challenges include ensuring reproducibility and scalability without compromising
functionality. The delicate nature of DNA origami makes it susceptible to environmental
conditions such as temperature, pH, and ionic strength, demanding rigorous stability
across physiological environments. Additionally, while the sensors have shown
specificity in controlled settings, their performance in complex biological systems
remains untested. Cost-effectiveness, biocompatibility, potential off-target effects and
integration with other systems further add layers of complexity. Navigating this complex
landscape requires a fusion of nanotechnology, molecular biology and engineering,
promising a new era of molecular precision in areas such as personalized medicine and
biotechnology. In addition, scaling these sensors for real-world applications, optimizing
their stability in different physiological environments, and ensuring their biocompatibility

are major challenges that remain to be solved.

This dissertation contributes to our understanding in nanobiotechnology, introducing
platforms and methodologies that have the potential to impact different fields including
materials science and diagnostics. As typical in research, new solutions lead to additional

questions, prompting continuous investigation.

The merge of biology and technology is poised to significantly influence health. Utilizing
DNA origami and the sensitivity of sm-FRET highlights potential advancements in
biosensors. This work provides a base for future research to further exploit the power of

these methods.
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6. Appendix for Sections 3&4

6.1. Buffers, recipes and folding programs of the DNA Origami
Nanostructures

Table 1. Buffers with corresponding recipes.

Buffer Recipe

FOB17.5 10 mM Tris-HCI, T mM EDTA, 17.5 mM MgCl»

FOB12.5 10 mM Tris-HCI, T mM EDTA, 12.5 mM MgCl»

FOB20 5mM Tris-HCI, T mM EDTA, 20 mM MgCl,, pH 8.0

PEG Buffer 12% PEG-8000 (w/v), 10 mM Tris, T mM EDTA, 500 mM NaCl, 12 mM MgCls,
pH7.5

LUV Buffer 5mM Tris-HCI, T mM EDTA, 0.5 mM Trolox and 650 mM NaCl, pH 7.0

AlexaF-Buffer 10mM Tris-HCI, T mM EDTA, T % (wt/v) D-(+)-glucose, 165 units/mL glucose
oxidase, 2170 units/mL catalase, T mM Trolox, 12.5 mM MgCls

FRET Buffer 10mM Tris-HCI, T mM EDTA, T % (wt/v) D-(+)-glucose, 165 units/mL glucose
oxidase, 2170 units/mL catalase, T mM Trolox, 12.5 mM MgCls

PCA/Trolox12 2 mM Trolox (6-hydroxy-2,5,7,8-tetramethylchroman-2-carboxylic acid) 25
mM PCA (protocatechuic acid) 2 M NaCl 40 mM Tris base 20 mM acetic acid
T mM EDTA-Naz2H»0

50x PCD 2.8 mM PCD (protocatechuate 3,4-dioxygenase from pseudomonas sp.)
50% glycerol 50 mM KCI 100 mM Tris HCI T mM EDTA-Naz 2H,0
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Table 2. The list of scaffold strands, folding programs, folding buffers and purification

techniques of the corresponding the DNA origami nanostructures.

DNA Origami Scaffold  Folding Folding buffer  Purification technigue
Nanostructure Program

Curvature sensor p/560 1 FOB17.5 Gel electrophoresis
Half, Quarter, Linear ~ P7249 1 FOB20 PEG precipitation
NRO (Vesicle sensor)  P7249 2 FOB12.5 PEG precipitation
12HB p8064 1 FOB12.5 Filtration

Table 3. Details of the DNA origami nanostructure folding programs.

Folding program (1) for curvature sensor, Half-Quarter-Linear and 12HB DNA origami

nanostructures

Temperature (°C) Time per °C (min) Temperature (°C) Time per °C (min)
65 2 44 75

04-6071 3 43 60

00-59 15 47 45

58 30 47-39 30

S/ 45 38-37 15

56 00 36-30 8

S 75 29-25 2

54-45 90 4 Storage

88



Folding program (2) for NRO (vesicle sensor) DNA origami nanostructures

Temperature (°C) Time per °C (min)
90 15

80-20 1

4 storage

Table 4. Reagents with the concentrations used in the folding mixture of DNA origami

nanostructures.

DNA origami curvature sensors:

Reagent Concentration (UM)
Scaffold 0.02

Core staples 02

Dye staples 06

PAINT docking staples 06

Biotin staples 20

Bridging staples 2.0

Half-Quarter-Linear DNA origami nanostructures:

Reagent Concentration (UM)
Scaffold 0.02

Core staples 0.2

Side staples 0.2

Biotin staples 0.6

Binding staples 0.6
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12HB DNA origami nanostructures:

Reagent

Concentration (UM)

Scaffold
Core staples
Biotin staples

Binding staples

0.02

0.2

0.4

0.4

NRO DNA origami nanostructures:

Reagent

Concentration (UM)

Scaffold
Core staples
Biotin staples

Binding staples

DNA origami vesicle sensors:

Reagent

0.03
0.3
0.6

0.6

Concentration (UM)

Scaffold
Core staples
Dye staples

Biotin staples

0.025

0.25

0.75

0.75
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6.2. Materials and methods

6.2.1.  Design, Synthesis and Purification of the DNA Origami
Nanostructures

For all the DNA origami nanostructures used throughout this thesis, the detailed list of
DNA staples can be found in the supplementary information of the related publications
which are in Sections 8 and 9. For the detalls of all the buffers mentioned, please refer to
Table 1 in Section 7.1.

The DNA origami curvature sensors of this thesis consisted of a 46-helix bundle with a
hexagonal lattice structure. The design was based on the p/560 scaffold derived from
M13mp18 bacteriophages and was created using caDNAno (version 2.2.0).°% In order to
design the nanostructures, initial 3D models were predicted using CanDo.?'? 213 The
design incorporated positions for attaching fluorophores, anchoring moieties (biotins,
ssDNA, or cholesterols), bridging staples and PAINT docking staples. The edges of each
helical bundle were kept as single-stranded segments to avoid potential blunt-end

interactions.

The necessary staples for origami preparation were supplied from IDT (Integrated DNA
Technologies, Inc.), including the single-stranded M13mp18 scaffold plasmid (p7560)
and high-purity salt-free (HPSF) purified unmodified staple oligonucleotides. Additionally,
oligonucleotides labeled with ATTO647N and Cy3B (both HPLC-purified) for various
positions, as well as 5- and 3-cholesterol-labeled and 5 and 3-biotin labeled

oligonucleotides, were obtained from Eurofins Genomics.

The folding of all DNA origami structures was performed using a one-pot reaction mix.
This involved mixing 20 nM scaffold DNA, a 10-fold excess of unmodified
oligonucleotides, a 30-fold excess of fluorophore-labeled oligonucleotides, and a 100-fold
excess of bridging and biotinylated oligonucleotides relative to the scaffold
concentration. The folding was carried out in a folding buffer composed of TxTE and 17.5

mM MgClp, following a multistep thermocycler protocol (refer to Table 3 for details).

In addition to the curvature sensors, other DNA origami nanostructures used as model

testing platforms, including 12HB, Half-Quarter-Linear and NRO, were synthesized using
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the corresponding scaffold strands and temperature programs indicated in Table 2. The
modifications of the DNA nanostructures were arranged using caDNANo (version 2.2.0),
and the modified staple strands were purchased from IDT. The folding of these DNA
nanostructures followed specific multistep thermocycler protocols outlined in Table 3,
with the scaffold strand and the staple strands mixed as specified in Table 4, using the

corresponding folding buffer mentioned in Table 2.

The DNA origami vesicle sensors were based on a 7249 nt scaffold from the M12nm18
bacteriophage. It is crafted from a rectangular DNA origami nanostructure (NRO) with
the dimensions of 70 x 100 nm. Further modifications for the experiments were designed
using caDNANo.5® Mainly, the structure has a 12 nucleotide (nt) single-stranded DNA
(ssDNA) leash, modified with an ATTO647N fluorophore, which acts as the primary probe
for vesicle detection. It further involves staples strands with fluorophore, biotin and
cholesterol modifications for vesicle sensing. Staple strands with fluorophores
ATTO647/N and ATTOb542 were supplied from Biomers GmbH. Unmodified staple
oligonucleotides and those for strand displacement reaction were purchased from IDT.
3' Biotin, 5’ Cholesterol-TEG labeled oligos and an AlexaF647/ control probe were provided

by Eurofins Genomics GmbH.

After folding, the DNA origami nanostructures were purified using different methods
depending on the specific structure (Table 2). Gel electrophoresis purification involved
adding 1x Blue Juice gel loading buffer (Thermo Fisher Scientific) to the folded DNA
origami solution, followed by purification via agarose-gel electrophoresis using a 2.5%
agarose gel containing ROTIGelStain (Roth) in the gel buffer. The gel was run at 60 V for
90 minutes while cooled in an ice bath. The bands containing the DNA origami

nanostructures were then cut from the gel and collected by squeezing with a glass slide.

For PEG precipitation purification, the sample was mixed with a 1:1 ratio of PEG buffer
and centrifuged for 30 minutes at 16.000 g at 4°C. The supernatant was discarded, and
the pellet was dissolved in the corresponding folding buffer. This step was repeated three
times. For DNA origami structures labeled with cholesterol moieties, the folded structures
were incubated overnight with cholesterol-labeled oligonucleotides (10x excess per DNA
origami nanostructure concentration) purchased from Eurofins Genomics GmbH. The

resulting mixture was further purified using PEG precipitation.
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Filter purification was carried out using Amicon Ultra filters (100 K, Merck, Germany). The
samples were centrifuged at 10.000 g and 4°C for 5 minutes, with three washing steps.
Afterward, the filter was inverted and placed into a new collection tube. The purified

samples were collected by centrifugation at 1.000 g for 2 minutes.

The final concentration of all prepared DNA origami samples was determined using a
Nanodrop 2000 spectrophotometer (Thermo Fisher Scientific), and the nanostructures

were stored at -18°C until they were used.

6.2.2. Preparation of Silica Particles

Silica particles of the DNA origami curvature sensors project were purchased from
Polysciences Europe GmbH in three different sizes (50 nm, 100 nm and 300 nm). Prior
to use, the particles were subjected to a T10-minute sonication process using the
Elmasonic P ultrasonic cleaner from Elma Schmidbauer GmbH. To facilitate
functionalization, the particles were mixed with biotinylated-BSA from Thermo Fisher
Scientific Inc. in a 1:1 ratio (10 mg/ml) and incubated at 4°C for 30 minutes. Excess,
unbound biotinylated-BSA was removed by filtration using 100 K Amicon Ultra filters. The
samples were then subjected to three washing steps, with each step involving
centrifugation at 10.000 g and 4°C for 5 minutes. The resulting purified samples were

collected by centrifugation at 1.000 g for 2 minutes.

6.2.3. Preparation of Lipid Vesicles

All lipids were purchased from Avanti Polar Lipids (Alabaster, AL, USA), unless otherwise
stated. Large unilamellar vesicles (LUVs) of the DNA origami curvature sensors project
composed of DOPC (1,2-dicleoyl-sn-glycero-3-phosphocholine) containing Biotinyl-cap-
PE (1,2-diocleoyl-sn-glycero-3-hosphoethanolamine-N-(cap biotinyl)) in 99:1 percent ratio.
For the experiments with DNA origami vesicle sensors, the LUVs were produced using
100% DOPC.
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Briefly, the corresponding lipids dissolved in chloroform were dried under a nitrogen
stream, and the remaining chloroform was evaporated under vacuum application for ~3
hours in a desiccator. The produced lipid film was rehydrated in LUV buffer resulting in a
lipid concentration of 0.5 mM. After seven freeze-and-thaw cycles using liquid nitrogen
and a /0°C water bath, the solution was extruded with a LiposoFast Basic extruder
(Avestin, INC.) using Nucleopore PC membranes with different pore sizes ranging from
50 nmto 200 nm (Whatman, Cytiva Ltd.).

6.2.4. Surface Preparation

The microscope coverslips used in these studies were obtained from Carl Roth GmbH in
Germany, with dimensions of 24 mm x 60 mm and a thickness of 170 pm. Prior to use,
these coverslips were subjected to a cleaning process using a UV-0Ozone cleaner (PSD-
UV4, Novascan Technologies, USA). The cleaning was performed at a temperature of
100 °C for a duration of 30 minutes. Subsequently, the cleaned glass coverslips were
affixed with self-adhesive 150 ul SecureSeal Hybridization Chambers obtained from

Grace Bio-Labs.

For passivation of the glass coverslips, biotinylated-BSA from Thermo Fisher Scientific
Inc. (1.0 mg/ml) was added and allowed to incubate for 15 minutes. This was followed
by further functionalization using NeutrAvidin from Thermo Fisher Scientific Inc. (1.0
mg/ml), with an additional incubation period of 15 minutes. After each incubation step,

the coverslips were washed three times using 1x PBS buffer.

The preparation of various surfaces was carried out according to the methods described

in the subsequent sections.
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6.2.4.1. Surfaces for DNA Origami Curvature Sensors

Flat surface:

For the preparation of flat surfaces, the curvature sensors with a concentration of
approximately 50 pM were immobilized directly onto NeutrAvidin-functionalized glass
coverslips using biotin modifications. This immobilization process was carried out in a
buffer consisting of 1x TE, 17.5 mM MgClz and 750 mM NaCl.

Surface with DNA Nanostructures:

To prepare the surface with alternative DNA origami nanostructures, the nanostructures
were diluted to approximately 100 pM using the corresponding folding buffer.
Subsequently, these DNA origami nanostructures were immobilized on NeutrAvidin-
functionalized glass coverslips. After immobilization, the coverslips were washed three
times using the corresponding folding buffer. Following the washing steps, curvature
sensors with a concentration of approximately 50 pM were immobilized onto the surface
through DNA hybridization. This was done in a buffer containing 1x TE, 17.5 mM MgCl»
and 750 mM NaCl.

Surface with Silica Particles:

To prepare the curved surface with silica particles, the filtered Biotinylated-BSA coated
silica particles were diluted 10x times using 1x PBS buffer. These diluted silica particles
were then immobilized on NeutrAvidin-functionalized glass coverslips for a duration of
30 minutes. Following a washing step using 1x PBS buffer, a NeutrAvidin incubation step
was carried out for 15 minutes, using a concentration of T mg/ml, in order to bind to the
biotin molecules on the silica particles and ensure complete coverage. Subsequently, the
coverslips were exposed to another washing step using 1x PBS buffer. Finally, curvature
sensors with a concentration of approximately 50 pM were immobilized onto the surface
through biotin modifications in a buffer containing 1x TE, 17.5 mM MgCl; and 750 mM
NaCl.
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Surface with Lipid Vesicles:

To prepare the surface with lipid vesicles, the biotinylated vesicles of corresponding size
were diluted to a vesicle concentration of 100 pM using the LUV buffer. These diluted
vesicles were then immobilized on NeutrAvidin-functionalized glass coverslips for
approximately 2 minutes. Following the immobilization step, the coverslips were washed
three times using the LUV buffer. Subsequently, a NeutrAvidin incubation was carried out
for 15 minutes, using a concentration of 1.0 mg/ml. This incubation allowed the
NeutrAvidin to bind to the biotin molecules on the vesicles, effectively covering them.
Afterwards, the coverslips were subjected to another washing step using the LUV buffer.
Finally, curvature sensors with a concentration of approximately 50 pM were immobilized

onto the surface using biotin/cholesterol modifications in the LUV buffer.
Surface with Hela cells:

Hela cells (ATCC) were cultured in DMEM (Gibco, No. 11965084) medium supplemented
with 10% Fetal Bovine Serum (FBS, Gibco, No. 10500064) and 1% Pencillin Streptormycin
(Gibco, No. 15140122). Cells were passaged biweekly using 0.05% Trypsin EDTA (Gibco,
No. 25300054). For the fluorescence lifetime imaging microscopy (FLIM) experiments
with DNA origami curvature sensors, Hela cells were seeded on ibidi eight-well glass-
bottom chambers (No. 80827) at a density of 25000 cells per cm? and allowed to adhere
for 1 hour. Prior to imaging, cells were fixed using Methanol (4°C) for 10 min, followed by

three times of washing with PBS.

DNA origami curvature sensors modified with cholesterol anchors at 6 nm distance to
the hinge position were used to be anchored to Hela cells. In order to minimize
nonspecific adherence of the sensors, cell surfaces were passivated using a 4 mg/mL
BSA solution, followed by three times washing with PBS. DNA origami curvature sensors
were then immobilized onto the prepared cell surfaces at a concentration of T nM in LUV
buffer. The surface density of the sensors was verified under the confocal microscope,

followed by three additional washes with LUV buffer to remove any unbound sensors.
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6.2.4.2. Surfaces for DNA Origami Vesicle Sensors

Similar to the flat surface preparation of the curvature sensors, the vesicle sensor
surfaces were prepared by immobilizing approximately 50 pM of the DNA origami
nanostructures directly onto NeutrAvidin-functionalized glass coverslips using biotin

maodifications. This immobilization process was carried out in the LUV buffer.

For the experiments with lipid vesicles, the vesicles of corresponding size were diluted to
a vesicle concentration of T nM using the LUV buffer. These diluted vesicles were then
Immobilized on vesicle sensor covered glass coverslips for approximately 30 minutes.
Following the immobilization step, the coverslips were washed three times using the LUV
buffer.

6.3. Imaging and Data Analysis

6.3.1.  Single-Molecule FRET Imaging and Data Analysis

To conduct fluorescence measurements for DNA origami curvature sensors and vesicle

sensors, different buffer conditions were used.

For the experiments of DNA origami curvature sensors with flat surfaces, with silica
particles and with DNA origami platforms, the buffer was exchanged to the FRET buffer.
This FRET buffer was designed to enhance the photostability of the fluorophores and
included a reducing and oxidizing system (ROXS)?'* as well as oxygen scavenging agents
all sourced from Sigma Aldrich. It utilized a reducing and oxidizing system consisting of
trolox (Sigma Aldrich) and troloxquinone?'>, with approximately 12% of the trolox being
converted to troloxguinone under UV light. For the fluorescence measurements involving
lipid vesicles, the LUV buffer was used instead of the FRET buffer.

For the fluorescence measurements of the DNA origami vesicle sensors, all the

experiments (without and with lipid vesicles) were performed using the LUV buffer.

All the sm-FRET measurements were performed using a commercial Nanoimager S

from ONI Ltd. in the UK, utilizing Total Internal Reflection Fluorescence (TIRF)
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illumination. Red excitation was employed at a wavelength of 638 nm, while green
excitation was set at 532 nm. To begin, the objective was initially focused on the sample
plane, and the auto-focus function was activated. The light program was configured for
alternating laser excitation, utilizing green and red lasers with the corresponding power
outputs listed in Table 5. For each sample, approximately 10 videos were recorded within
a large field of view measuring 50 um x 80 um. Each video had an exposure time of 100

ms per frame, with a total length of 500 frames (equivalent to 50 seconds).

Table 5. The laser power outputs for the corresponding experiments.

Experiment Green Laser Power Red Laser Power
Curvature sensor 15 mwW 20 mw
Vesicle sensor 5mwW 8 mw

For the FRET data analysis, the iISMS?16 software was utilized, running on MATLAB. The
analysis involved superimposing the individual green and red emission channels. The
peakfinder algorithm was applied to locate donor and acceptor peaks, enabling the
identification of FRET-pairs. From the recorded movies, intensity-time transients of
individual immobilized molecules were extracted. These single-molecule transients were
further analyzed to identify DNA origami structures exhibiting FRET. The FRET
correlation between different channels, such as Ipp (donor excitation-donor emission), lpa
(donor excitation-acceptor emission) and laa (acceptor excitation-acceptor emission),
was investigated. When observing a simultaneous intensity increase in the Iop channel
and a decrease in the Ipa channel coinciding with a spontaneous drop in the laa channel,
the corresponding transient was selected for further analysis. The mean FRET efficiency
for each sensor was quantified as in the following equation by using the intensity
information from the Ipp and Ipa channels for each molecule throughout the entire energy

transfer period:

FRET efficiency = ID—A
Y " Ipp + Ipa

The lpa signal is further corrected to account for the contribution of direct acceptor
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excitation at the donor excitation wavelength and the leakage of donor emission into the

acceptor emission channel. This corrected Ipa is calculated as follows:
Ipa = IDA,raw - Dleakage “Ipp — Aagirect * laa

where Ipa raw 1S the total intensity measured in the acceptor emission channel, 1aa is the

direct acceptor excitation.
When applicable, the correction factors y, Dieakage and Adirect, are calculated as follows:

Dieakage @accounts for the amount of leakage of the donor emission into the acceptor
emission channel upon donor excitation. It is calculated by taking the average ratio of the
intensity in the acceptor emission channel (Ipa(t)) to the intensity in the donor emission
channel (Iop(t)) during the time interval after the acceptor was bleached and before the

donor was bleached, representing a donor-only signal. It can be expressed as:

Ipa (t)>

Dleakage =avg <I ®)
DD

Adirect @ccounts for the direct excitation of the acceptor at the donor wavelength. It is
calculated by taking the average ratio of the intensity in the acceptor emission channel
(Ipa(t)) to the intensity in the acceptor emission channel under direct acceptor excitation
(Iaa(t)) during the time interval after the donor was bleached and before the acceptor was
bleached. This time interval captures the signal corresponding to direct excitation of the

acceptor. The calculation of Adirect IS:

IDA(t))

Agirect = avg <IAA 0)

The y correction factor quantifies the relative difference in the number of photons
measured between the acceptor and the donor for the same number of excited states. It
takes into account the varying quantum yields of the dyes and the wavelength-dependent
detection efficiencies of the detector. In the ISMS software, y was calculated for all

molecules where the acceptor bleached prior to the donor as the following:

_Ipas —Ipap

IDD,Z - IDD,l
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Mean values for all the correction factors were determined by averaging the values
obtained from individual transients. These average correction factors were then used in

the calculations of FRET efficiency.

6.3.2. Fluorescence Lifetime Imaging Microscopy of Curvature
Sensors with Hel a cells

FLIM experiments on Hela cells are performed on a home-built confocal microscope
based on an Olympus IX71 inverted microscope. DNA-origami structures are excited by
pulsed lasers (636 nm, LDHD-C-640; 532 nm, LDH-P- FA-5308B; both PicoQuant GmbH)
in a pulsed interleaved excitation (PIE)?!” pattern with a repetition rate of 20 MHz and a
laser pulse offset of 25 ns. The lasers are coupled into a single mode fiber (P3-488PM-
FC, Thorlabs GmbH) to obtain a Gaussian beam profile and to perfectly overlay the two
excitation beams. Circular polarized light is obtained by combining a linear polarizer
(LPVISET00-A, Thorlabs GmbH) and a consecutive quarter-wave plate (AQWP05M- 600,
Thorlabs GmbH). The light is focused onto the sample using an oil-immersion objective
(UPLSAPOT00X0O, NA 1.40, Olympus Deutschland GmbH). The position of the sample is
adjusted using a piezo stage (P-517.3CD, Physik Instrumente (Pl) GmbH & Co. KG) and
controller (E-727.3CDA, Physik Instrumente (Pl) GmbH & Co. KG). The emission light is
separated from the excitation beam by a dichroic beamsplitter (zt532/640rpc, Chroma)
and focused onto a 50 um diameter pinhole (Thorlabs GmbH). After the pinhole, the
donor and acceptor signals are separated by a dichroic beamsplitter (640 LPXR, Chroma)
into a green (Brightline HC582/75, AHF; RazorEdge LP 532, Semrock) and red (SP 750,
AHF; RazorEdge LP 647, Semrock) detection channel. Emission is focused onto
avalanche photodiodes (SPCMAQRH-14-TR, Excelitas) and the signals are registered by
a time-correlated single photon counting (TCSPC) unit (HydraHarp400, PicoQuant). The
setup is controlled by a commercial software package (SymPhoTime64, Picoquant
GmbH).
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7. Appendix for Section 3

7.1.  Supplementary Information
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1. Materials and methods

1.1.  Design, production and characterization of the DNA origami nanostructures

The curvature sensing DNA origami nanostructures of this work consist of a 46-helix bundle
with hexagonal lattice. The structures utilized the p7560 scaffold derived from M13mpl8
bacteriophages and were designed using caDNAno (version 2.2.0) (Figure $2).' The initial 3D
models were predicted using CanDo.>® The design includes labeled positions for attaching
fluorophores, anchoring moieties (biotins, ssDNA or cholesterols), bridging staples and PAINT
docking staples. The edges of each of the helical bundles were kept as single-stranded segments
to avoid possible blunt-end interactions. Single stranded M 13mp18 scaffold plasmid (p7560)
as well as high purity salt free (HPSF) purified unmodified staple oligonucleotides and 5’- and
3'-Biotin-functionalized oligonucleotides were supplied from IDT (Integrated DNA
Technologies, Inc.). Further for origami preparation, oligonucleotides labeled with
ATTO647N and Cy3B (all HLPC-purified) for several different positions and 5°- and 3’
Cholesterol-labeled oligonucleotides were purchased from Eurofins Genomics. Folding of all
the DNA origami structures was performed in a one-pot reaction mix. In brief, 20 nM scaffold
DNA, a 10-fold excess of unmodified oligonucleotides, 30-fold excess of fluorophore attached
oligonucleotides and a 100-fold excess of bridging and biotinylated oligonucleotides in
comparison to the scaffold concentration were mixed in the folding buffer (1xTE, 17.5 mM
MgCl>) and were subjected to a multistep thermocycler protocol. The details of the folding
program can be found in Table S3.

Besides curvature sensors, all the DNA origami nanostructures that were used as model testing
platforms (12HB, Half-Quarter-Linear, NRO) were synthesized using the corresponding
scaffold strands and temperature programs given in Table S2. Modifications of the DNA
nanostructures were arranged using caDNAno (version 2.2.0) and the modified staple strands
(Table S8) were purchased from IDT. For the folding of the DNA origami nanostructures, the
scaffold strand and the staple strands were mixed as given in Table S4 in the corresponding
folding buffer as listed in Table S2 and were subjected to the multistep thermocycler protocols
depicted in Table S3.

The folded DNA origami nanostructures were purified either by gel electrophoresis, PEG
precipitation or by filter purification (Table S2). For gel electrophoresis, 1x Blue Juice gel
loading bufter (Thermo Fischer Scientific) was added to the folded DNA origami solution
which was then purified via agarose-gel electrophoresis with 2.5% agarose gel (Biozym LE
agarose) containing ROTIGelStain (Roth) in 50 mL of 1xTAE, 12.5 mM MgCl: buffer. The
gel was run at 60 V for 90 minutes cooled in an ice bath. After electrophoresis, the bands in
the gel containing the DNA origami nanostructures were cut out and squeezed with a glass
slide to extract the purified structures. For PEG precipitation, the sample was mixed ina 1:1
ratio with the PEG buffer (12% PEG-8000 (w/v), 10 mM Tris, | mM EDTA, 500 mM NaCl,
12 mM MgCls, pH 7.5) and centrifuged for 30 min at 16000 g at 4°C. The supernatant was
discarded and the pellet was dissolved in the folding buffer which was further mixed with the
same amount of PEG buffer. This step was repeated three times. In order to label the curvature
sensing DNA origami with cholesterol moieties, the folded structures were incubated with ()
the cholesterol-labeled oligonucleotides (20x excess per binding site, purchased from Eurofins
Genomics GmbH) over night at room temperature and further purified by PEG precipitation.
Filter purification was performed using Amicon Ultra filters (100 K, Merck, Germany). The
samples were centrifuged for 5 minutes at 10000 g, 4°C with 3 washing steps. After that the
filter was inverted and placed into a new collection tube. The purified samples could then be
collected by centrifugation for 2 minutes at 1000 g. For all of the prepared DNA origami

3
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samples, the final concentration was determined on a Nanodrop 2000 spectrophotometer
(Thermo Fisher Scientific) and the nanostructures were stored at -18°C until usage.

1.2,  Preparation of silica particles

The unmodified silica particles of 50 nm, 100 nm and 300 nm size were purchased from
Polysciences Europe GmbH. Before use, the particles were sonicated for 10 minutes using
Elmasonic P ultrasonic cleaner (Elma Schmidbauer GmbH). Forfunctionalization, they were
mixed in a 1:1 ratio with biotinylated-BSA (10 mg/mL Thermo Fisher Scientific Inc.) and
incubated for 30 minutes at 4°C, Filtration of the particles was performed using 100 K Amicon
Ultra filters in order to get rid of the excess, unbound biotinylated-BSA. The samples were
centrifuged for 5 minutes at 10000 g, 4°C with 3 washing steps. The purified samples were
collected by centrifugation for 2 minutes at 1000 g.

1.3.  Preparation of lipid vesicles

All lipids were purchased from Avanti Polar Lipids (Alabaster, AL, USA), unless otherwise
stated. Large unilamellar vesicles (LUVs) composed of DOPC (1,2-dioleoyl-sn-glycero-3-
phosphocholine) containing Biotinyl-cap-PE (1,2-dioleoyl-sn-glycero-3-hosphoethanolamine-
N-(cap biotinyl)) in 99:1 percent ratio. Lipids dissolved in chloroform were dried under a
nitrogen stream, and the remaining chloroform was evaporated under vacuum application for
~3 hours in a desiccator. The produced lipid film was rehydrated in LUV buffer containing 5
mM Tris, | mM EDTA, 0.5 mM Trolox and 650 mM NaCl at pH 7.0 resulting in a lipid
concentration of 0.5 mM. After seven freeze-and-thaw cycles using liquid nitrogen and a 70°C
water bath, the solution was extruded with a LiposoFast Basic extruder (Avestin, INC.) using
Nucleopore PC membranes with different pore sizes ranging from 50 nm to 200 nm (Whatman,
Cytiva Ltd.).

1.4.  Surface preparation

For surface immobilization, glass coverslips were cleaned in 100% Hellmanex® III solution
(Hellma GmbH & Co. KG) by ultrasonication for 30 minutes. They were then rinsed with
Milli-Q water and dried under nitrogen stream. The 150 pL SecureSeal Hybridization
Chambers (Grace Bio-Labs) were fixed on the cleaned glass coverslips with the help of the
adhesive side of the chambers.

The glass coverslips were passivated with biotinylated-BSA (1.0 mg/mL, Thermo Fisher
Scientific Inc) and further functionalized with NeutrAvidin (1.0 mg/mL, Thermo Fisher
Scientific Inc.), both incubated for 15 min and washed three times with 1x PBS buffer after
incubation.

Surfaces with different testing platforms are depicted in Figure S1 which were prepared as
described in the next sections.

1.4.1. Flat surface

For the flat surface preparation, the curvature sensors (~50 pM) were directly immobilized on
NeutrAvidin functionalized glass coverslips via biotin modifications in a buffer containing
IxTE, 17.5mM MgCly, 750mM NaCl.
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1.4.2. Surface with DNA origami nanostructures

For the surface with the alternative DNA origami nanostructures, after diluting to ~100 pM
with the corresponding folding buffer, the DNA origami nanostructures were immobilized on
NeutrAvidin functionalized glass coverslips. After washing three times with the corresponding
folding buffer, ~50 pM curvature sensors were immobilized via DNA hybridization in a buffer
containing 1xTE, 17.5 mM MgClz, 750mM NaCl,

1.4.3. Surface with silica particles

For the curved surface with the silica particles, the filtered Biotinylated-BSA coated silica
particles were diluted 10x times with IxPBS buffer and immobilized on NeutrAvidin
functionalized glass coverslips for 30 minutes. After washing with [xPBS, NeutrAvidin (1
mg/mL) incubation was performed for 15 minutes in order to cover the biotin molecules on the
silica particles. The last washing step with 1xPBS was followed by the immobilization of ~50
pM curvature sensors via biotin modifications in a buffer containing 1xTE, 17.5 mM MgCl,,
750 mM NaCl.

1.4.4. Surface with lipid vesicles

For the surface with vesicles, the biotinylated vesicles of corresponding size were diluted to
100 pM with the LUV buffer and immobilized on NeutrAvidin functionalized glass coverslips
for ~2 minutes. Afier washing three times with the LUV buffer, NeutrAvidin (1.0 mg/mL)
incubation was performed for 15 minutes in order to cover the biotin molecules on the vesicles.
The last washing step with the LUV buffer was followed by the immobilization of ~50 pM
curvature sensors via biotin/cholesterol modifications in LUV buffer.

2. Characterization methods

2.1,  Transmission electron microscopy (TEM)

The correct folding of the DNA origami nanostructures and the size distribution of silica
particles were characterized with transmission electron microscopy (TEM). 5 pL of a sample
was incubated for 30 s — 5 min, depending on concentration, on glow discharged TEM grids
(formvar/carbon, 300 mesh Cu; Ted Pella) at room temperature. Afier incubation on the grids,
the sample was wicked off by bringing the grid into contact with a filter paper strip. For the
DNA nanostructures, a 5 pL drop of uranyl formate staining solution (2% uranyl formate
aqueous solution containing 25 mM sodium hydroxide) was applied to the grid, immediately
wicked off, followed by applying another 5 uL drop of uranyl formate staining solution. This
drop was allowed to incubate on the grid for 10 seconds and then wicked off. The grid was
dried for 5 minutes before imaging. Imaging was performed with a JEM1011 transmission
electron microscope (JEOL) operated at 80 kV.

The size of the silica particles was analyzed by manual selection of particles using Imagel
(FUD).*

2.2.  Dynamic light scattering (DLS)

Size and dispersity of extruded LUV suspensions (at a total lipid concentration of 200 uM in
LUV buffer) were determined by dynamic light scattering (DLS). For each sample, 10

5
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cumulative measurements were performed after an incubation time 90 s in disposable
polystyrene cuvettes using a Zetaszier Nano ZSP (Malvern Instruments, Worcestershire,
United Kingdom) with an incident wavelength of 633 nm and a backscattering detection at
173°. The intensity- and number-normalized size distributions of the various LUV samples
were calculated from the correlation functions using the Malvern General Purpose Non-
Negative Least Squares (NNLS) algorithm provided on the manufacturer’s software (Malvern
Zetasizer Software 7.13).

3. Imaging and data analysis

For the fluorescence measurements on a flat surface with silica particles and on the DNA
origami platforms, the buffer was exchanged to the FRET buffer containing a reducing and
oxidizing system (ROXS)® as well as oxygen scavenging agents in order to increase the
photostability of the fluorophores. In particular, we used trolox/troloxquinone® as the reducing
and oxidizing system in a 10mM Tris-HCI, 1 mM EDTA buffer with 1 % (wt/v) D-(+)-glucose
(Sigma Aldrich, USA), 165 units/mL glucose oxidase (G2133, Sigma Aldrich, USA), 2170
units/mL catalase (C3155, Sigma Aldrich, USA), 1 mM Trolox (~12% was converted to
Troloxquinone under UV light) and 12.5 mM MgCl>. LUV buffer was used for the fluorescence
measurements with lipid vesicles.

The single-molecule Fluorescence Resonance Energy Transfer (smFRET) measurements of the
curvature sensor were performed on a commercial Nanoimager S (ONI Ltd., UK) with TIRF
illumination. Red excitation was applied at 638 nm and green excitation at 3532 nm. The
objective was first focused into the sample plane and the auto focus was activated. The light
program was set to alternating laser excitation of green (15 mW) and red (20 mW) lasers. For
each sample, ~15 videos were acquired in a large field of view (50 pm x 80 pm) with 100 ms
exposure time per frame with a length of 500 frames (50 seconds).

For the FRET data analysis, the iSMS software that is run on Matlab” was used. The individual
green and red emission channels were superimposed and with the peakfinder algorithm donor
and acceptor peaks were localized and FRET-pairs were defined. Intensity-time transients of
individual immobilized molecules were derived from each of the movies. These single-
molecule transients were analyzed in order to identify individual DNA origami structures
showing FRET. Typical FRET correlation between the channels of Ipp (donor excitation-donor
emission), Ipa (donor excitation-acceptor emission) and Iaa (acceptor excitation-acceptor
emission) was examined. When an intensity increase in the Ipp channel and a decrease in the
Ipa channel upon spontaneous drop in the Iaa channel were observed, the transient was picked
and the mean FRET efficiency for each sensor was quantified from the intensity information

of data channels Ipp and Ipa for each molecule over the whole period of the energy transfer as
IDA

FRET ef ficiency = ———————

Y Iop+ Ipas

The Ipa is corrected for direct acceptor excitation at the donor excitation wavelength and
leakage of donor emission into the acceptor emission channel. The corrected Ipa is calculated
as

Ipa = "DA,raw s Dieaknge “Ipp = Adirect * Laa

where Ipa, raw 18 the total intensity measured in the acceptor emission channel, Ia4 is the direct
acceptor excitation.
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Wherever applicable, the correction factors v, Dieakage and Agirecr, are calculated as in the
following:

The Dieakage accounts for the amount of leakage of the donor emission into the acceptor emission
channel upon donor excitation and is calculated as

I'DA(t))
Ipp(t)

in the time interval after the acceptor was bleached and before the donor was bleached,
corresponding to a donor-only signal.

Dieakage = avg (

The Agire accounts for the direct excitation of the acceptor at the donor wavelength and is
calculated as

Ipa (t))
Lia(t)

in the time interval afier the donor was bleached and before the acceptor was bleached.

Agirect = avyg (

From individual transients, we calculated average values for all the correction factors and used
them for FRET efficiency calculations.

The v correction factor describes the relative difference in the number of photons measured of
the acceptor and the donor for the same number of excited states. It accounts for the different
quantum yields of the dyes and the wavelength dependent detection efficiencies of the detector.
In iSMS y was calculated for all molecules in which the acceptor bleached before the acceptor:

_Ipaa—Ipaz
Ippa — Ippa

From individual transients, we calculated average values for all the correction factors and used
them for FRET efficiency calculations.
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4. Figures
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Figure S1. Sketches of surfaces as different testing platforms. (a) Flat surface passivated with BSA-
Biotin-NeutrAvidin (b) Surfaces with flat and curved DNA origami nanostructures (¢) Surface with
silica particles (d) Surface with lipid vesicles. All the testing platforms were attached to the passivated
glass coverslips via biotin anchoring moieties.
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Figure S2. CaDNAno design of the curvature sensor. Zoom in to see details. Donor positions are
colored in teal, while acceptor positions are in magenta. Positions of the anchoring moieties are colored
in orange, bridging staples are in pink and PAINT docking cites are in cyan. Edge positions and core
staples are colored in blue and black respectively, and M13 p7560 scaffold is colored in gray. List of
all the unmodified and modified DNA staples that are incorporated in the DNA origami design are
found in Table S5 and Table S6.
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Figure §3. Calibration curves of (a) FRET efficiency vs bending angle from the experiments performed
with DNA nanostructures (b) FRET efficiency vs measured particle diameter from the experiments
performed with Silica particles and lipid vesicles. Experimental particle size values are plotted from the
TEM data of the silica particles and the DLS data of the lipid vesicles. The error refers to the standard
error (SE). The data point for 200 nm particle diameter is masked as we could not obtain a reasonable
mean number-normalized diameter.
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Figure S4. FRET efficiency distributions of the curvature sensor on Half, Quarter and Linear DNA
nanostructures with only one anchoring moiety on one of the blocks. The illustrations on the right side
show the possible movements of the curvature sensor on the testing platforms when one of the blocks
is free. Number of molecules used in data analysis is 157 for Half, 147 for Quarter and 158 for Linear
DNA nanostructures.
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Figure S5. FRET efficiency distributions of the curvature sensor on (a) BSA-Biotin-NeutrAvidin
coated glass coverslips (b) surface covered with 1/100, (¢) 1/20, and (d) 1/10 diluted silica particles.
Number of molecules used in data analysis is 84 for the sensor on functionalized glass coverslips, 136
for 1/100, 128 for 1/20, and 121 for 1/10 diluted silica particles.
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Figure S6. Characterization of Silica particles. (a) Corresponding negative-stain TEM images of the
silica particles. (b) Size distributions of 50 nm, 100 nm and 300 nm Silica particles (from left to right)
and FRET efficiency distributions of the curvature sensor on silica particles of corresponding sizes. The
error refers to the standard deviation (SD).
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Figure S§7. Curvature sensor in the reversed design with the FRET pair positioned on the sides of the
sensor blocks. FRET efficiency distributions of the curvature sensor on 100 nm, and 300 nm silica
particles, and on a flat surface of a passivated glass coverslip together with the illustrations of the sensor
in different conformations on these platforms. The error refers to the standard deviation (SD).
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Figure S8, DLS data of the lipid vesicles. (a) Number distributions of 50 nm and 100 nm, and (b)
intensity distributions of 50 nm, 100 nm and 200 nm vesicles. The error refers to the standard error (SE
of the mean).
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Figure 89. TEM images of the (a) curvature sensor, (b) Half, (¢) Quarter, (d) Linear, and (e) 12HB
DNA origami nanostructures.

5. Tables

Table S1. The list of buffers with recipes.

Buffer Recipe

FOBI17.5 10 mM Tris-HCI, 1 mM EDTA, 17.5 mM MgCls

FOBI12.5 10 mM Tris-HCI, 1 mM EDTA, 12.5 mM MgCl:

FOB20 5 mM Tris-HCI, 1 mM EDTA, 20 mM MgCls, pH 8.0

Gel Buffer 40 mM Tris, 20 mM Acetic acid, | mM EDTA, pH 8.4

PEG Buffer  12% PEG-8000 (w/v), 10 mM Tris, | mM EDTA, 500 mM NaCl, 12 mM
MgCly, pH 7.5

LUV Buffer 5 mM Tris-HCI, 1 mM EDTA, 0.5 mM Trolox and 650 mM NaCl, pH 7.0

FRET Bufter 10 mM Tris-HCI, 1 mM EDTA,1 % (wt/v) D-(+)-glucose, 165 units/mL
glucose oxidase, 2170 units/mL catalase, | mM Trolox, 12.5 mM MgCl»

PCA/Trolox] 2 mM Trolox (6-hydroxy-2,5,7 8-tetramethylchroman-2-carboxylic acid) 25

2 mM PCA (protocatechuic acid) 2 M NaCl 40 mM Tris base 20 mM acetic
acid 1 mM EDTA-Na2-2H20

S0x PCD 2.8 mM PCD (protocatechuate 3,4-dioxygenase from pseudomonas sp.) 50%

glycerol 50 mM KCI 100 mM Tris HCl 1 mM EDTA-Na2-2H20
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Table S2. Scaffold strands, folding programs, folding buffers and purification techniques used
for the folding of the DNA origami nanostructures (curvature sensor, Half-Quarter-Linear,
12HB, and NRO).

DNA Origami Scaffol Folding Folding Purification technique
Nanostructure d Progra buffer

m
Curvature sensor p7560 1 FOBI17.5 Gel electrophoresis
Half, Quarter, Linear P7249 1 FOB20 PEG precipitation
NRO P7249 2 FOBI12.5 PEG precipitation
12HB pg064 | FOB12.5 Filtration

Table S3. Folding programs used for the folding of the DNA origami nanostructures.

Folding program (1) for curvature semsor, Half-Quarter-Linear and 12ZHB DNA origami
nanostructures

Temperature (°C) Time per °C (min) Temperature (°C) Time per °C (min)

65 2 44 75
64-61 3 43 60
60-59 15 42 45

58 30 41-39 30

57 45 38-37 15

56 60 36-30 8

55 75 29-25 2
54-45 90 4 Storage

Folding program (2) for NRO DNA origami nanostructures

Temperature (°C) Time per °C (min)

90 15
80-20 1
4 storage

13

114



Table S4.
nanostructu

Folding reagents with final concentrations for different DNA origami

Ies.

Curvature sensor

Reagent Concentration (uM)
Scaffold 0.02

Core staples 0.2

Dye staples 0.6

PAINT docking 0.6

staples

Biotin staples 2

Bridging staples 2

Half-Quarter-Linear DNA origami nanostructures

Reagent Concentration (uM)
Scaffold 0.02

Core staples 0.2

Side staples 0.2

Biotin staples 0.6

Binding staples 0.6

12HB DNA origami nanostructures
Reagent Concentration (uM)
Scaffold 0.02
Core staples 0.2
Biotin staples 04
Binding staples 04

NRO DNA origami nanostructures
Reagent Concentration (nM)
Scaffold 0.03
Core staples 0.3
Biotin staples 0.6
Binding staples 0.6

Table 85. The list of unmodified staples for the curvature sensor.

Name Sequence (5" to 37 end)
Cooo AGAAAAGAGATAACCCACAAAATAAGAA
Coo1 CGTTTTTCCGCACTTCTATCAGCGATGGAAATACCTTTCTGACATCTTA
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cooz

GAAAAAGATATATTTTAATGGTTTTTAG

Ccoo3 CAAAATATTCAACATGTAATTTAGCGTA

Coo4 TGAATATTTTTGAAAGTATTA

Ccoos GGAGTTATTTTCATACTTTGCCCCTCAGATTATTCAAGTATTGACTCCT
Coo6 CAACCAATCATAGGTCTGAAAATAGTGATTTAAC

coo7 AGCAAGGCCGAGAGCTAATAGACGTAATC

Coos CCAGCGCCAAGTGGGAAAATTCAT

€009 AGTAGAGTAAGCAGATCCATTTGGGA

co1o TGACCTGGCTGGCAAGAAGG

Co11 GACTTCTTGATGGCTCGCTATTCGAACC

Co12 GCCAGTCACACTCACCAGCGATTACCAG

Co13 TGAGATGAACTTTAAATCTTGACAATCGTGCGGAAGAACCGG
co14 CAGCAAAATCTCTTACCGAAGGAATCAGCAAGC

Cco1s GAGACTCCAGGGTGGTTTT

Ccole GAGCTAACTGCGTTGCCATGTA

co17 AAGCCCCGTTGGGTAAAATTACAAAGCGGTAAAACTACATAACGCCAAA
CO18 AAATTGGTTTTGCAATTATCGAGCCAGC

co19 TTTGCGTATTGGCAACGCGCGGGG

C020 CGATTTCGTTTAATAAAAACCGAGGCTTTTAGAAC

coz1 AACGCATCCAATTGAGAATCG

co22 GTCACAATCAATATGGTCGTGCC

€023 TTCTCCGAACCGCTTAAGGCTCGCTCGCTTTCGGTTAAGCTACGTGGT
co24 CACCGCCTGGCCCTTACACCACGGAATAAG

co2s TATCAAACGTAAAATTAGATT

C026 AATGAATGGATTTTTTTCAACAGACAACAAACTTTGCCACCAG
co27 AAACAAACATCAAGAAAGGCGAAATAAA

co28 GACGGAAATTATTCGAACGGAAGGTAAATATT

cn029 TTTACCGCTGAATAGAAAGGAGAATTGCGAATAAG

C030 CAGCTTGTTGACCCTCTTTGCACAACAAAGTAAGCGCTTTTG
C031 ACCACCAGAGCCGCACATGGTCATCGCGCTGAA

cn3z2 AATGCTAGAGGCTTGCAACGGGTAATTGAGCTTAAAATACGT
C033 TATTACGTTTTAGCGAACCTTTTCTAAGAACGCGATAGAAGG
C034 CAATAAAAATTTGACTCCTGGGCAAAAT

C03s GGCAGGCCCATTGAGAAGCAAGCCCGAA

C036 TTTTCAACCACTGAACACCCTAGAGGGTAATTGAC

C037 CCAATACTCATAAATAGACGA

C038 TTGAATCGGCTGACCGTCAGGGATGCATTTCACA

C039 CGOTCCACGCAGTTTGAGAGAGTT

Co40 GCATTAAAACGGTAATCGTTA

C041 AGTGCGTTCATGATGAAATTCATAATCAAAAT

o042 GCTGTAGTTTAAATATGCATT

C043 AAGGGAGCGATAGCCATGAGG

Co44 GTACCAAAACGGGCCGGTGACATCAGAA

C045 GGCTTAGCTGAATACGTTATGTTACCTT

C046 CAGTTGGGTTGAAAGGAATGAAATAAAG

co47 GCATTGCCCCCTTGCCATCGCCCTGCC
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Co48

GCATAATTTTTTCACGTTAATTCACATTTGGCCTTG

Co49 CAAAATTAATTACATTAAAATCATTATA

Cos0 ATTCAGGACCAGAGTAAGAGCAACACTGGAGAATCGAGAGGC
Cos1 AGACTAAACAAAAGATTAAGACCCACATAATACCG

C052 ACTTGCGGGTGGTTTGCCCCAGCAGG

Cos3 GAGTAGTAAATTCTCAGCTTTCAGAGGCGAAAGACCGAGGGTATACCGAC
C054 CTAAAGTTTTGTCGTCTTTCCAGACGTATTTCGGATA

C055 CCGATTGAGGGAGTGGCCACCAC

Cos56 ACCAGTACGCCTGTAGACAGCC

cos7 AACCGAATTGGAACAACATTAAAAGATTCCATGTTATTGTGT
C058 GAAGATGATGAAAAGCAATTACCTGAGCAAAATAAACAGCGC
C059 CAGACAATCTGTAAATGTAAGAAAGCCGAAGGATTTTTGATT
Co60 GATAGCAGCACAACGTCACCAA

co6l TATAGAGAGGATAAAGTTGAGAACGGAGATTTGTCTAGCGCGACCAAAA
C062 AAACAAATAAATCCTCAGCTTGGGAGCCT

C063 CTTATCCTAGCAAGCAAATCAGAATAAATCAAAAGA

co64 CGAAATCTATATCATCGCCTGATTCAAA

€065 GAGCCACCACCCTCAGAGATAAGTTTTAACTCTAGTA

C066 CGCGCCTAACAACAATAAATCAAGTAATTGAGAAGGTGCATTCAGAGTA
co67 TAAATGAGCTTCAAAGCGAATAAACAAAGTTTAATTCCGGTT
C068 GTTGATAATTATGACTTTTGC

€069 CAGTGAATAAGGGGGGTAACCGTTCTAGAAAAGTTTTGCCAG
Cco70 TCATATCAAAAGGAAACGCAGCGGATTGCATCATTTTATAGT
Co71 CCATATAACAGTCATAGCTATAGGTCAT

cn72 TTAATTGCGAAAAATCCAACGACCTGCTCAAATGG

C073 TAACATTGGGTTATCGAACAAACCAGAAGGTATTAACTCGAG
c074 ATGATAGAAAAATCAAACGAACTAACCCCCTACAC

can7s ACATAAAATGTTAGGTTGCTAGTTTTGAAGCCTTAGTTCCCG
C076 CTGATCTAAACAGTGTGAATTGAGGCGCGCATACC

co77 AATAGGAACCGCTCACTG

ca78 TTAATTTCCTAAATTGTCTTT

co79 CCCAATTCTGCGAATAGTTTGTCGCCCTGGAGTGAACGAGAA
CO80 AGGCAGGTCAGACCAGCATTGACA

Cosl1 AGATACCTTAGAAAATAACGG

cns2 TGCCTATCAATCTACAAAGGCTAAAAAG

CO83 CAATAATAAACCAGAAGTTCT

C084 GTCTTTCCAGAGGCTTACCAACGCTAACGGAATTT

C085 TCCCTGATTTCTTACCAGTATAACTATATGTTGCTTAACCTA
CO86 TTAGTACCGCCACCCTCAGCAAAAGAGGAAACG

C087 GCAGATTCGAGTTAGAGGAAGTTTCATT

C08s8 AACGTCAAAGGGCGATAACCAGTAGCACCA

CO89 GAGTTAAGCCCAAAAGAAACAATGACCGTGTGATTTAGAATT
C090 CGAAAATCCTGTTTGATCGCAAGACAAAAGGGCGACAT

C091 GCCGCCACCCGTAACCTTGATCAGAACCGCCACCCTCA

c092 TAAACCTGTTAGTAAGTTATATTGGAAC

C093 AGTGCCGTCGAGAGGGTTGAGTAGCGC
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C094

CGTCAGACTTATAAGTAT

C095 TGTCTGGTTGTGAACGATTTTTCATTATACGTTIGGTGAAAGAACAAGGG
C096 ACAAGTCGAACACGCCGAACAAAGGAAACCGCGCC

c097 CGCCCACTACACTACGAAGGCACCAACCGAGGCAAAAGAAAT
C098 TCCATATATCATCTCGAAACCCAAAGGCTTGAATTACAGCCC
C099 GCTTGTTACCTCGAACCGAGCATATAAAGACGGAGGAT

C100 TTCATGTCTCAATCCATTAAG

C1o1 CTAATGCAGATAGCTATGTACGGCTTTA

clo2 AATTATGTACAGGGAAAAATG

c103 CCGCTTTCCAGGATAGCAAGCC

Cl104 AAATCAATATATACAAAGAACCAATAATAATTTAC

C105 CTTCTGATAGATTAGAGCCGTCTTCTGA

C106 GACGACATGTTCAGCTCCTGAATAATAATGCAGAA

c1o7 CAATAGCAAAACCGCATCGAGAACTATT

C108 CCTTATTAACCAATGCGAGAAAAAATCC

C109 CGTTTGCATCATGGTATTAAACCAAGTAATTCATTCCAAGAA
Cl10 TACCATCATACTAAAGTACGG

Cl11 GCCCGGAATAGGTTTGCCTTTA

Cl12 CTACCTTTTAATTTTAATTTA

Cli3 AATAGGCAAGAGAGTCTATCATAACCCTTAATCAAGTGGCAT
Cl14 ACAATTTCATTTAATGGTTTGCCCACTACGTGAAC

Cl15 AGTAATATACGTGAATTACTGCACGGAT

Cl16 ACCTCCGATAGATAAGTCAGAGATTATCAGGTGAG

Ccl17 TTTGCCAAGAGAAAATAAATCAATACAT

CII8 ACAGTAGGGCTTAAATAAGAAGTTTAAC

C119 AAGTTACAATATCATTTAGAATCGCGCAATTACTA

C120 ATTCGACCTTACATCCTTTCA

C121 AAAACAAAGCTGCTACGGGCT

C122 TCAGTGCAGTGCCCTTAATGCTTTCGGACAGATTAAGAAGTT
C123 ACCCAATTTATCCTGCAACATCGCAAAGGCACCCA

Cl24 AATCGCACTGAACATATCCCA

Cl125 TGGTACCTCAGCGGAGTGAGACCAACTTGAACAGGAGTGTAC
C126 ACCGGAAACAGGTCAGTACCT

127 GTCCACAATTGTTGTTCCA

CI128 AATGCTGATGCACGGTTATATAAAATAGATGAAAGC

C129 CAATAGATCATCGTAGCCCTTGAAATAG

C130 TAAAGTGTAAAACTACATACGAGC

Cl131 AAGACGCTCTGTCCAAGTACCGACAAAAGAGTAATAAGAGAA
C132 ACCGAGCTCGAATTCAATGGCCGACGTAATCATG

Cl133 TTAATTGTAAGAGGTCCGAAATAAAAATTTTTGTC

Cl34 AATGAACAGATGAACGGTGTACAACAACGCTAAGA

Cl35 AGCTTGCCCGCTGAAAGAGTGCTCTATGAGCAACG

Cl136 GCTACTAAAGATTACAAACGTTTCTCCT

C137 CCAGAGCCACCACCGCCTACCCCTGGAACCGCCT

C138 GTCAAAACAGCCTTATAACATAAGCGCA

Cl139 CATCATATTCGGAGGGATTAGCGGGG
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C140

ATTCCACACATTCGAGGTGAATTTCTGGTTTATCATTAAA

Cl41 TATAATACCCTGTCGCGTTACATTTAGGTCGGTAGTTACAAA

C142 GAGCATGGGAATAAAGAAATAATCAACAGCTTAGGAGAGAGA
Cl143 ATATTCACAAGAGTATAACAGGTATACAACTAAAGGAGGAAG
Cl44 GATTTTCTCAGATGAATATATAATTTATCAATCCTTGAAAAC

C145 CAAGAGATACAGGAGCATGATTAAGAGGGAATACCACGGGAG
Cl46 ATAACAAGAGCATTAGGTAAAGATTCTTCATGCCTTGCAAGAAAACGAG
C147 AGATAGGGTTGAGTACCATTAAAGGTGAAT

Cl48 TCACCGACTTGAGAGTACTCAGG

E000 AATCAAAAATATTTTAGACAGACGACAAGAGTAATGTCTGCCAGT T
E001 TTGAAACTGCCGTCTAAAAATTTATCGCACTCCAGCCAGCTTTTTT
E002 ATTCTCCGTGGGAAAAATTCTGATCATCAATATGCGGCCGAGAAAGT
E003 FITTTTGGGAAGGGCGATCTCTTCGCTATT IR

E004 ITTTTTCGCCATTCGTGCGCAACTGTTTITITI

E005 TTTTTTTTAGACAGGAACGGTGAGACACGCTACGTGGCA

E006 I'TTTTITTTGAGGGGTATCGGCCTTTTTT

E007 FTTTTITAATGGGAAAACATTAAATGT I T

E008 TTTTTTGCTGGTAATATATTACCGCCATTTTTT

E009 ITTTTTTTTGTTAAATCAGCTC

E010 ITTTTITCCTGTAGCCAGCTTTAATTCGCGTCTGGCCTTTTTTT
E011 AACTAAAAAGCAAAAGTTTTTTGGGGTCGATT T

E012 ITTTTITGGATTATTTACTCACCAGTCTTTTITT

E013 ITTITIGAATCAGAGCGGGATGAACCTTGCGCCCAACAG

E014 CATCAATTTGTCAATAGATAATAGGCGCTGTTTTT

EO0IS TTTTTTACACGACCAGTACTATGGTTGTTTTTT

E016 TTTITITAATCAGTGAGGCCGTGAGCAGAGACGCGCGAA

E017 ITTTTITACCTACATTTTGATGAAAACGCTCATGGAAATITITI
EOIS ITTTTTGAGCGAGTAACAAATTGTCAACCTTTTTTT

E019 ITTTTTGCAAGTGAACCCGCTCAATCGTCTGAAATTTTIT

E020 ITTTTTAAGCCGGCGAACGTCAAAGAGCTTGACGGGGATTTTTT
E021 ITTTTTCGCGTAACCACCACGACTTAGCGGTCACGCTGTTTITTT
E022 AAATTCGTCAGGAGAAACGACGGCCAGTGCTTTITTT

E023 ITTTTTCTTTGACGAGCACGCAACACAAATTATAACGTTTITTI
E024 TTTTTTCTTAAGTGTCCTTAGTGAATTCATGCGCACGATTITIT
E025 ITTTTTGCCATTGCAACAGGAAATACGCCAGAATCCTTTTTTT
E026 TTTTTICGATTAAAAATCTAAAGCA

E027 TTTTTTTAACCCCGCTTCTAATCTACCGGAGATTAGCGAAAAATTT
E028 TTTTTTGGAGCGGGCOGCTAGCATAGGAAGAAAGCGAAATTTTTT
E029 GGOGGGATGTGCTGCAATT T

E030 TTTTTTCCTGAGTAGAAGAACTCATCGAGTAACACCAGCAGAAGAT
E031 GOGGUCGTAGATTGGAGACAGTCATAGGTCTTTTITT

E032 FTTTTICGCAAATTAACCGTACAAGAGTCTGTCCATCATTTITT
E033 ATACATTCTCAGATATTGGGGTAAACAGGAGGCTTTTTT

E034 TTTTTITITCCGGCACCGCTTCTGGCAGGCAAAGTTTTTT

E035 AAGGAAGGATGGAACAATCCAGCTAAAACTATCGGCCTTITITIT
E036 CGGAATTTCTACAAACAATTCGAGGCGAGA T TTT T

18

119



E037 TTTTTTGGTGCCGTATCGGAACCCTAATTTTTT

E038 FTTTTTGAACGCCATCAACAGGGTGGATGT T

E039 FTTTTICAGGAAGTTTTAAATTGTAAATTTTTI

E040 TTTTTTCGTGCATGTTTTAACCAATAGTTTTTT

E041 TITTTTCGTTAATATTTTCCAGGGTTTTCCTTTTTT

E042 FITTTTAAGATTGTATAAGCAAATAATCAATGTCATAGAACCC
E043 TTTTTTGCGCTTAATAGGGCGCGTAATAA

E044 GAGAGTCATCACCAAACGGCGGATTGACCGTTTTTT

E045 FTTTTTACGTTGGTGCATCGTAACT T

E046 ITTTTTGGCGATTAAAAAAACAGGTTTTTY

E047 TTTTTTCAAGCTTTCCATTAAATTTTTTTT

E048 TAAAACATCAGTAATGATTGCACCGAACGATGTAGCATTTTTT
E049 TCATTTGGGGCGGTGCCTGTTATAACTGACGCTATGGGTACCGTCGG
E050 FTTTTTGAGAAGTCCGCCTGCAACAACGTCTTTATTAAT

E051 TTTTTTATACTTCTTTAACATCACTTGTTTTTT

E052 FITTTITCTTCTAAGTGGTTCGAGCTGAAAAGTTCTACT

E053 TTTTTITGCTTTCTCAATCAATATCTGTAACGAGGTTGT

E054 TTTTTTCAGTCACGACGTTGCAGGCTCATATAAATAGTA

Table S6. The list of modified staples for the curvature sensor. Donor positions are colored in
teal, while acceptor positions are in magenta. Positions of the anchoring moieties are colored
in orange, bridging staples are in pink and PAINT docking cites are in cyan.

Name Sequence (5" to 3 end) Replace
Cy3B-labeled donor dye staples
GOl-mod | ATGAGTAAACAGGTGACCTCCTGGTTGGT-Cy3B GOl
G02-mod | AAAGCGCAGTCTATGAAAATCAGGCTCCAAAGCCTGGGGICy3B|TGCCTAAT | GO2
ATTO647N-labeled acceptor dye staples
ROI-mod | ATTOGTN-CGGCAAAATCCCTTTAGGGGTGGTTCCGA ROI1
RO2-mod | GCAT[ATTOG4TN|TAATGAATCGCCATAAACAGGCGCCCTAA RO2
Bridging staples
BOl-mod | GTGATAGATACCGTGAAATTGTTATCCGCT TTCACCAGT B0l
B02-mod | AAAGAACGTGGA GTAAGCAACTCGTCCGGAA BO2
B03-mod | TATCCTGAAGGGCAACAGCTGATTGC TAGCTGTTTCCT BO3
B04-mod | AGCATGGTGGGCACGAATATA GGAACAAGA BO4
Anchor staples
A01-mod CGGAATCATAATTCATTTCGG A0l
A02-mod CTGTATGTTTCTCATAGTTAGC A02
A03-mod GTTTTTGCTCAGTACCAGGAC A03
A04-mod CTGGATAGATATTCAATAGTA AD4
A05-mod TCAGTATTAACAGTTTTTATTTITT A0S
AD6-mod CCTAAAGACAACGTAACACTGA A06
A07-mod ACGGTCAATCATTAAGCCGGAACGAGGC A07
A08-mod U GCAGCAAATGAAAGGGATTTTITTITT A08
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A09-mod CCACAGTAACAGTACGGGAGAAAGCTCA AD9
Al0-mod AATATCAAACCCCTCGTTATTITTT AlD
All-mod | TTAGAACCGCCACCCCACCCT All
Al2-mod CGTTATACAAATGCTTTGACA Al2
Al3-mod ; CCAAATCAACGTATGTTTAGA Al3
Ald-mod CCAGGCGCATAGAATGCTTTA Al4
AlS-mod | TCATTTTTACGATGGTCGGGAA AlS
Al6-mod CAGAAGCAGGTCTTTACCCTGGGCCATA Al
Al7-mod | TAATATCAGCGACAGAATCAAGTGTATC Al7
Al8-mod ¢ AACAGTTCATTGAATCCCCCTCAGCTGGC AlS
PAINT docking site staples
POl-mod | CATCACCCAAATCAGTTTGAG A A TGO PO1
P02-mod | TTTTTTACGCCAGCTGGCGAAGAGCGCCTCAAGGGGGAT « 0 1 Po2
P03-mod | ATAACAAGCACTAATGGAAGGACTAAAATTATCCA P03
P04-mod | TACTCCAGCAAAAGCAATAAAATAAA AV TGOOOG P04
PO5-mod | AAGCTACGCGCCGGTATCTTTAGACCCGCCTTTTTT A vt oo P05
PO6-mod | TTTTTTTATGACAATGTCCCAAATGTTCGCGCCAAAATTTTTT » v c o P06
PO7-mod | ACACCGCAAAAGTGTTTACGCACCATTAGATACATGTTGATT v T PO7
POB-mod | TTTTTTAGGGAGCCCCCGATTTATCCTTTGCCTAATTTT v oo PO8

Table 87. The list of modified staples for the external labeling of the curvature sensor.

Name Sequence (5° to 3" end) Modification

8 nt aptamer imager CGGGCATT-Cy3B Cy3Bon 3” end
Bridge complementary ccreecrecee

Biotin-5" -GTGATGTAGGTGGTAGAGGA Biotin on 5" end
Biotin-3" TAACATTCCTAACTTCTCATAA- Biotin on 3" end
Cholesterol-5" -GTGATGTAGGTGGTAGAGGA | Cholesterol on 5 end
Cholesterol-3° TAACATTCCTAACTTCTCATAA- Cholesterol on 3" end

Table S8. The list of modified staples for the application of curvature sensor on the other DNA

origami nanostructures (Half-Quarter-Linear, 12HB and NRO).

Name Sequence (5" to 3" end)

12HB-fixed AATAACGCGCGGGGAGAGGGTGATGTAGCGTGGTAGAGGA

12HB-18nm ACTACCTTTAAACGGGTAACAGGGAGACGGGCAGTGATGTAGGTGGTAGA
GGA

12HB-29nm TCGTTCACCGCCTGGCCCTGTGATGTAGGTGGTAGAGGA

12HB-42nm TACCTGGTTTGCCCCAGCAGTGATGTAGGTGGTAGAGGA

12HB-Biotin-1 GTACATCGACATCGTTAACGGCA-

12HB-Biotin-2 AACGCCAAAAGGCGGATGGCTTA-

|2HB-Biotin-3 AAGAAACAATGACCGGAAACGTC-

12HB-Biotin-4 ATACCACCATCAGTGAGGCCAAACCGTTGTAGCAA-
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Half-T3 CAGCCGTCGAAGCGCAGTCTCTGGTGATGTAGGTGGTAGAGGA

Halt-T6 ACAAAGCCCCTGCCTGAGTAATGGTGATGTAGGTGGTAGAGGA
Half-Biotin-1 TTATCAGATGATCGGGACT-

Half-Biotin-2 AGGGTGAGAAAATGTCAAG-

Quarter-T3 ACCCGTCGAGAGCGCAGTCTCTGTGATGTAGGTGGTAGAGGA
Quarter-T6 AACCCAAAAATGAGTAATGTGTGTGATGTAGGTGGTAGAGGA

Quarter-Biotin-1 | ATTCCTGATTACTTTTACCT-

Quarter-Biotin-2 | GTGAGAAAGGCCAATCATCA-

Linear-T3 AAGTGCCGTGGAAAGCGCAGTGTCGATGTAGGTGGTAGAGGA
Linear-T6 AGACAGGAAATGTGTAGGTAAGTGATGTAGGTGGTAGAGGA
Linear-Biotin-1 ATTATCATCATAAACAGTATG-

Linear-Biotin-2 AAGGCCGGAGACATGTACCTC-

NRO-fixed ACACTCATCCATGTTACTTAGCCGAAAGCTGCGTGATGTAGGTGGTAGAGG
A

NRO-42nm GCTTTCCGATTACGCCAGCTGGCGGCTGTTTCGTGATGTAGGTGGTAGAGG
A

NRO-Biotin-1 -CGGATTCTGACGACAGTATCGGCCGCAAGGCGATTAAGTT

NRO-Biotin-2 -AGCCACCACTGTAGCGCGTTTITCAAGGGAGGGAAGGTAAA

NRO-Biotin-3 ~-ATAAGGGAACCGGATATTCATTACGTCAGGACGTTGGGAA

NRO-Biotin-4 -GAGAAGAGATAACCTTGCTTCTGTTCGGGAGAAACAATAA

NRO-Biotin-5 -TAGAGAGTTATTTTCATTTGGGGATAGTAGTAGCATTA

NRO-Biotin-6 ~GAAACGATAGAAGGCTTATCCGGTCTCATCGAGAACAAGC

6. Appendix A - Calculations

In order to estimate the working range of our curvature sensor, we performed multiple
calculations. First of all, the expected FRET efficiencies for different sizes of curved platforms
were investigated. We performed calculations for different positions of the anchoring moieties
as well as different heights of the FRET pair using the following parameters and equations;

a=height of the FRET pair (3 nm or 10 nm)

b=length of the dsDNA linker between the two blocks (3.74 nm)
d=distance to the anchoring moieties, 4 nm, 11 nm and 18 nm

r=radius of the particle

a=central angle

P=angle of the linker

x=distance between the FRET pair

Ro=Forster Radius of the FRET pair (6.7 nm for ATTO647N and Cy3B)
E=FRET efficiency
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Figure S-A1. (a) Sketch of the curvature sensor on a particle labeled with the parameters. (b) Calculated
FRET efficiency vs particle radius plots for different anchor positions of 6 nm, 13 nm and 20 nm. Left
plot displays the relation for the dye pair at 10 nm position and the right one displays it for 3 nm.
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Further, for the application of our sensor on DNA nanostructures, we made calculations to
describe the relation between binding site distances and bending angle, and eventually FRET
efficiencies. We utilized the single-stranded extensions of the curvature sensor at 18 nm
distance in order to enlarge the suitable range of binding site distances. According to the FRET
efficiencies against the bending angle plot for different dye positions (Figure S-A2), we had to
shift the FRET pair from its initial position of 10 nm height to 3 nm in order to be sensitive
within the bending range of our interest, The calculations were made using the following
parameters and equations;

a=height of the FRET pair
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b=length of the dsDNA linker between the two blocks (3.74 nm)

d=distance to the anchoring moieties (18 nm)

P=angle of the linker

x=distance between the FRET pair

y=distance between the binding sites on a surface

Ro=Forster Radius of the FRET pair (6.7 nm for ATTO647N and Cy3B)

E=FRET efficiency

FRET Efficiency (%)
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Figure S-A2. (a) Sketch of the curvature sensor attached on a platform via anchors on 18 nm distance,
labels show the calculation parameters. (b) Calculated FRET efficiency vs bending angle calculations
for the dyes at different height positions.
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7. Appendix B - Sensor in flat conformation

We investigated the linear behavior of the curvature sensor on a flat surface where it is attached to a
BSA-biotin-NeutrAvidin coated glass coverslip via biotin anchors at 6 nm distance (Figure S-B1-a). As
the dyes had the shortest distance, the highest FRET efficiency of ~0.9 was anticipated. The single
molecule FRET analysis of the flat conformation of the curvature sensor on glass resulted in a very
broad distribution of the mean FRET efficiencies (Figure S-B1-b, dashed histogram). This outcome
suggested that the sensor was attached in a variety of conformations inducing different distances
between the dyes. Such conformations were easy to adapt on a flat surface that is full of anchoring
points. The flexible sensor could get fixed in distorted conformations due to torsional as well as up-
and-down or back-and-forth vibrational movements during immobilization. Furthermore, a lot of
single-molecule transients showed fluorescence quenching in the acceptor signal which was the
indication of the dyes being in contact.® Fluorophore quenching helped us to understand the reason of
the lower FRET efficiencies covering a large population of the histogram. This result was in line with
previous studies stating that ATTO647N dye can exhibit contact quenching with other fluorophores like
Cy3B.” Further, dye contacts can yield spectral fluctuations which reduce the precision of smFRET
experiments.'® It is conceivable that these photophysical effects were more dominant as the dyes are in
a closer contact, explaining increased visibility of such effects mostly in flat conformation of the
curvature sensor.

In order to prevent the high flexibility on a flat surface and achieve the expected high FRET scenario,
the two blocks of the curvature sensor were further connected via dsDNA linkers, called the bridge, at
the top of the structure (Figure S-Bl-a, fixed structure). Subsequently, the single-molecule FRET
analysis of the fixed curvature sensor resulted in a FRET efficiency histogram shifted to a higher FRET
range with a mean value of 0.72+0.10 (Figure S-B1-b, filled histogram). This indicates that up-and-
down vibrational movements as well as the torsional movements of the sensor were fairly prevented
with the additional bridging linkers also avoiding dye-dye contact. Further support of this model comes
from single molecule transients of the two structures. Whereas the flexible structure mostly exhibited
fluctuations in the Iop, Ina, and Lsa channels, the fixed structure had moderately stable signals (Figure
S-Bl-c). In addition, the number of transients showing fluorophore quenching was significantly
reduced.
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Figure S-B1. Curvature sensor in the flat conformation. (a) Sketch of the sensor on BSA-biotin-
NeutrAvidin coated glass surface together with the design of the two sensor constructs; the flexible
sensor without the bridge, and the fixed sensor with the bridge. (b) FRET efficiency distributions for
the curvature sensors without (dashed) and with (filled) the bridge. Number of molecules is 84 for the
flexible structure and 123 for the fixed structure. (¢) Exemplary single-molecule FRET transients for
the sensors without and with the bridge. The fluorescence intensity over time is shown for Inp (green),
Ina (purple), and Lya (rose) channels.
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7.1. DNA-PAINT experiments

In order to confirm the linearity and the improved rigidity of the curvature sensor when it was linked
with the bridge, a DNA-PAINT (DNA point accumulation in nanoscale topography)'' experiment was
designed. In line with this objective, the curvature sensor was madified with eight protruding single-
stranded DNA extensions (called docking sites) at the four corners for the hybridization of the
complementary dye-labeled strands (imager strands). The designed distances were ~25 nm and ~45 nm
between the docking sites (Figure S-B2-a). The goal was to quantify these distances for the flexible and
the fixed structures. Since the flexible structure can take a variety of different conformations, the
expected case was to observe shorter mean distance between the docking sites with a broader
distribution compared to the fixed structure.

Super-resolution measurements using the DNA-PAINT technique were performed on a custom-built
total internal reflection fluorescence (TIRF) microscope with a 560 nm fiber laser (1 W, MPB
Communications). The excitation beam is cleaned up with a filter (560 nm: Brightline HC 561/4,
Semrock) and is lead through a dichroic mirror (T6121pxr, Chroma). The beam profile is expanded by
passing through lenses (Bi-convex 50, Thorlabs; AC f120, Linos). The laser beam is coupled into the
microscope body (IX 71, Olympus) with a triple-color beam splitter (Chroma z476-488/568/647, AHF
Analysentechnik) and focused on the backfocal plane of an oil-immersion objective (100 =, NA=1.4,
UPlanSApo, Olympus) aligned for TIRF illumination. To avoid drift, the objective is mounted on a
nose piece (IX-2NPS, Olympus). The emitted light is collected by the same objective, magnified by a
1.6 optical lens and cleaned by an emission filter (Brightline HC 561/4, Chroma). Images and movies
are recorded by an EMCCD (electron multiplying charge-coupled device) camera (iXon+ 3384, Andor),
which is controlled by the ImageJ plugin Micro-Manager 1.4."!

The DNA origami stock solution was diluted to a concentration of 200 pM with 1xTE+17.5 mM
MgClx+750 mM NaCl and immobilized onto a passivated glass surface. DNA-PAINT imaging was
performed with the 8 nM Cy3B imager strand. In order to provide photostabilization, a combination of
ROXS and oxygen scavenging system was used. The photostabilization buffer was a combined aqueous
solution of aged Trolox (6-hydroxy-2,5,7 8-tetramethylchroman-2-carboxylic acid) with PCA
(protocatechuic acid) (PCA/Trolox12) and a 50x PCD (protocatechuate 3.4-dioxygenase from
pseudomonas sp.). For measurements, both solutions were diluted in a 1:50 ratio (50x
PCD:Trolox/PCA12).* 2 Typically, a frame time of 200 ms over an experiment time of 30 min was
used with 560 nm laser excitation at 100 mW measured before the objective.

Acquired DNA PAINT raw data were analyzed using the Picasso software package."” The obtained
TIF-movies were first analyzed with the “localize™ software from Picasso. For fitting the centroid
position information of single point spread functions (PSF) of individual imager strands, the MLE
{maximum likelihood estimation) analysis was used with a minimal net gradient of 20000 and a box
size of 5 px. The fitted localizations were further analyzed with the “render” software from Picasso. x-
y-drift correction of the localizations was corrected with the RCC drift correction.'! For quantitative
distance analysis, the super-resolution image information was exported as a hd5f file. Individual DNA
origami nanostructures were picked and their distances analyzed with a self-written Python script.

Analysis of the DNA PAINT data revealed that the flexible sensor showed deviations in designed
distances with the values 0of 21.62 = 4.48 nm and 42.01 + 6.42 nm indicating that the structure was not
attached linearly on a flat surface (Figure S-B2-b). On the other hand, the bridged sensor presented
narrower distributions with the distances of 22.80 + 3.94 nm and 44.04 + 3.99 nm matching coherently
with the designed distances of ~25 nm and ~45 nm proving the flat conformation of the fixed sensor
(Figure S-B2-c).
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Figure S-B2. DNA-PAINT experiment on the flat conformation. (a) Sketch of the DNA-PAINT design
and the working principle. Examples of the resolved structures with the distance distributions of (b) the
flexible sensor without the bridge (¢) the fixed sensor with the bridge. The sketches in the dashed
squares illustrates the flexible and fixed sensors. The error refers to the standard deviation (SD) and the
number of molecules is 79 for both of the samples.

7.2.  Linear Dichroism experiment

Although the DNA-PAINT expeniment revealed reasonable dimensions for the designed curvature
sensors, only a maximum mean FRET efficiency of 0.72 could be obtained (Figure S-B1-b, dashed
histogram) which was still lower than the anticipated FRET efficiency of 0.9. It is well-known that the
photophysics of the dyes and their interaction with each other as well as with the environment can affect
the FRET efficiency.® ™7 Additionally, the dyes may stick to the blunt end of the DNA origami
structure which may result in intensity and FRET efficiency fluctuations due to temporally fixed
transition dipole orientations.'*

Organic dyes host a conjugated pi-system which is the chromophore. The position of the dyes at the
blunt-end of the dsDNA helix can lead to sticking of the organic dye to the exposed hydrophobic bases.
Sticking of the organic dyes affects the average transition dipole moment (TDM) orientation of the dyes
to each other (k*) which is a crucial parameter for FRET. Different sticking positions will affect the
FRET efficiency due to a change in the expected Ry value and depending on the average orientation. In
order to monitor the sticking of the dyes on the curvature sensor, we performed confocal measurements
with a polarizing beam splitter in the detection path. Although the dyes were excited with circular
polarized light, the emission can have preferred polarization if the dye sticks in a certain conformation.
We used the linear dichroism (LD) to monitor the TDM orientations. The LD is the difference-sum-
ratio between two polarization components.
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L =1,

LD =
Iy +1,

1, and I, are the detected fluorescence intensities which detect P or S polarized light respectively due
to the polarizing beam splitter. The LD can attain values between -1 and 1. A LD of -1 indicates parallel
orientation of the dye’s TDM to detector 2 and a value of 1 indicates a parallel orientation of the TDM
to detector 1. A value of ) corresponds either to a freely rotating dye or to a dye which emits to both
channels equally from a fixed position.

A home-built confocal microscope based on an Olympus IX-71 inverted microscope was used for these
confocal measurements. The samples were excited by a pulsed laser (639 nm, ~80 ps full width at half-
maximum, LDH-D-C-640; PicoQuant GmbH) operated at 40 MHz repetition rate. The laser light was
focused to a diffraction-limited spot, with power adjusted to either 1.1 kW/em?® or 4.3 kW/em? by means
of a neutral-density filter (NDO6A, Thorlabs GmbH) assuming the confocal diameter of 300 nm.
Circularly polarized light was obtained by combining a linear polarizer (LPVISE100-A, Thorlabs
GmbH) and a quarter-wave plate (AQWP05M-600, Thorlabs GmbIH). The light was focused onto the
sample by an oil-immersion objective (UPLSAPO100XO, NA 1.40, Olympus Deutschland GmbH).
The sample was moved by a piezo stage (P-517.3CD, Physik Instrumente (PI) GmbH & Co. KG)
controlled by a piezo controller (E-727.3CDA, Physik Instrumente (PI) GmbH & Co. KG). The
emission was separated from the excitation beam by a dichroic beam splitter (zt532/640rpc, Chroma)
and focused onto a 50 pm diameter pinhole (Thorlabs GmbH). The emission light was separated from
scattered excitation light by a 647 nm long-pass filter (RazorEdge LP 647, Semrock Inc.). The filtered
emission was split into two detection channels by a polarizing beam splitter (CCM1-PBS251/M. In each
detection channel, a 750 nm short-pass filter (FES0750, Thorlabs GmbH) blocked the afterglow
luminescence of the avalanche photodiode. Emission was focused onto avalanche photodiodes (SPCM-
AQRH-14-TR, Excelitas Technologies GmbH & Co. KG), and the signals were registered by a
multichannel picosecond event timer (HydraHarp 400, PicoQuant GmbH). The setup was controlled by
a commercial software package (SymPhoTime64, PicoQuant GmbH).
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Figure S-B3. Example trajectories of the ATTO647N dye with the corresponding LD plots.

Dye sticking was confirmed by linear dichroism experiments which showed changes of the emitted
light polarization with dynamics in the millisecond to second regime. When the transients of the donor
and acceptor dyes of the curvature sensor were analyzed, a pronounced sticking of the dyes was
observed, with the acceptor dye showing this behavior being more prominent. Example trajectories of
ATTOG647N acceptor together with the corresponding LD plots were shown in Figure S-B3. The first
trajectory in Figure S-B3-a displays very fast temporal fluctuations and the other one in Figure S-B3-b
shows anticorrelated behavior between the channels on longer timescales. The dye shows different
preferred sticking orientations which is indicated by the change of the LD from 0.4 to -0.2. The result
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of fixed transition dipole orientations both effects the photon collection efficiency as well as the FRET
efficiency. Both effects result in a broadening of the FRET histogram as well as shifts in the FRET
efficiency value. Although it limits the working range by lowering the sensitivity of the system, the
sticking of the dyes does not affect the bending of the curvature sensor. On that account, it is not an
obstacle for the functionality of our sensor.

Additionally, we performed steady state anisotropy measurements on the spectrofluorometer FS5
(Edinburgh Instruments) to further support our statements regarding the photophysical issues of the
fluorophores on our sensor. We found out the anisotropy values of 0.30 and 0.26 for Cy3B and
ATTOG647N fluorophores on our sensor, respectively. This relatively high anisotropy values support
that the fluorophores are not freely rotating in our system which explains the deviations from the
theoretical values.

7.3.  Comparison of the curvature sensor on different linear surfaces
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Figure S-B4. Comparison of curvature sensor in flat conformation. PR distributions of the fixed
structure on different platforms; passivated glass surface, 12HB-Linear and NRO DNA origami
nanostructures. The mean values with the corresponding width (standard deviation (SD)) of the
Gaussian fit are given.

In order to study the influence of the immaobilization schemes on the FRET efficiencies, we compared
the data of the bridged sensor on different linear platforms (glass, 12HB, Linear and NRO
nanostructures with 180° bending angle). Correspondingly, the fixed sensor exhibited the mean FRET
efficiencies of 0.72+0.10, 0.73+0.08, 0.73+0.06 and 0.75+0.06 on glass, 12HB, Linear, and NRO
nanostructures, respectively (Figure S-B4). The fact that it exhibited the same mean FRET efficiency
of ~0.73 on all different linear surfaces shows that the FRET efficiencies were not influenced by the
specific immobilization.

Additionally, when the FRET efficiency histograms of the flexible sensor on different linear platforms
were compared, it is quite noticeable that the flexible sensor worked more robustly on DNA
nanostructures than it did on glass. This is predictable because the DNA nanostructures were modified
with only two binding sites that the curvature sensor could be attached to, whereas on glass surface
there were plenty of NeutrAvidin anchors inducing a variety of conformations.
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1. List of Buffers

Buffer Recipe

FOBI12.5 10 mM Tris-HCL, | mM EDTA, 12.5 mM MgCl»

PEG Buffer 12% PEG-8000 (w/v), 10 mM Tris, | mM EDTA, 500 mM NaCl, 12 mM
MgCly, pH 7.5

LUV Buffer 5 mM Tris-HCI, 1 mM EDTA, 0.5 mM Trolox and 650 mM NaCl, pH 7.0

AlexaF-Buffer

10 mM Tris-HCL, 1 mM EDTA,1 % (wt/v) D-(+)-glucose, 165 units/mL

glucose oxidase, 2170 units/mL catalase, 1 mM Trolox, 12.5 mM MgCl;

2. List of DNA Oligonucleotides

5 Oligonucleotide Sequence Comments
positio
n
Sensing Unit Staples
12[79] | AAATTAAGTTGACCATTAGATACTTTTGCGAAAAAAAAAAAA- Sensing probe —
ATTO64TN ATTO64TN
12[79] | AAATTAAGTTGACCATTAGATACTTTTGCGAAAAAAAAAAAA- Control probe —
Alexa647 AlexaFe47
10[79] | ATTOS42-GATGGCTTATCAAAAAGATTAAGAGCGTCC Donor dye -
ATTO542
Anchoring Staples — for Cholesterol labeling
AATGGTCAACAGGCAAGGCAAAGAG
11[96] | TAATGTG 5Snm chol-1
TAGGTAAACTATTTTTGAGAGATCAA
13[96] | ACGTTA Snm chol-2
CGAAAGACTTTGATAAGAGGTCATA
9[96] TTTCGCA Snm chol-3
TAAGAGCAAATGTTTAGACTGGATA
T[96] GGAAGCC 5Snm chol-4
1opint TTGCTCCTTTCAAATATCGCGTTTGA
1 GGGGGT 10nm chol-1
12[111 TAAATCATATAACCTGTTTAGCTAAC
1 CTTTAA 10nm chol-2
14111 GAGGGTAGGATTCAAAAGGGTGAGA
1 CATCCAA 10nm chol-3
AATAGTAAACACTATCATAACCCTC
8[111] | ATTGTGA 10nm chol-4
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13[128 GAGACAGCTAGCTGATAAATTAATT
1 TTTGT 15nm chol-1
( AGACGACAAAGAAGTTTTGCCATAA
70128] | TTCGA 15nm chol-2
117128 TTTGGGGATAGTAGTAGCATTAAAA
| GGCCG 15nm chol-3
GCTTCAATCAGGATTAGAGAGTTATT
9[128] | TTCA 15nm chol-4
10[143 ( CCAACAGGAGCGAACCAGACCGGAG
1 CCTTTAC 20nm chol-1
12[143 ( TTCTACTACGCGAGCTGAAAAGGTT
1 ACCGCGC 20nm chol-2
14143 CAACCGTTTCAAATCACCATCAATTC
] GAGCCA 20nm chol-3
CTTTTGCAGATAAAAACCAAAATAA
81431 | AGACTCC 20nm chol-4
Cholesterol label
-GTGATGTAGGTGGTAGAGGA on 3’ end
Surface Binding Staples — for Biotin labeling
ATAA(JCI(JAACCG(JATAT'TCATTAC(JTLAGGACGTT[JGGAAi TAGG(
4[63] A [GACTCGA Biotin-1
ACJLCAC(.ALTGTA(JC(ICGTTTTCAA(J(JGA(JG(JAAG(J'I AAAGAGGL
4[255] A\ T( Biotin-2
CGCATTC'TGACGAC ACTAT‘CGGCCCC'AACGC‘GATTAAGTT-‘ TAGGL
16[63] | AATGGI rcaG Biotin-3
16[255 GAGAAGAGATAACCTTGCTTCTGTTCGGGAGAAAC‘AATAA.-' sAGG(
1 AATG AVCTCC Biotin-4
TC GAGTCAAGCCATTGCCTC Biotin label on 3
end
Strand Displacement System Staples
12[79] | AAATTAAGTTGACCATTAGATACTTTTGCGGGGAAGTTCCAGCAG 17nt protrusion at
GG the probe
position
GTTCCAGCAGGGATTCA-Chol Cholesterol label
on 3" end
ATTO64TN-TGAATCCCTGCTGGAAC Sensing probe for
the strand
displacement
system, 57
ATTO647N label
Unmodified Staples
20[207 | GCGGAACATCTGAATAATGGAAGGTACAAAAT
|
23192 | ACCCTTCTGACCTGAAAGCGTAAGACGCTGAG
I
0[175] | TCCACAGACAGCCCTCATAGTTAGCGTAACGA
1[256] | CAGGAGGTGGGGTCAGTGCCTTGAGTCTCTGAATTTACCG
21[64] | GCCCTTCAGAGTCCACTATTAAAGGGTGCCGT
16[207 | ACCTTTTTATTTTAGTTAATTTCATAGGGCTT
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11128

GCGAAAAATCCCTTATAAATCAAGCCGGCG

74
]
18271
1

CTTTTACAAAATCGTCGCTATTAGCGATAG

8[239] | AAGTAAGCAGACACCACGGAATAATATTGACG
1[192] | GCGGATAACCTATTATTCTGAAACAGACGATT
2[239] | GCCCGTATCCGGAATAGGTGTATCAGCCCAAT
141271 | TTAGTATCACAATAGATAAGTCCACGAGCA

1

0[239] | AGGAACCCATGTACCGTAACACTTGATATAA
9[224] | AAAGTCACAAAATAAACAGCCAGCGTTTTA
207175 | ATTATCATTCAATATAATCCTGACAATTAC

I

6[175] | CAGCAAAAGGAAACGTCACCAATGAGCCGC
12[239 | CTTATCATTCCCGACTTGCGGGAGCCTAATTT
1

3[96] | ACACTCATCCATGTTACTTAGCCGAAAGCTGC
I8[79] | GATGTGCTTCAGGAAGATCGCACAATGTGA
6[271] | ACCGATTGTCGGCATTTTCGGTCATAATCA
21224 | CTTTAGGGCCTGCAACAGTGCCAATACGTG

I

196] | AAACAGCTTTTTGCGGGATCGTCAACACTAAA
19[224 | CTACCATAGTTTGAGTAACATTTAAAATAT

]

21192 | TGAAAGGAGCAAATGAAAAATCTAGAGATAGA
]

18[207 | CGCGCAGATTACCTTTTTTAATGGGAGAGACT
1

4[47] GACCAACTAATGCCACTACGAAGGGGGTAGCA
13(32] | AACGCAAAATCGATGAACGGTACCGGTTGA
[[160] | TTAGGATTGGCTGAGACTCCTCAATAACCGAT
22271 | CAGAAGATTAGATAATACATTTGTCGACAA

]

1132] | AGGCTCCAGAGGCTTTGAGGACACGGGTAA
16[79] | GCGAGTAAAAATATTTAAATTGTTACAAAG
4[239] | GCCTCCCTCAGAATGGAAAGCGCAGTAACAGT
16[143 | GCCATCAAGCTCATTTTTTAACCACAAATCCA
I

4[207] | CCACCCTCTATTCACAAACAAATACCTGCCTA
19[96] | CTGTGTGATTGCGTTGCGCTCACTAGAGTTGC
22(47] | CTCCAACGCAGTGAGACGGGCAACCAGCTGCA
12[47] | TAAATCGGGATTCCCAATTCTGCGATATAATG
812711 | AATAGCTATCAATAGAAAATTCAACATTCA
7[56] | ATGCAGATACATAACGGGAATCGTCATAAATAAAGCAAAG
18[143 | CAACTGTTGCGCCATTCGCCATTCAAACATCA

1

14[47] | AACAAGAGGGATAAAAATTTTTAGCATAAAGC
14[207 | AATTGAGAATTCTGTCCAGACGACTAAACCAA
]

0[271] | CCACCCTCATTTTCAGGGATAGCAACCGTACT
23[32] | CAAATCAAGTTTTTTGGGGTCGAAACGTGGA
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10[271
1

ACGCTAACACCCACAAGAATTGAAAATAGC

3[128] | AGCGCGATGATAAATTGTGTCGTGACGAGA
10[239 | GCCAGTTAGAGGGTAATTGAGCGCTTTAAGAA

|

5[128] | AACACCAAATTTCAACTTTAATCGTTTACC

0[207] | TCACCAGTACAAACTACAACGCCTAGTACCAG

19[56] | TACCGAGCTCGAATTCGGGAAACCTGTCGTGCAGCTGATT
17192 | CATTTGAAGGCGAATTATTCATTTTTGTTIGG

]

4179] GCGCAGACAAGAGGCAAAAGAATCCCTCAG

20[239 | ATTTTAAAATCAAAATTATTTGCACGGATTCG

l

19[160 | GCAATTCACATATTCCTGATTATCAAAGTGTA

I

15(128 | TAAATCAAAATAATTCGCGTCTCGGAAACC

]

QL143] | TCTAAAGTTTTGTCGTCTTTCCAGCCGACAA

10[47] | CTGTAGCTTGACTATTATAGTCAGTTCATTGA

177128 | AGGCAAAGGGAAGGGCGATCGGCAATTCCA

]

21[96] | AGCAAGCGTAGGGTTGAGTGTTGTAGGGAGCC

2[207] | TTTCGGAAGTGCCGTCGAGAGGGTGAGTTTCG

22[239 | TTAACACCAGCACTAACAACTAATCGTTATTA

1

19732] | GTCGACTTCGGCCAACGCGCGGGGTTTTTC

117641 | GATTTAGTCAATAAAGCCTCAGAGAACCCTCA

6[239] | GAAATTATTGCCTTTAGCGTCAGACCGGAACC

[8[47] | CCAGGGTTGCCAGTTTGAGGGGACCCGTGGGA

10[191 | GAAACGATAGAAGGCTTATCCGGTCTCATCGAGAACAAGC
]

3[160] | TTGACAGGCCACCACCAGAGCCGCGATTTGTA

8[47] | ATCCCCCTATACCACATTCAACTAGAAAAATC

13[64] | TATATTTTGTCATTGCCTGAGAGTGGAAGATTGTATAAGC
5[160] | GCAAGGCCTCACCAGTAGCACCATGGGCTTGA

5[32] | CATCAAGTAAAACGAACTAACGAGTTGAGA

[1[224 | GCGAACCTCCAAGAACGGGTATGACAATAA

1

17[160 | AGAAAACAAAGAAGATGATGAAACAGGCTGCG

1

4[271] | AAATCACCTTCCAGTAAGCGTCAGTAATAA

[5[32] | TAATCAGCGGATTGACCGTAATCGTAACCG

13(184 | GACAAAAGGTAAAGTAATCGCCATATTTAACAAAACTTTT
1

20[143 | AAGCCTGGTACGAGCCGGAAGCATAGATGATG

]

14[79] | GCTATCAGAAATGCAATGCCTGAATTAGCA

6[207] | TCACCGACGCACCGTAATCAGTAGCAGAACCG

3[192] | GGCCTTGAAGAGCCACCACCCTCAGAAACCAT

23[256 | CTTTAATGCGCGAACTGATAGCCCCACCAG

]

2[47] | ACGGCTACAAAAGGAGCCTTTAATGTGAGAAT
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13(224
1

ACAACATGCCAACGCTCAACAGTCTTCTGA

20[79] | TTCCAGTCGTAATCATGGTCATAAAAGGGG
9[64] | CGGATTGCAGAGCTTAATTGCTGAAACGAGTA
22[175 | ACCTTGCTTGGTCAGTTGGCAAAGAGCGGA

1

23[160 | TAAAAGGGACATTCTGGCCAACAAAGCATC

|

[6[239 | GAATTTATTTAATGGTTTGAAATATTCTTACC

l

3[32] | AATACGTTTGAAAGAGGACAGACTGACCTT
23[224 | GCACAGACAATATTTTTGAATGGGGTCAGTA

]

15[192 | TCAAATATAACCTCCGGCTTAGGTAACAATTT
]

7[192] | ATACATACCGAGGAAACGCAATAAGAAGCGCATTAGACGG
12[271 | TGTAGAAATCAAGATTAGTTGCTCTTACCA

1

4[111] | GACCTGCTCTTTGACCCCCAGCGAGGGAGTTA
17[96] | GCTTTCCGATTACGCCAGCTGGCGGCTGTTTC
23[96] | CCCGATTTAGAGCTTGACGGGGAAAAAGAATA
[6[111 | TGTAGCCATTAAAATTCGCATTAAATGCCGGA
1

0[79] | ACAACTTTCAACAGTTTCAGCGGATGTATCGG
1[128] | TGACAACTCGCTGAGGCTTGCATTATACCA
6[111] | ATTACCTTTGAATAAGGCTTGCCCAAATCCGC
20271 | CTCGTATTAGAAATTGCGTAGATACAGTAC

]

22[79] | TGGAACAACCGCCTGGCCCTGAGGCCCGCT
18[239 | CCTGATTGCAATATATGTGAGTGATCAATAGT
1

9[256] | GAGAGATAGAGCGTCTTTCCAGAGGTTTTGAA
22[143 | TCGGCAAATCCTGTTTGATGGTGGACCCTCAA
1

[0[207 | ATCCCAATGAGAATTAACTGAACAGTTACCAG
]

21[32] | TTTTCACTCAAAGGGCGAAAAACCATCACC
5[192] | CGATAGCATTGAGCCATTTGGGAACGTAGAAA
8[79] | AATACTGCCCAAAAGGAATTACGTGGCTCA
[5[224 | CCTAAATCAAAATCATAGGTCTAAACAGTA

1

O[111] | TAAATGAATTTTCTGTATGGGATTAATTTCTT
6[143] | GATGGTTTGAACGAGTAGTAAATTTACCATTA
[3[256 | GTTTATCAATATGCGTTATACAAACCGACCGTGTGATAAA
1

14[239 | AGTATAAAGTTCAGCTAATGCAGATGTCTTTC
1

22[111 | GCCCGAGAGTCCACGCTGGTTTGCAGCTAACT
1

3[224] | TTAAAGCCAGAGCCGCCACCCTCGACAGAA
1[224] | GTATAGCAAACAGTTAATGCCCAATCCTCA
19[128 | CACAACAGGTGCCTAATGAGTGCCCAGCAG

1
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2[79]

CAGCGAAACTTGCTTTCGAGGTGTTGCTAA

2[271] | GTTTTAACTTAGTACCGCCACCCAGAGCCA
T[224] | AACGCAAAGATAGCCGAACAAACCCTGAAC
19[248 | CGTAAAACAGAAATAAAAATCCTTTGCCCGAAAGATTAGA
I

15(160 | ATCGCAAGTATGTAAATGCTGATGATAGGAAC
I

6147] | TACGTTAAAGTAATCTTGACAAGAACCGAACT
[8[111 | TCTTCGCTGCACCGCTTCTGGTGCGGCCTTCC

]

16[271 | CTTAGATTTAAGGCGTTAAATAAAGCCTGT

]

1[64] TTTATCAGGACAGCATCGGAACGACACCAACCTAAAACGA
2[143] | ATATTCGGAACCATCGCCCACGCAGAGAAGGA
16[47] | ACAAACGGAAAAGCCCCAAAAACACTGGAGCA
T[32] TTTAGGACAAATGCTTTAAACAATCAGGTC
15[96] | ATATTTTGGCTTTCATCAACATTATCCAGCCA
20[111 | CACATTAAAATTGTTATCCGCTCATGCGGGCC

1

2[111] | AAGGCCGCTGATACCGATAGTTGCGACGTTAG
197192 | ATTATACTAAGAAACCACCAGAAGTCAACAGT
1

17[224 | CATAAATCTTTGAATACCAAGTGTTAGAAC

]

21256 | GCCGTCAAAAAACAGAGGTGAGGCCTATTAGT
]

0[47] | AGAAAGGAACAACTAAAGGAATTCAAAAAAA
7[248] | GTTTATTTTGTCACAATCTTACCGAAGCCCTTTAATATCA
4[143] | TCATCGCCAACAAAGTACAACGGACGCCAGCA
18[175 | CTGAGCAAAAATTAATTACATTTTGGGTTA

]

11[256 | GCCTTAAACCAATCAATAATCGGCACGCGCCT

]

6[79] | TTATACCACCAAATCAACGTAACGAACGAG
22[207 | AGCCAGCAATTGAGGAAGGTTATCATCATTIT
]

12[207 | GTACCGCAATTCTAAGAACGCGAGTATTATTT

I

B[207] | AAGGAAACATAAAGGTGGCAACATTATCACCG
5[96] TCATTCAGATGCGATTTTAAGAACAGGCATAG
21160 | TCAATATCGAACCTCAAATATCAATTCCGAAA

1

4[175] | CACCAGAAAGGTTGAGGCAGGTCATGAAAG
23[128 | AACGTGGCGAGAAAGGAAGGGAAACCAGTAA
|

23[64] | AAAGCACTAAATCGGAACCCTAATCCAGTT
5[224] | TCAAGTTTCATTAAAGGTGAATATAAAAGA
9[32] | TTTACCCCAACATGTTTTAAATTTCCATAT
20(47] | TTAATGAACTAGAGGATCCCCGGGGGGTAACG
11[32] | AACAGTTTTGTACCAAAAACATTTTATTTC
2[175] | TATTAAGAAGCGGGGTTTTGCTCGTAGCAT
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16[175 | TATAACTAACAAAGAACGCGAGAACGCCAA
1

17(32] | TGCATCTTTCCCAGTCACGACGGCCTGCAG

3. Methods

3.1. Design and production of the vesicle sensors

As the base of the vesicle sensors, a rectangular DNA origami based on a 7249 nt long scaffold
derived from the M13mpl8 bacteriophage was designed in the software CaDNAno' with
several modifications indicated in Figure S1. All staple strand sequences and modifications are

given in the list of DNA oligonucleotides in Section 2.

The design includes positions for the sensing unit involving fluorophore labelled staples,
surface binding staples with biotin modifications, and vesicle anchoring staples with
cholesterol modifications. High performance liquid chromatograph (HPLC) purified sensing
unit oligonucleotides labeled with ATTO647N and ATTO 542 were obtained from Biomers
GmbH. High purity salt free (HPSF) purified unmodified staple oligonucleotides and staples
for the strand displacement reaction system were supplied from IDT (Integrated DNA
Technologies, Inc.). 3° Biotin and 5” Cholesterol-TEG labeled oligonucleotides as well as the
control probe carrying AlexaF647 fluorophore were purchased from Eurofins Genomics

GmbH.

The DNA origami nanostructures were folded using a one-pot reaction mix in a thermocycler
(primus 25, peglab). Briefly, 25 nM of scaffold DNA, unmodified oligonucleotides at a
concentration 10-times, fluorophore-labeled and biotinylated oligonucleotides, both at a
concentration 30-times that of the scatfold were mixed in FOBI2.5 buffer and subjected to a
multistep thermocycling procedure. The folding began by heating the mixture to 70°C,
allowing it to equilibrate for 5 minutes, and then gradually cooling it to 20°C at a rate of 1°C

per minute.

Once folded, the DNA origami nanostructures were purified using PEG precipitation. To
achieve this, the sample was mixed with the PEG buffer in equal parts and then centrifuged for
30 min at 16,000 g in a 4°C environment. The resulting supernatant was removed, leaving the
pellet which was further dissolved in FOB12 buffer and an equal amount of PEG buffer was
added in the solution. Two times of the PEG purification were performed for each sample. For

the purpose of labeling the vesicle sensors with cholesterol anchors, the neatly folded
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nanostructures were mixed with cholesterol-labeled oligonucleotides (at a 20-fold excess for
each labeling position) and left for overnight incubation at room temperature. A subsequent

PEG precipitation step was performed for further purification.

3.2.  Preparation and characterization of lipid vesicles

All lipids used in the study were obtained from Avanti Polar Lipids, located in Alabaster, AL,
USA, unless stated otherwise. In order to prepare large unilamellar vesicles (LUVs) of 100%
DOPC (1.2-dioleoyl-sn-glycero-3-phosphocholine), the lipid solutions in chloroform were
dried using a nitrogen stream, and the remaining chloroform was evaporated under vacuum for
approximately 3 hours in a desiccator. The resulting lipid film was rehydrated in the LUV
buffer, resulting in a final lipid concentration of 2.5 mM. To ensure uniform vesicle size, the
solution underwent seven freeze-and-thaw cycles alternating between liquid nitrogen and a
water bath at 70°C. Subsequently, the vesicles were extruded using a LiposoFast Basic extruder
(Avestin, INC.), employing Nucleopore PC membranes (Whatman, Cytiva Ltd.) with the

desired pore size.

The size and distribution of the extruded LUV suspensions were evaluated using dynamic light
scattering (DLS). These measurements were taken at dilutions that produced attenuation values
between 7 and 8. Every sample underwent 10 consecutive measurements after they were
allowed to incubate for 60 seconds. These measurements were conducted in disposable
polystyrene cuvettes utilizing a Zetasizer Nano ZSP (Malvern Instruments, Worcestershire,
UK). The device operated with a 633 nm incident wavelength and detected backscattering at
an angle of 173°. Both intensity and number-normalized size distributions for the LUV samples
were deduced from the correlation functions. These calculations employed the General Purpose
Non-Negative Least Squares (NNLS) algorithm available in the Malvern Zetasizer Software

version 7.13.

3.3. Surface preparation

24 x 60 mm microscope coverslips with a thickness of 170 um utilized in the experiments (Carl

Roth GmbH, Germany). Prior to use, they were cleaned with a UV-Ozone cleaner (PSD-UV4,
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Novascan Technologies, USA) operating at 100°C for 30 minutes. Once cleaned, they were
fitted with self-adhesive 150 pL SecureSeal Hybridization Chambers from Grace Bio-Labs.
For the passivation process, the coverslips were treated with biotinylated-BSA (1.0 mg/mL,
Thermo Fisher Scientific Inc.), allowing it to incubate for 15 minutes. This was succeeded by
an additional functionalization step using NeutrAvidin (1.0 mg/mL, Thermo Fischer Scientific
Inc.), with another 15-minute incubation. After each of these steps, the coverslips underwent a

triple wash with 1x PBS buffer.

When the glass coverslips are ready for incorporating the sensors, roughly 50 pM of vesicle
sensors (diluted in the LUV buffer) were immobilized onto NeutrAvidin-treated glass

coverslips using biotin modifications on the sensors.

For tests involving lipid vesicles, vesicles were diluted to a 1 nM concentration using LUV
buffer. The sensor-coated coverslips were incubated with the diluted vesicles for around an
hour to capture the vesicles via cholesterol modifications. Post this anchoring phase, the

coverslips were rinsed thrice with the LUV buffer.

3.4. Imaging and data analysis

The smFRET experiments were executed with a Nanoimager S (ONI Ltd. UK), under Total
Internal Reflection Fluorescence (TIRF) illumination. A red excitation wavelength of 638 nm
was used, while the green excitation was set at 532 nm. Initially, the objective was adjusted to
focus on the sample plane, followed by activating the auto-focus function. The alternating laser
excitation setting employed both green and red lasers®™, with power outputs of 5 mW and 8
mW, respectively. For each sample, around 10 videos were captured over a field of view
spanning 50 pm * 80 pm. Videos consisted of 500 frames, each with an exposure time of 100

ms, leading to a total video duration of 50 seconds.

In all the experiments utilizing the sensing probe with ATTO647N, a standard LUV buffer (5
mM Tris-HCI, 1 mM EDTA, 0.5 mM Trolox and 650 mM NaCl, pH 7.0) was utilized.
However, for the experiments involving the control probe with AlexaF647, the buffer
composition was specifically altered to enhance the photostability of this fast bleaching
fluorophore. The modified AlexaF-buffer incorporated a reducing and oxidizing system

(ROXS)’ along with oxygen scavenging agents. In detail, the imaging buffer for the AlexaF647
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experiments consisted of 10 mM Tris-HCI and 1 mM EDTA with 1 % (wt/v) D-(+)-glucose
(Sigma Aldrich, USA), 165 units/mL glucose oxidase (G2133, Sigma Aldrich, USA), 2170
units/mL catalase (C3155, Sigma Aldrich, USA), 1 mM Trolox (~12% was converted to
Troloxquinone under UV light)® and 650 mM NaCl.

Analysis of the FRET data was performed using the iSMS software on MATLAB.” The process
integrated individual green and red emission channels. The peakfinder algorithm was used to
distinguish donor and acceptor peaks, facilitating the detection of FRET pairs. From the
captured sequences, intensity-time trajectories of specific immobilized molecules were
extracted. These single-molecule data sets were then further examined to detect DNA origami
structures manifesting FRET. Interrelations of FRET across different channels, including Ipp
(donor excitation-donor emission), Ipa (donor excitation-acceptor emission), and [44 (acceptor
excitation-acceptor emission), were analyzed. Instances where an increase in the Ipp channel
intensity and a decrease in the Ipa channel occurred concurrently with a sudden drop in the [aa
channel led to that specific data set being chosen for extended evaluation. Using the intensity
data of these channels for each molecule, the average FRET efficiency of every sensor was
calculated over the entire energy transfer duration.

“D}‘l

FRET efficiency = ————
ff Y Y Ipp +1ps

The Ipa is corrected for direct acceptor excitation at the donor excitation wavelength and
leakage of donor emission into the acceptor emission channel. The corrected Ipa is determined

as
JD,ﬂl = ‘IA.TQW - DIeakage * IDD - Adt’r‘ect i IAA

where Iaw represents the total intensity detected in the acceptor emission channel, and Iaa

signifies the direct excitation of the acceptor.

Wherever applicable, the correction factors v, Dicikoge and Adirect, are calculated as in the

following:

The 7y correction factor describes the relative difference in the number of photons measured of
the acceptor and the donor for the same number of excited states. In iISMS v is calculated for

all molecules in which the acceptor bleaches before the acceptor:

_Ipas —Ipaz

Ippz = lopa

144



The Dieakage accounts for the amount of leakage of the donor emission into the acceptor emission

channel upon donor excitation and is calculated as

Ipa(t)
D, = av,
leakage ) (,DD (t))

in the time interval after the acceptor has bleached and before the donor has bleached,

corresponding to a donor-only signal.

The Agireet accounts for the direct excitation of the acceptor at the donor wavelength and is

calculated as

Ip,s(t)
A =
direct avg(lAA (t))

in the time interval after the donor has bleached and before the acceptor has bleached. From
individual transients, we calculated average values for all the correction factors and used them

for FRET efficiency calculations.

4. Figures
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Figure S1. CaDNAno design of the vesicle sensor. Zoom in to see details. Sensing probe
position is colored in magenta, and the donor dye position is in cyan. Positions of the staples

for cholesterol modification are colored in orange, and for biotin modification are in green.
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Unmodified staples are colored in black, and M13 p7249 scaffold is colored in gray. The

sequences and details of all the staples incorporated in the DNA origami design are listed in

Section 2.
a.
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Figure S2. Sensor with the control probe AlexaF647. Effect of different cholesterol
anchoring distances both in the absence and presence of lipid vesicles. The distribution of
FRET efficiency for the vesicle sensors, both without and with lipid vesicles, is depicted for
(a) 15 nm, and (b) 5 nm cholesterol configurations. Illustrations accompanying the data

highlight the positions of the cholesterol anchors and potential movement patterns of the
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Figure S3. Sensor with different sizes of vesicles. (a) The sketches of the utilized sensors
showing the position of the anchors. FRET efficiency distributions of the vesicle sensors (b)
with 15 nm and (¢) with 20 nm cholesterol configurations tested with lipid vesicles of 200 nm,
100 nm and 50 nm (from top to bottom). The yellow arrows highlight the slight increase in the

lower FRET population for larger vesicles. The error refers to the standard deviation (SD).
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Figure S4. Validation of specific vesicle-probe interaction via the introduction of 0.05%
Tween20. Each row presents distinct imaging modalities for different experimental stages: red
emission after red excitation (top), superimposed TIRF images following green excitation
(middle), and superimposed TIRF images after both green and red excitation (bottom). (a)
Control system without lipid vesicles, serving as a baseline for fluorescence emission and
colocalization. (b) System containing 100 nm lipid vesicles, demonstrating the initial state
before displacement. (¢) Post-incubation with a 5 nM cholesterol-labeled displacer strand,

revealing the successful translocation of the ATTO647N-labeled probe to the vesicles. (d) Post-

washing with a buffer containing 0.05% Tween20, showing a near-complete disappearance of

red emission spots, which affirms the specificity of vesicle-probe interaction.
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Figure S5. Examination of the impact of Tween20 on Sensor Behavior. The figure displays
FRET histograms to evaluate the effect of 0.05% Tween20 on the system, specifically focusing
on its ability to disrupt lipid vesicles without affecting sensor behavior. (a) FRET histogram of
the system without lipid vesicles, serving as a control to establish baseline FRET values. (b)
FRET histogram after the introduction of 100 nm lipid vesicles, demonstrating the change in
FRET values upon vesicle binding. (¢) FRET histogram following washing with a buffer
containing 0.05% Tween20, but without prior incubation with the cholesterol-labeled displacer
strand. The similarity between this histogram and the control (a) confirms that Tween20
exclusively disrupts the lipid vesicles without altering the FRET efficiency of the sensor. The

error refers to the standard deviation (SD).
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Figure S6. Experimental evidence illustrating the absence of non-specific probe adherence
in a system devoid of lipid vesicles and the effectiveness of cholesterol-labeled displacer
strand. (a) Schematic representation of the DNA origami-based sensor at various stages of the
control experiment. The left panel shows the initial system with the ATTOG647N-labeled
sensing probe bound to the DNA origami, emitting red fluorescence. The middle panel
illustrates the sensor after incubation with the 17 nt cholesterol-labeled displacer strand,
depicting how the probe is displaced into solution due to the absence of lipid vesicles for
anchoring. The right panel shows the sensor solely with the ATTO542 fluorophore,
representing the disappearance of the red emission signal. (b) Superimposed TIRF images
corroborating the above sequence of events. The left images show both colocalized and isolated
red emission spots before the introduction of the cholesterol displacer strand. The middle
images show reduced numbers of colocalized and red spots after 30 minutes of incubation with
the displacer strand. The right images, taken after 1 hour and 15 minutes of incubation followed
by washing, reveal a near-complete disappearance of red emission spots, confirming that the

displacer efficiently translocates the sensing probe without unspecific sticking.
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the love, endless support and inspiration you provide, know that my gratitude is

boundless and everlasting.

To my beautiful family, who has always created a warm and cheerful environment that
felt like a sanctuary of happiness and support—thank you. This nurturing atmosphere has
been a constant source of strength throughout my journey, and it is a testament to the

love and unity that defines us as a family.

Finally, to my late grandmother and my incredible mother, the guiding stars of my life —
firstly, to my granny, a woman of incomparable grace and resilience, whose wisdom and
love touched not only me but everyone fortunate enough to know her. Your influence is
indelibly imprinted on my life and your spirit continues to inspire me. To my mother, the
embodiment of strength and unconditional love. As life unfolds its lessons, my admiration
for you only deepens, making me realize the enormity of the sacrifices you have made

and the tremendous job you have done raising me. Your presence in my life is not just
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pivotal; it is foundational. You are the cornerstone on which | have built my dreams, the
unwavering support that makes any achievement possible. In every step of this journey,
you have been my unspoken reassurance and my greatest inspiration. For your love, for

your sacrifice and for being the extraordinary woman you are, my gratitude is endless.
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