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Abstract

Abstract

Optical biosensing with single-molecule sensitivity requires high performant fluorescent probes.
Many different functionalities have to be combined into small chemical entities. In this thesis,
the DNA origami technique was used to tailor single-molecule biosensors according to their
diverse needs as it offers a modular probe development with straightforward iteration
possibilities. The focus was on a nucleic acid detection assay for future /n vitro diagnostic
applications and on voltage sensors to be applied to cell membranes.

Particularly, for the nucleic acid detection assay, a silver nanoparticle was bound to a DNA
origami pillar yielding a so-called nanoantenna which enhances the fluorescence of adyein close
proximity through plasmonic field interaction. This phenomenon was used to increase the
optical signal released from a single DNA hairpin equipped with a dye-quencher pair. In the
presence of a specific target nucleic acid, the hairpin’s secondary structure was broken and a
fluorescence signal was observed. Using a hairpin sensing Zika specific sequences, the assay was
characterized in terms of hairpin opening yield and fluorescence enhancement as well as single-
nucleotide variation sensitivity and multiplexing ability. Further, diagnostic conditions were
imitated by enriching heat-inactivated human serum with target DNA and using RNA targets.
The presented detection assay yielded promising results for further development and future
applicationin /n vitrodiagnostic assays at the point-of-care.

In addition, two single-molecule biosensors for electrical membrane potentials were developed;
one sensor for transmembrane potentials and a second one for membrane surface charges of
lipid head groups. Both sensors translated the voltage into Férster Resonance Energy Transfer
(FRET) signals. A rectangular DNA origami was used as an assembly platform with different
optional maodifications, /.e. for membrane targeting, surface immobilization and voltage sensing.
In both sensors, the sensing unit protruding from the origami plate, consisted of DNA and carried
a FRET-compatible dye pair. The red dye anchored the sensing unit to the membrane and
provided a stable FRET acceptor. A green dye was placed on DNA between the membrane and
the DNA origami plate and flexibly changed its conformation in response to the voltages which
resulted in the desired FRET change. For both, the transmembrane and the surface charge
sensor, the sensing unit’s chemical structure was adapted to meet the different requirements.

The functionality of the transmembrane potential sensor was tested using liposomes with
defined electrical potentials. It was shown that changes in the transmembrane potential were
translated into different single-molecule FRET signals. Further, by introducing small chemical
variations in the molecular structure of the sensing unit, the biosensor’s sensitivity was changed
to respond either to de- or hyperpolarized membranes. Also, the membrane charge sensor
yielded promising results; changes in the amounts of anionic lipids in liposomes resulted in
different FRET signals. These findings suggested a quantitative translation of membrane surface
charges into optical signals and were read out on the level of single sensors. Both sensing
mechanisms were further characterized with molecular dynamic (MD) simulations for the
transmembrane potential sensor and with fluorescence correlation spectroscopy (FCS) for the
membrane surface charge sensor.

Overall, three different biosensors with optical single-molecule read-out were introduced in this
thesis using DNA origami as an assembly platform. The sensors were examined for potential
diagnostic applications and future /n vivovoltage imaging. The presented results underline the
potential of DNA origami for further single-molecule biosensors beyond the ones investigated
within this thesis.
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Introduction

1 Introduction

An organism is a masterpiece of evolution. What seems almost magical from the outside, is the
most complex biochemical interplay existing. The way cells interact, form agglomerates and how
the whole biosynthesis is controlled is remarkable. Ever since, mankind has been keen to
understand these processes where a visual inspection of biological phenomena has always been
a standard tool. With the invention of the first microscope in the late 16™ century, a
revolutionary step was made to overcome the resolution limit of the eye.! Although microscopes
were further improved, with the first fluorescence microscopes in the early 20" century, a new
era began. Unlike simple light microscopy, fluorescence allowed for a more specific visualization
of objects.? What was first limited to staining, e.g. specific cell compartments, was soon extended
to labeling specific molecules of interest with organic fluorophores or fluorescent proteins.
Finally, in 1989 scientists were able for the very first-time to observe the absorption,® and in
1990, the fluorescence of a single molecule;* the field of optical single-molecule spectroscopy
was born. Soon, it was also applied in biological contexts>® and has meanwhile become an
established method. Furthermore, based on the detection of single-molecules, super-resolution
methods have evolved to overcome Abbe’s diffraction limit” which until then prevented scientist
to resolve structures below the size of about half the wavelength used.8-1°

Input Output
(Bio-)chemical Biosensor e.g. optical
_> Sensing Transduction _> e
Physical e @ Unit System ° . °

Figure 1. Principle of a biosensor. A biological parameter can be (bio-)chemical or physical and serves as an input for
the biosensor. The biosensor consists of a sensing unit and a transduction system. It generates a measurable output
which can be for example an optical signal.

The broader application of single-molecule techniques also calls for compatible fluorescent
probes. While some attempts focus on the development of brighter and more photostable
dyes'*1? or on the manipulation of the blinking behavior,® other approaches try to optimize the
labeling strategy for increasing the specificity and decreasing the label size.'* However,
conventional fluorophores simply emit light after excitation while they are typically lacking any
specific response to changes in the system. This is achieved by extending them with smart
functionalities yielding so-called biosensors. In principle, a biosensor is a machine that feels a
biological parameter and translates it into a measurable chemico-physical output (Figure 1). For
optical single-molecule applications, these machines are nanometer-sized and transduce the
parameter of interest into, e.g a change in fluorescence signal. This can involve a change in
intensity, fluorescence lifetime, the absorption or emission spectra, efc. The biological
parameter which is to be sensed can either be (bio-)chemical such as a nucleic acid, a small
molecule, a protein and beyond, or it can have a physical nature such as a mechanical or electrical
force. Besides the parameter and the signal read-out, biosensors can be roughly classified by
their application; while some biosensors act /n vitro, others are used to study processes in vivo.
This suggests different requirements on the sensor and hence, yields different sensing
approaches. Within this thesis, different single-molecule biosensors were developed that are
based on DNA origami nanostructures - one for /n vitro diagnostic applications and two for
sensing different electrical membrane properties.
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1.1  DNA Nanotechnology for Biosensing with Fluorescent Read-Out

The demands on an optical biosensor are versatile and many different functionalities have to be
combined into small chemical entities. The sensor has to “feel” the parameter of interest, it has
to transduce it into an optical signal and in the context of single-molecule biosensing, the signal
has to be stable and bright enough for detection. Additionally, depending on the application,
biocompatibility and specific targeting of a cell compartment are mandatory. A promising tool to
combine all these requirements is DNA nanotechnology.’> DNA nanotechnology is based on the
hybridization of DNA strands programmed viatheir base sequence;*¢ only complementary bases
can form hydrogen bonds?’ and if longer parts of the DNA strands are complementary, a DNA
duplex results. The potential of DNA’s programming ability to build nanometer-sized objects
was first suggested by Nadrian C. Seeman®®'’ - the founder of the DNA nanotechnology field.
Nowadays, there are many different kinds of DNA nanostructures available, e.g. tile-based,?%2!
wireframe?? or DNA origami structures.?®>?* To build the latter, long single-stranded DNA
(ssDNA) - the scaffold - is folded into a desired shape by hybridization with short, so-called
staple strands. They are complementary to distinct parts of the scaffold, thereby introduce
crossovers to different regions and finally yield billions of identical nanostructures produced in
a one-pot self-assembly reaction. The great advantage of DNA origami and other DNA
nanotechnology approaches is the straight forward positioning of chemical moieties with sub-
nanometer spatial and stoichiometric precision. By tagging an oligonucleotide used for building
the structure, the modification is easily incorporated. Various kinds of modifications are
commercially available on oligonucleotides?>? such as dyes or quenchers, lipophilic molecules,
polar or non-polar spacers and linkers, but also functional groups, e.g. for click chemistry, are
available. Thereby, post-folding custom-designed DNA-protein conjugates can be yielded. This
broad selection of possible modifications makes DNA nanotechnology a versatile tool to design
hybrid structures for any desired need as the modifications can be placed on the nanostructure
serving as a molecular breadboard.

Bl Relative fluorescence intensity

Figure 2. DNA nanotechnology-based biosensors. (a) Split, dye-labelled aptamer for ATP placed on two DNA origami
levers connected by a hinge. In the presence of ATP, the structure is in a closed conformation and FRET takes place
between the two dyes. Reprinted with permission from 2. (b) Nanobarcodes with fluorescent labels for multiplexed
dendritic signal amplification. Reprinted with permission from 28, (c) Top: Tubular DNA origami nanorobot opened by
binding of aptamer (red) to nucleolin (blue). Bottom: Atomic force microscopy images of closed and opened structure.
On opened structure, eight thrombin molecules are visible on each structure. Reprinted with permission from 29,

Using DNA nanotechnological ideas, various biosensors have been realized. The DNA mostly
functions as an assembly scaffold for the sensing unit and the read-out system, but can also fulfill
the sensing itself, eg in the form of aptamers.3%3! Aptamers are oligonucleotides that show a
strong affinity to a species of interest such as small molecules, ions or proteins, and bind it -
similar to an antibody. Walter et a/?” combined the specificity of aptamers with a DNA origami
structure that consists of two levers connected by a hinge (Figure 2a).32%% On each of the two
levers, they positioned parts of a split aptamer for ATP.?’ In the absence of ATP, the construct
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was opened due to electrostatic repulsion of the two levers, but in the presence of ATP, the
structure underwent a conformational change and the two lever parts were in close proximity.
The researchers positioned FRET-capable fluorophores on both parts and by monitoring the
energy transfer efficiency, the presence of ATP was detected.

Another interesting application of DNA nanotechnology in the biosensing context is for signal
enhancement. If a target has to be detected at an extremely low concentration, the signal
contrast released by the optical element is often not high enough to be distinguishable from the
background. A possible solution is the enhancement of the fluorescence signal. Exploiting DNA’s
programming ability, DNA-based dendrimers can be built and very strong fluorescence signals
can be gained by introducing dye-labelled oligonucleotides.3*3> This approach was used for
barcoding by combining dye labels with different colors and it was finally applied for diagnostic
purposes (Figure 2b).22 Particularly, with dendritic signal amplification, single cancer cells were
visualized with high specificity.®® A different strategy for signal amplification can be achieved
with DNA walkers where a trigger DNA strand induces a cascade of DNA strand
displacements.®” Either the release of fluorescent labels to the solution or the accumulation of
fluorophores on the surface of a nanoparticle can occur.382? Different biosensors based on DNA
walkers were introduced“® and for example applied for HIV biosensing as suggested by Zheng et
al.** A gold nanoparticle served as a platform to bind the assay including dye-labelled
oligonucleotides whose fluorescence was quenched. In the presence of HIV DNA, a cascade was
initiated and more and more dye-labelled strands were released increasing the fluorescence
intensity of the solution. Also, DNA origami has been used to build fluorescence amplifiers that
exploit a physical mechanism which is discussed in detail in the chapter “Optical Nanoantennas
for Single-Molecule Sensing”.*?

Furthermore, DNA nanotechnology has proven to be a suitable method for /n vivo applications.
It is highly biocompatible and reasonably stable in cellular environments. Additionally, there are
several strategies to increase the DNA nanostructure lifetime*® and prevent it from nuclease
degradation including shielding of the structure,*%’ covalent helix crosslinking*®4’ or specific
structure designs where degradation is less likely.”® Accordingly, different /n vivo DNA
nanotechnology applications have been realized. For example, a high cellular uptake was
achieved by coating structures with virus capsid proteins.*” Addressing specific cells was first
demonstrated in 2012 by Douglas et a/,°* and inspired by that, Li et a/. introduced a nanorobot
targeting and acting in cancer tissue (Figure 2c).?’ For their biosensor, an aptamer on a DNA
origami structure was used for targeting tumor cells as well as a molecular trigger to open the
tubular nanostructure. Once opened, a protein was exposed that activated blood coagulation at
the tumor site. Besides, intracellular sensing was demonstrated for example of miRNA by Liu et
al.>? Their DNA nanocube was delivered to cells and exhibited metastable dye-labelled hairpins
complementary to tumor-related miRNA. Upon binding of the miRNA, a chain reaction was
triggered and the hairpins showed an altered configuration. The different proximity between the
dyes was read out as a change in the Forster Resonance Energy Transfer (FRET) efficiency.

Overall, DNA nanotechnology holds great potential for the development of biosensors applied
in vivo, for diagnostic purposes and beyond. By modularly designing and developing different
functionalities, complex biosensors can be built where, e.g. specific targeting, effective sensing,
signal amplification, efc, is combined yielding smart sensors. These advantages hold potential to
create sensors with a read-out down to the level of individual probes and thereby push the field
of single-molecule technology as realized in this thesis for an /n vitro diagnostic assay and for
membrane biosensors.
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1.2 Optical Single-Molecule /n vitro Diagnostics

In vitro biosensing is often related to the field of diagnostics. In particular, this involves the
detection of disease markers which can either originate from patients such as markers for
cancer, Alzheimer or cardiovascular diseases, or it can originate from pathogens, ie. viruses or
bacteria. In some cases, a qualitative characterization is sufficient, whereas other cases require
a quantitative determination of the biomarker concentration.

In diagnostics, the concentration of the target molecule is often in the pico- to attomolar range,
especially at early stages of a disease. This sets high demands on diagnostic tests as an early
disease detection is key for a successful treatment. For example, the detection of specific cancer
markers at an early stage paves the way for personalized medicine, or if infectious diseases are
diagnosed early, a fast treatment can increase the effectiveness of the therapy and reduce the
risk of spreading. The low-concentration range of biomarkers suggests that the targets have to
be concentrated or molecularly amplified (e.g. by polymerase chain reaction, PCR) to gain the
required signal-to-noise ratio and to be detectable with conventional imaging solutions.
However, for some samples a molecular amplification is either not possible or not sufficient. In
this context, it is extremely beneficial, if each single biomarker gives rise to a signal that is easily
detectable. Thereby, even a low number of target molecules in a sample delivers a detectable
signal which pushes the limit-of-detection (LOD) to its minimum, enables an early disease
detection and thus, enhances the chances for successful treatment. Ideally, the detection of
single disease markers is performed at the point-of-care (POC), e.g in the doctor’s office, at
home or in areas without sufficient medical care. Therefor easy sample handling and simple read-
out are essential for making these techniques accessible to none-specialists and outside of a
high-tech laboratory setting.

1.2.1 StateoftheArt

Onedirection of optical /n vitrosingle-molecule biosensing is based on localized surface plasmon
resonance (LSPR). Zijlstra et a/. demonstrated how binding of a single target to the tip of a biotin-
functionalized nanorod influenced its plasmon resonance (Figure 3a).>® Based on this principle,
the detection of single DNA molecules was shown.>* A ssDNA strand was placed on the tip of the
nanorod and upon hybridization with a DNA target in the solution, a plasmon resonance shift
was observed. Also, DNA containing a three-basepair mismatch induced a different result and
even the introduction of a small, 1 kDa-sized intercalating dye lead to a strong signal change.

a 3o b
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Figure 3. Single-molecule biosensing for /n vitro diagnostic applications. (a) Plasmon resonance shift obtained due to
hybridization of ssDNA to a DNA-functionalized nanorod. Reprinted with permission from 4. (b) Single-molecule
ELISA detection with beads containing antibody that binds to an antigen and forms a sandwich assay (left). Individual
beads are bound in wells and a fluorescence signal is read out (right). Reprinted with permission from .

Besides LSPR, fluorescence is another possibility for optical single-molecule diagnostics. In this
context, a remarkable technique is based on the concept of the enzyme-linked immunosorbent
assay (ELISA) yielding single-molecule sensitivity.>® First, a low-abundant protein of interest in
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blood was captured on microbeads via antibody-antigen interaction (Figure 3b). On each bead,
there was either one or no target bound. Second, an enzymatic reporter was added and the beads
were immobilized in 50 fL-sized reaction chambers in which exactly one individual bead could be
isolated. Finally, an enzyme target was added that resulted in a fluorescence signal if degraded
by the enzyme. This way, fluorescence imaging revealed which of the cavities were filled with a
bead and single target molecules were detected.

These single-molecule biosensors are great examples for single-molecule biosensors. However,
for LSPR-based assays, nowadays high-tech equipment is needed making a POC application
challenging. On the contrary, POC-compatible read-out systems for the ELISA approach are
rather easily developed, but the sample preparation and handling involve multiple steps. This
requires well-trained technical staff and more complexity increases the probability for human
error. Additionally, the more manual steps the diagnostic test involves, the longer it takes to gain
the result. Toovercome these limitations, in this thesis a new sensing strategy is presented based
on plasmonic fluorescence enhancement holding potential for single-molecule POC diagnostics.

1.2.2. Optical Nanoantennas for Single-Molecule Sensing

One of the challenges in any diagnostic test is the visibility of the specific signal against the
background. For fluorescence signals, usually multiple dyes are needed to overcome this barrier.
Classically, the fluorescence intensity measured can either origin from multiple targets with one
dye each, or from a single target molecule with multiple dyes. However, both ways either
compromise the LOD or the simplicity of the test. A possibility to circumvent this problem is a
physical enhancement of the fluorescence signal which can be achieved, e.g. by plasmonic
effects.>® With plasmonic fluorescence enhancement, the fluorescence intensity of each single
dye is strong enough to yield a high signal-to-noise ratio needed for the detection with low-tech
devices in complex media.

CRRRARRRRAARK

 TTITTTITITTIITIT I ’
a ARKARAAAARAAARA
Vsl - 2 T 4 b g @]
- ~ B | \ - - i
> s _®
e [J‘: e -~ -5 - = closed
’ o g ! ! . E PRI ES
\ ! \ = k- BNeutravidin 1 ‘
e S U o, @Biotin v % z

opened

Figure 4. Optical nanoantennas. (a) Bowtie antenna consisting of two gold triangles and dyes (arrows). Reprinted with
permission from 7. (b) DNA origami nanoantenna with two gold nanoparticles (yellow) attached via DNA
hybridization (top inset) and a dye (red) attached to a passivated glass surface (bottom inset). Reprinted with
permission from 42, (c) Concept of fluorescence-quenched hairpin in its closed form (top) and upon hybridization with
atarget strand, in its opened form (bottom). Reprinted with permission from 8.

Plasmonic fluorescence enhancement relies on the resonant illumination of metallic
nanoparticles which leads to an electric field enhancement in close proximity to the particles.>%%°
This way, so-called plasmonic hotspots form. If fluorophores are placed in these hotspots, their
fluorescence signal is enhanced due to higher excitation and emission rates. Based on this
concept, several groups introduced optical antennas for fluorescence enhancement,>® e.g. the
bowtie antenna by Kinkhabwala et a/ (Figure 4a).>” Using electron-beam lithography, they
fabricated two triangles at a distance of 10 nm and measured a fluorescence enhancement of up
to 1340-fold of single dyes diffusing through the hotspot. However, a major drawback of these
lithography-based antennas is the lacking possibility to precisely position the dye with respect
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to the metallic particles. Relying on diffusion, important parameters influencing the fluorescence
enhancement, such as gap size, distance of the dye to the particles, efc, cannot be addressed
sufficiently.

Using DNA origami, Acuna et al.developed an optical nanoantenna overcoming these drawbacks
and allowing a precise positioning and stochiometric control of single dye molecules in plasmonic
hotspots (Figure 4b).#> A DNA origami pillar functioned as a scaffold to arrange two spherical
gold particles forming a 23 nm-sized gap. In this gap, a dye was placed and a fluorescence
enhancement of up to ~120-fold was detected. As the signal of a single dye molecule was
extremely bright, even measurements in 25 uM dye solutions were realized and for low-
quantum yield dyes, a fluorescence enhancement of 5000-fold measured.®® Testing the
applicability for a potential biosensing assay where dyes of different colors could be detected,
Vietz et al. showed that the fluorescence enhancement of a broad spectral range is possible by
using silver instead of gold nanoparticles.®? Further, Vietz et a/. proved that a dye’s fluorescence
can be successfully quenched in the plasmonic hotspot in a contact or dynamic mode.>8 In a DNA
hairpin configuration, it was possible to spatially separate quencher and dye by hybridization
with a specific DNA target (Figure 4c) and thereby, recover a strongly enhanced fluorescence
signal originating from the dye in the plasmonic hotspot.

The great progress on DNA origami-based optical nanoantennas suggests that a specific
detection of single nucleic acid target molecules and hence, an application for diagnostic assays
should be possible. Therefore, in chapter “DNA Origami for Single-Molecule /n vitroDiagnostics”
of this thesis, a DNA nanotechnology-based /in vitro diagnostic assay is introduced with an
enhanced fluorescence and single-molecule read-out based on a DNA hairpin.

1.3 Membrane Biosensing with Single-Molecule Sensitivity

The single-molecule visualization of biological processes is a powerful tool enabling the
collection of most detailed information. For example, if a heterogeneous sample consisting of
different species is measured by fluorescence microscopy in an ensemble, the species cannot be
distinguished. Instead, an averaged value is measured resulting from the contribution of all
species. Also, if only a single species is observed, which undergoes fast dynamic changes, it might
not be possible to resolve these fluctuations and again an average value is measured. To prevent
such information losses, the molecular species of interest can be diluted until the molecules are
spatially separable and individual molecules can be observed. Although being resolution limited,
single structures and their dynamics can be detected on the nanoscale while not compromising
areal time observation as in e.g electron microscopy.

a bior= E

s 0:00 1:00 2:00 ° &

—‘é 1 1 1 1 1 1 1 1 1 1 1 08 '® ° ~;’-- ..-’
o8 . s _ [BD]
8 A el Z A 25mM
N g, N e 5 mM
§§0.5 = - ° ¥ / /./'j\ 10 mM
s 3 i 4 i
zg 04 » TAMRA

g 6 T T T T T T T T T ° 3 /:ﬁ (dots)

2 0:00 1:00 2:00 o2k ¢° &&= Liss-Rhod-B

Time (s) 2 b i (lines)

5 10 Time
Distance (nm)

Figure 5. Single-molecule /n vivo biosensing. (a) Single-molecule FRET transient measured on a cell membrane.
Reprinted with permission from ¢3. (b) Principle of queenFRET where a single fluorophore transfers energy to multiple
quenchers in the surrounding solution. This way, the precise position within the cell membrane is determined as
demonstrated in (c). Reprinted with permission from ¢4,

For the measurement of biological parameters at lipid membranes, there have been a few
fluorescence tools introduced enabling single-molecule resolution such as Férster Resonance
Energy Transfer (FRET) where two components are labelled with a fluorescent tag.®>¢¢ A
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distance-dependent, non-radiative energy transfer can occur between them; the closer the
donor is to the acceptor, the more energy is transferred and the higher is the signal collected
from the acceptor. In this way, single-molecule FRET functions as a molecular ruler. In 2000,
single-molecule FRET studies were performed on cell membranes of mammalian cells for the
first time (Figure 5a).?®> Nowadays, this technique is frequently used for studies on
intramolecular changes, e.g. in a protein, or on intermolecular processes and it is also applicable
to cytosolic observations.®’

Applying single-molecule FRET for biosening, Hou et a/. visualized transmembrane motions of
lipids flip-flopping between the two membrane leaflets as well as the transmembrane transition
of different proteins such as the host defense peptide LL-37.%% In their approach, the biomolecule
of interest was fluorescently labelled and underwent FRET with multiple quenchers floating in
the extracellular environment (Figure 5b and c). As a result, they obtained the sub-nanometer
precise position of the molecule in the lipid membrane and unraveled different states of a
molecule while transitioning the cell membrane.

Overall, the cell membrane holds many important features and observing molecules flip-flopping
through the membrane is just one example for possible investigations. Other interesting
parameters are for example of physical nature where forces induce or transmit certain cellular
pathways or functions, including electrical forces. The latter is relevant in excitable cells where
changes in the electrical transmembrane potential are used for signal transmission, or in non-
excitable cells where the electrical surface potential is a parameter involved in various signaling
pathways. Although there is a huge variety of voltage sensors, there is still the need for further
progress and especially, for single-molecule compatibility as further discussed in chapter 1.3.1
for the transmembrane potential and in chapter 1.3.2 for membrane surface charges.

1.3.1 Electrical Transmembrane Potential Measurements

The electrical transmembrane potential A¥ results from a charge imbalance between the intra-
and the extracellular compartments and measures around A¥Y = —70 mV for cells in a resting
state.®® Excitable cells, including neurons or heart cells, use changes in the transmembrane
potential to transmit signals along the length of the cell upon a stimulus. Particularly, it comes to
a transient depolarization of the membrane to A¥Y =~ 40 mV - the so-called action potential.
Tracking firing neurons on the cellular level is one of the pieces required to understand how the
brain works and first observations of the transmembrane potential were fulfilled with pipette-
based electrophysiological approaches.®” These experiments are extremely time-consuming
while being invasive. With the introduction of fluorescence probes for voltage imaging, a more
straightforward and easy application was possible.”® One class of probes are genetically-
encoded voltage indicators (GEVIs).”Y”2 Based on membrane proteins, GEVIs intrinsically target
cell membranes and hence, are concentrated at the point-of-interest. The read-out is fulfilled
with fluorescent proteins bound to the membrane proteins - either by fluorogenicity or in a
FRET configuration. As fluorescent proteins are relatively dim and tend to photobleach fast, the
imaging durationis limited. Therefore, hybrid approaches have been developed where GEVIs are
combined with organic fluorophores which greatly enhances the signal contrast and the possible
imaging durations.”374

However, these assays can only be applied in transfected cell lines or transgenic animals limiting
the field of application. In this regard, non-genetically encoded sensors are beneficial; the first
generation of prior mentioned was based on the Stark effect.”>”¢ Although easily applied, the
signal contrast was rather low. In this respect, Gonzalez and Tsien made major contributions to
the field with the introduction of FRET-based voltage indicators (Figure 6a).”””® Their sensors
consisted of two optical components from which one remained in a fixed position at the
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membrane surface and the other one inserted into the lipid core. Depending on the
transmembrane potential, the component in the lipid core changed the equilibrium position and
as FRET could occur between both of them, the FRET efficiency differed and a high-contrast
signal was detected. Nevertheless, a huge drawback of this approach is that the components are
not chemically linked and thus, a high probe concentration has to be used leading to capacitive
loading of the membrane and thereby, disturbance of cellular functions.””

a /

—— Intracellular

Figure 6. Probes for imaging of the transmembrane potential. (a) A dye (purple) is anchored to the lipid membrane and
upon excitation, it can transfer its energy to a second dye (orange) in the lipid core which then fluoresces. Depending
on the transmembrane potential, the dye in the lipid core can change its equilibrium position to the inner leaflet and
no FRET takes place. Reprinted with permission from 78. (b) DNA nanotechnology-based voltmeter with a voltage-
sensing dye (left, green-blue), a hydrophobic anchor (right, orange) and an internal reference dye (red). Reprinted with
permission from &°.

Obviously, it is challenging to combine all the different functionalities required for an optical
voltage sensor into small chemical accessible entities. This issue has been addressed recently
with different nanotechnological approaches. One direction by Shimon Weiss and co-workers is
based on semiconductor nanoparticles.t182 By coating these particles with peptides, an insertion
to lipid membranes was enabled and due to the great optical properties, single-particle
resolution was achieved. However, the proper read-out depends on a perpendicular orientation
of the sensor with respect to the membrane, which was difficult to achieve. Another
nanotechnological direction was suggested by Saminathan ef a/ who introduced an /n vivo
membrane voltage sensor that combined a voltage-sensing dye with a second fluorophore for
ratiometric read-out and a targeting module for different organelles (Figure 6b).8° This was
realized using DNA as a scaffolding material.

These two examples suggest interesting directions. First of all, if each individual voltage sensor
can be read-out as a long-lived fluorescence signal, the effective probe concentration to be
applied to cells can be reduced substantially. This way, the capacitive loading of the membrane
is limited as well and the cell vitality is less effected. Also, reading out single molecules enables
the collection of information gained from the nanoscale beyond the diffraction limit which is yet
impossible in live cell settings. Second of all, the DNA nanotechnology-based example
demonstrates that with a modular combination of the different functionalities, a sensor tailored
exactly for the desired requirements can be developed.

Following these directions, in chapter 5.1 of this thesis a DNA-origami based transmembrane
potential sensor is presented showing single-molecule sensitivity. The different components
were chosen individually and assembled on the DNA origami platform including membrane
targeting, voltage sensing and signal read-out.

1.3.2 Optical Biosensing of Membrane Surface Charges

The cell membrane consists of different phospholipids from which between 10-30% have

negatively charged head groups.2® Most of them belong to the class of phosphatidylserine (PS).
10
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These negatively charged lipids are not distributed equally between the two membrane leaflets
and in eukaryotes, an asymmetric distribution is highly conserved resulting in an accumulation
at the cytoplasmic side.®4 Due to the anionic charges, the so-called electrical membrane surface
potential arises locally around the lipid head groups. Therefore, the inner leaflet of the cell
membrane has an electrical potential of ~-30 mV.2 This enables the binding of cationic protein
motifs and supports the negative curvature of the membrane.®%®’ An interplay of different
enzymes maintains the asymmetry which is only disturbed under certain conditions. On the one
hand, non-directional re-ordering of the lipids is relevant in apoptosis, but also a mediator for
blood clotting.8 On the other hand, a directional and transient exposure of PS at the cell exterior
is involved in e.g. T-cell activation where additional local heterogeneities of PS are observed.®7°

K

Figure 7. Ratiometric sensor for membrane surface charges. The sensor consists of the peptide MA1 permanently
attached to the membrane, two fluorescent proteins (FP1 in yellow and FP2 in red) and the peptide MA2. The cationic
MAZ2 is bound to the negatively charged membrane (left) and unbound if uncharged (right). Thereby, the FRET
efficiency varies. Reprinted with permission from 1.

Visualizing membrane surface charges can report on changes that are involved in signaling
processes - especially in the context of live cell imaging.”? To do so, dye-labelled PS can be used
and clustering of charged lipids can be observed, but fluorescent PS cannot report on whether
the lipid is at the inner or the outer membrane leaflet. Also, these kinds of probes tend to distort
cellular functions. A great progress was made with the introduction of protein-based sensors.”*"
%> For example, the genetically-encoded sensor of Yeung et a/. consisted of the cationic protein
R-pre which was linked to a fluorescent protein.”® If the membrane surface potential was
negative, R-pre accumulated at the membrane and an increase of the fluorescence intensity was
measured. These kinds of sensors, however, lack an internal signal referencing and thus, are
concentration-dependent. Addressing this issue, Ma et a/. developed an R-pre-based sensor with
FRET read-out (Figure 7).°* As FRET enables ratiometric measurements, with this sensor, a
guantitative estimation of the membrane charge density was possible as well as cell-to-cell
comparisons.

As discussed for the transmembrane potential sensors in the chapter above, genetically-
encoded sensors limit the field of application although fairly easily developed. A non-genetically-
encoded one would greatly complement the selection existing as well as a sensor for the outer
membrane leaflet where to date no measurements can be performed. Moreover, the currently
existing sensors do not allow observations on the nanoscale, although it is known that in certain
cellular pathways small clusters of PS form. In order to visualize such local heterogeneities, a
resolution beyond the diffraction limit has to be achieved in live cell experiments which could be
done with single-molecule fluorescence approaches. For that purpose, as part of this thesis, a
membrane surface charge sensor was developed allowing quantitative single-molecule
measurements using the DNA-origami technique, and the results are presented in chapter 5.2.
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2 Theoretical Background

2.1  Fluorescence
Light follows the wave-particle duality and is characterized by wave and particle properties. It is
an electromagnetic wave that propagates in space and whose smallest possible units are
photons. These photons possess a specific energy E which can be quantified with the Planck
relation as
hc

E="% (1)
with h as the Planck constant, c as the speed of light and 4 as the wavelength. Certain molecules
such as fluorophores can absorb photons and undergo transitions from the electronic singlet
ground state So to an excited state such as S1, Sz or S».?¢ Only if the photon’s energy corresponds
to the energy difference between two states, the photon is absorbed. Elsewise, it is transmitted
or scattered. Within each of the electronic states, there are different vibrational levels v
characterized by vibrational quantum numbers where v=0 describes the vibrational ground
state, v=1 the first excited vibrational state, efc, quantified by wave functions. Hence, photons
possessing different energies can be absorbed by the molecule where each transition leads to an
absorption band. Therefore, absorption spectra have a broad wavelength range and describe the
probability of a photon absorption at a specific wavelength. These probabilities are described by
the Franck-Condon principle;?’-%? the higher the overlap of the wavefunctions between the
ground and the excited state, the higher the probability. During the transitions, the molecular
geometry does not change as this process is faster than the vibration of the nucleus.%®
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Figure 8. Jablonski diagram. S describes the singlet states, T the triplet state and v the vibrational levels. All radiative
processes are illustrated with straight lines including absorption (turquoise), fluorescence (rose) and
phosphorescence (pink) and all non-radiative with wavy lines including intersystem crossing (beige), vibrational
relaxation (brown) and internal conversion (purple).

Once in an excited state Sy, the electron transitions to the lowest vibrational level within S, via
vibrational relaxation.'? For the depopulation back to the electronic ground state So, different
processes can take place as summarized in the Jablonski diagram in Figure 8.7 Basically,
radiative and non-radiative processes are distinguished. From higher excited states S, the
relaxation takes place non-radiatively via internal conversion into the lowest excited state Sa.
Also, from S; to So, the relaxation can occur by internal conversion. Another possibility is
fluorescence upon which a photon is spontaneously emitted. The energy of the emitted photon
is lower than the absorbed photon’s one as different energy-consuming processes take place
beforehand. Thus, the emitted photon has a higher wavelength. This phenomenon is called
Stokes shift.1°2 Analogous to the photon absorption, the fluorescence can also result in different
vibrational levels of Sp leading to multiple emission bands and hence, a broad emission spectrum.
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From an excited singlet state, under spin conversion a depopulation to the triplet state T1 can
happen referred to as intersystem crossing. The relaxation to So can take place non-radiative via
internal conversion or radiative viaphosphorescence. According to the Pauli exclusion principle,
two electrons with the same spin cannot occupy the same quantum state. Therefore, the
relaxation from the triplet state involves a spin conversion which is why these processes are
slower than the relaxation from the singlet states.

The quantification of each of the described processes as rates k is used to characterize the
photophysical properties of fluorophores. In this context, the ratio of radiative relaxation over
all relaxation processes is an important parameter described by the quantum yield @ as
kr
(2)

T kptkny

where k, is the depopulation rate for all radiative processes and k,, for all non-radiative
processes. Accordingly, the fluorescence lifetime 7 is defined as

T=— (3)

T kptkny

and quantifies the time that the molecule stays in the excited singlet state. Typically, the
fluorescence lifetime is in the order of nanoseconds. Each molecule undergoes multiple

excitation-emission cycles and within a defined period of time, the fluorescence intensity is

proportional to the number of excitation cycles. The intensity change over time dl’;—lt(t) can be

described with

LD = — (ky + )i (8). (4)
The integration of this term reveals an exponential fluorescence decay for multiple excitation-
emission cycles as

IFl(t) = Igl - e_(kr+knr)t = Igl et (5)
with I?, as the fluorescence intensity at t = 0 and reveals the fluorescence lifetime .

2.1.1 Non-Radiative Energy Transfer

Under certain conditions, energy can be transferred non-radiatively from a donor molecule to
an acceptor molecule. At distances below 1 nm, this happens by the so-called Dexter energy
transfer and involves the exchange of an electron.’®® Above 1nm, other processes are
predominant such as the FRET.1%4 Often, this phenomenon refers to the transfer between two
fluorophores, but it can also take place from a fluorophore to e.g a quencher. Figure 9a explains
the mechanism based on a simplified Jablonski diagram for a green and a red fluorophore. After
the donor molecule absorbs photons in the green spectral range, it relaxes to the lowest
vibrational level v/ = 0 in the excited state Si1, from which it can either depopulate into the
ground state by emission or it can transfer the energy to an acceptor upon which the donor
molecule is in the ground state and the acceptor in the excited state. By vibrational relaxation,
the acceptor molecule occupies v' = 0, from which it can emit in the red spectral range and
depopulate to the electric ground state So.
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Figure 9. Concept of FRET. (a) Jablonski diagram illustrating FRET between a green (left) and a red fluorophore (right)
with green absorption in turquoise, green emission in green, FRET in rose, red emission in pink and vibrational
relaxation in brown. (b) Dependency of the FRET efficiency on the distance r between two fluorophores with ro as the
distance where the FRET efficiency is 0.5.

Generally, the efficiency of this process is defined by different parameters. One important
requirement is the spectral overlap J between the donor emission and the acceptor absorption,
as the energy transfer is isoenergetic; the energy donated and the energy accepted are identical.
Hence, the higher the spectral overlap J, the higher is the probability for a successful energy
transfer. The spectral overlap integral J is described by

J = [ foDea(M)A*dA (6)

with the emission spectrum of the donor f;, (1), the absorption spectrum of the acceptor g4(1)
and the wavelength 1. Besides the spectral overlap, the relative orientation between the donor
and the acceptor is another important parameter. Basically, FRET is a dipole-dipole interaction
between transition dipole moments. A parallel orientation of the dipole moments leads to a
resonance and the probability for FRET is maximized. In this context, the orientation factor «?
describes the relative orientation of donor and acceptor to each other with

k% = cosBp, — 3cosB)p - cosl,. (7)

Here, 0,4 is the angle between the donor and acceptor dipole moments, 8, is the angle of the
donor’s dipole moment and 6, the angle of the acceptor’s dipole moment. k2 can take values from
0to 4, where O describes a perpendicular, 1 a parallel and 4 a collinear orientation of the donor

and the acceptor. For freely rotating dyes, k? = % is approximated. The third parameter
determining the FRET efficiency is the distance r between donor and acceptor as the magnitude
of the dipole-dipole interaction decays with r=® which is illustrated in Figure 9b. Typically, FRET

occurs between ~1-10 nm. The distance at which the probabilities for an energy transfer and for
fluorescent emission of the donor are equal, is called the Forster radius ry and is described with

the following equation:
__ 6[9®pIn(10)x?2]
To = \/ 12875n4N 4 (8)

Here, &, is the donor’s quantum efficiency, n the refractive index and N, the Avogadro constant.
The Forster radius r includes all parameters discussed above and is used to quantify the FRET
efficiency E as

(9)
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FRET has established as a fluorescent technique and is e.g. applied in biology for investigations
of different binding partners where two molecules are labelled with fluorophores, but also as
FRET is highly distance dependent, it is used as a molecular ruler to for example observe
conformational changes in proteins and beyond.10>1%6

2.1.2 Photobleaching and Photostabilization

Typically, a fluorophore undergoes multiple excitation-emission cycles, before it photobleaches
which results from an irreversible damage of the fluorophore’s chemical structure.
Photodamage can only occur when the molecule is in an excited state. As the time in the triplet
state is substantially higher than in the singlet state, the photochemical reactivity in the triplet
state is maximized. The most probable photobleaching events involve molecular oxygen.®” On
the one hand, oxygen depopulates the triplet state upon which singlet oxygen forms. This highly
reactive species on the other hand chemically reacts with fluorophores resulting in a destructed
fluorophore.1%8
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Figure 10. Simplified Jablonski diagram illustrating the ROXS mechanism. The absorption is shown in turquoise,
intersystem crossing in beige and vibrational relaxation in brown by straight lines, and by dashed lines the reduction
in pink and the oxidation in light blue. F ~is the anionic radical state and F ** the cationic radical state.

A possibility to limit photobleaching and thus, increase the number of excitation-emission cycles,
is by decreasing the fluorophore’s time in the triplet state. This can be achieved by the
introduction of a reducing and oxidizing system (ROXS).*® Once the molecule is in the triplet
state, a photoinduced electron transfer (PET) takes place with either a reducing or an oxidizing
agent (Figure 10). This brings the molecule into a radical state from which it depopulates to the
ground state by oxidation or reduction, respectively. These redox reactions are faster than the
usual relaxation from the triplet state and therefore, the probability of a photochemical reaction
with singlet oxygenis lower. To further increase the photostability, oxygen can be removed from
the system, eg enzymatically.’®® Here, the combination with a ROXS system in essential to
prevent long dark times; elsewise a depopulation from the triplet to the ground state cannot be
ensured.!©

2.2 Single-Molecule Fluorescence Studies

Studying processes on the level of single molecules holds the advantage that a high content of
information is collected.**-113 For example, in fluorescence microscopy, if a sample contains
different species, often it is impossible to distinguish them with conventional methods due to
ensemble averaging. Also, dynamics of stochastic processes need to be synchronized to study
them on the ensemble level. On the single-molecule level, they can be visualized directly and are
also accessible when synchronizationis not possible. These limitations can be solved when single
molecules are investigated for which different requirements have to be fulfilled.

First, the choice of the fluorescent label is essential. Depending on the experimental needs,
mostly synthetic organic dyes are used, but also fluorescence proteins, quantum dots or
fluorescent nanoparticles are possible. The photophysical properties of the label have to be
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considered, where a high quantum yield and a high extinction coefficient result in a sufficient
brightness.! Also, the photostability is important which can be further tuned with strategies
discussed in chapter 2.1.2.

Second, the concentration range has to be taken into account. In conventional fluorescence
microscopy, hundreds to thousands of molecules are investigated at the same time due to two
reasons. On the one hand, the diffraction limit does not allow a differentiation of objects that are
below ~300 nm apart for visible light.” On the other hand, considering this limit, the sample
density is essential.''* Under physiological conditions, interactions of biomolecules are in the
concentration range between 1 nM and 1 M. This high density causes an observation of many
molecules simultaneously, if all of them are fluorescently labelled. To successfully enable single-
molecule fluorescence studies, the density of labelled molecules has to be decreased until the
molecules are spatially separable. This is achieved by concentrations of around 1 pM to 1 nM.

Third, single-molecule fluorescence studies set high demands on the optical setup. In order to
visualize the molecule, a high signal-to-background ratio has to be obtained!*?!'3 which can be
reached with e.g widefield or confocal microscopes.
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Figure 11. Single-molecule microscopy techniques. (a) Sketchillustrating the concept of TIRF. An excitation laser beam
(cyan) hits a glass surface (grey) at the critical angle o, and induces an evanescent field above the glass slide. Molecule
1 (white) positioned above the evanescent field is not excited and does not fluoresce whereas molecule 2 (pink) is
exposed to the electric field and thus, fluoresces. (b) Sketch illustrating the concept of confocal microscopy. The
emission light paths are shown for three molecules from which the pink one is in the focal plane and the cyan and
yellow ones are out of focus. After passing the objective, their light is focused by a lens onto a pinhole and only the
light originating from the pink molecule passes the pinhole whereas from the other two, the emitted light is blocked.

A widefield microscope offers the possibility to illuminate a large field of view so that multiple
molecules can be investigated simultaneously and individually due to broadening of the laser
beam.!*> However, not only the focal plane is illuminated, but also the whole depth of the sample.
This results in a low signal-to-background ratio. To reduce the excitation volume, widefield
microscopes are often used in the Total Internal Reflection Fluorescence (TIRF) configuration.
In this approach, only molecules at a distance roughly up to 200 nm from the glass surface are
excited. Thisis achieved if the light hits a surface between two materials with different refractive
indices n, and n,, respectively, below a critical angle a. defined as
P n
a, = sin™?! (n—;) (10)

where n; < n,. For water and glass, this critical angle is approximately a. = 60°. Although the
light is totally reflected, an exponentially decaying evanescent electric field is induced at the
surface (Figure 11a). Thus, only molecules close to the surface are excited and the signal-to-
background ratio is significantly improved. TIRF microcopy is a great tool for high-throughput
single-molecule studies, but has a limited time resolution which is mostly related to the temporal
limits of the detectors used; the emission light is focused on the chip of a charge coupled device
(CCD) or of a complementary metal-oxide-semiconductor (CMOS) camera whose typical frame
rates are between 30 and 80 frames/s, respectively.16117
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This temporal limitation can be overcome with confocal microscopy where single-photon
detectors are used. Conceptionally, in confocal microscopy the laser is focused on a single spot
of the sample.!'® In the detection path, the emitted light from different zpositions is collected.
With a lens, the light is focused on a pinhole which neglects all light originating from above or
below the focal plane (Figure 11b). This leads to a very high signal-to-background ratio. A
confocal microscope can be used for solution measurements where the sample diffuses through
the focal volume and single bursts are obtained for each molecule.’*® Also, surface-based
measurements can be performed. Therefor the surface is scannedin araster pattern so that each
individual point is measured and the whole picture is assembled. This technique can be extended
for time-correlated single photon counting (TCSPC).!'°> Here, a pulsed laser is used to excite the
sample every e.g. 20 ns and the time delay is measured until the photon is detected on the single-
photon detector. This is repeated multiple times and according to equation (5), an exponential
decay of the fluorescence intensity is observed. Finally, mono-exponential fitting reveals the
fluorescence lifetime of the single molecule investigated.

Overall, fluorescence microcopy is a great tool for single-molecule studies. Considering the
concentration limitations and choosing an appropriate fluorescent label, the measurements can
be easily performed for which there are different microscopic techniques available. While TIRF
microcopy offers a high throughput by a simultaneous excitation and detection of a broad area,
confocal scanning microscopy holds an extremely high temporal resolution enabling
fluorescence lifetime measurements of single molecules.

2.3DNA Nanotechnology

Deoxyribonucleic acid or DNA is the carrier of genetic information.® This polymeric molecule is
built up by nucleotides consisting of a sugar, a phosphate group and a nucleobase (Figure 12a)
and has two ends; the 5’ end terminating with the phosphate group and the 3’ end terminating
with the sugar. The sequence of the four nucleobases adenine, cytosine, guanine and thymine
can be translated to a sequence of amino acids and thereby act as the genetic code. According to
Watson and Crick, between adenine and thymine and between cytosine and guanine, hydrogen
bonds can form.'” In the presence of a complementary DNA, the two strands hybridize and a
DNA double helix results.

Nadrian C. Seeman was the first one who used the programming properties of DNA to build
nanostructures and founded the field of DNA nanotechnology.'® In his approach, branched
junctions were connected via sticky ends (Figure 12b) to form crystalline arrays although the
yield of structures was relatively low.''%12° A revolutionary development in the field of DNA
nanotechnology was made by Paul Rothemund in 2006 with the introduction of DNA origami.?®
In this approach, long ssDNA derived from the M13 phage functions as a scaffold for the
nanostructure (Figure 12c). By hybridization with short so-called staple oligonucleotides,
different parts of the scaffold are spatially cross-linked. In a self-assembly, DNA nanostructures
result in a shape programmed prior to folding by the DNA sequences. In a one-pot reaction,
billions of DNA origami nanostructures are yielded simultaneously and different designs such as
triangles or stars are presented in his work and exemplary show in Figure 12d. Shortly after the
conceptional demonstration of this approach, more complex 3D structures were introduced.?*
Besides the DNA origami technique, in recent years other methods have evolved yielding e.g
DNA wireframe?? or brick structures.??
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Figure 12. DNA and DNA nanotechnology. (a) Chemical structure of DNA with the nucleobases adenine (pink) and
guanine (cyan) in one DNA strand and thymine (blue) and cytosine (yellow) in a second DNA strand hybridizing to a
DNA duplex viahydrogen bonds (dashed lines). (b) DNA forming a 4-arm branched junction with the 5’ end illustrated
by a half-arrowhead. Reprinted with permission from 18, (c) Concept of DNA origami with long scaffold strand (black)
hybridized to short staple strands (colored) forming crossovers to different helices. Reprinted with permission from 23,
(d) Top row: DNA origami designs for a triangle and a star including crossovers. The color code describes the base-pair
index where red is the first base and purple the 7000t base. Bottom row: Atomic-force microscopy image of the folded
DNA origami structures with scan dimensions of 165 nm x 165 nm. Reprinted with permission from 23,

As DNA oligonucleotides are easily tagged with chemical moieties, various modifications can be
positioned in DNA nanostructures with base-pair precision and stochiometric control, for
example proteins, fluorophores, nanoparticles, lipophile molecules and beyond. Therefore, DNA
nanotechnology has been successfully used as an assembly platform for the development of drug
delivery systems,'2%122 nanorobots,>*123 biosensors! and beyond.

2.4 Nanophotonics

In nanophotonics, light is manipulated on the nanoscale. This can for example occur by exposing
a metallic nanoparticle to light of a certain wavelength where the excitation leads to a
polarization of the conducting band electrons. In particular, it comes to a delocalization of the
electrons in the particle as the electric field of the light induces a collective electron oscillation,
if the frequency matches the eigenfrequency of the particle.>” For nanoparticles that are much
smaller than the wavelength of the incident light, a quasi-static dipole can be approximated® as
illustrated in Figure 13a. This phenomenon is called the localized surface plasmon resonance
(LSPR). The resonance frequency w; spr is described by

Ne?
w = [——— 11
LSPR Meo(Eoo+KEm) ( )

where N is the density of free electrons, e the electron’s elementary charge, m, the electron
mass, €, the permittivity in free space, €., the permittivity of the induced polarization, k a shape
factor and ¢, the permittivity of the surrounding medium.*?* Hence, the resonance frequency

18



Theoretical Background

depends on the material of the nanoparticle and different metals can interact with light at
distinct wavelengths.

The polarizability a(w) at a certain frequency w is estimated by the Clausius-Mossotti relation
as

e(w)—em
g(w)+kem,

a(w) =1+ Kk)Ve, . (12)

Here, V is the volume of the nanoparticle and (w) the permittivity at a specific frequency. The
volume in this equation implies a higher a(w) for larger sizes of nanoparticles. In addition, the
equation contains the shape factor k; the shape of the particle predetermines how well the
electric field can be concentrated. With decreased symmetry, the local fields are increased, e.g.
inananorod there is a dipole moment oscillating perpendicular and one oscillating parallel to the
rod’s axis. The parallel dipole moment is concentrated at the tips'?> (Figure 13b) unlike in a
sphere where all around the nanoparticle the same electric field enhancement is observed
(Figure 13c). For a spherical particle, k = 2, whereas for a rod-like structure or a triangle, it is
larger.1?4
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Figure 13. Plasmonic nanoparticles. (a) Nanoparticles exposed to light which induces a displacement of the conducting
electrons and a quasi-static dipole. (b) Simulation of the electric field enhancement |E|?/|E, | for a 31x9 nm-sized gold
nanorod and (c) for a 80 nm gold sphere. Reprinted with permission from 126 for (b) and for (c) with permission from 42,

If aquantum emitter such as a fluorophore is placed in close proximity to a nanoparticle which is
excited by its resonance frequency, an interaction can occur. A requirement for this is the
overlap between the absorption and emission spectra of the fluorophore and the near-field
spectrum of the nanoparticle.?® Under this circumstance, additional to the electric field of the
photon, the fluorophore is exposed to the electric field induced by the nanoparticle.’?” This leads
to an increased excitation rate k,, of the fluorophore and thus, to an enhanced fluorescence
intensity I; as

Ip; X koy®. (13)

Besides the fluorophore’s excitation, the relaxation processes are also influenced by the
nanoparticle. The fluorophore can transfer its energy non-radiatively to the nanoparticle which
introduces an additional relaxation process decaying with the rate kyp. Therefore, the rate
summarizingall non-radiative processes k,,,- as discussed is the chapter above is extended to k.
Also, the rate for all radiative processes k,. changes as the nanoparticle can release photons
resulting in the extended rate for radiative processes k™. The fluorophore’s quantum yield @™
is defined as

pm = K
kT Ky

(14)

and is increased, if it is not around 1 without the proximity to a nanoparticle. With a higher @™,
the fluorescence intensity is additionally increased with respect to equation (5). Accordingly, the
fluorescence lifetime changes to

19



Theoretical Background

= (15)

T ORPHET
which implies a reduced lifetime for higher fluorescence intensities.

The assembly of fluorophores and plasmonic nanoparticles yield so-called nanoantennas which
can be used for the photophysical manipulation of fluorophores.>®!?® One strategy for it is the
use of nanolithography where the plasmonic structures are formed in a top-down approach
resulting in very concise structures.®” However, the precise positioning of the fluorescing
component is challenging. Other strategies involve functionalized nanoparticles,'?’ e.g. with
DNA oligonucleotides where a better spatial control is achieved, but no stochiometric control.
Both a spatial and a stochiometric control is reached by the combination with DNA
nanotechnological approaches such as DNA origami.*? Here, the “molecular breadboard”
advantage discussed in chapter 2.3 can be used to address the applications’ needs.

2.5 Electrostatic Properties of Lipid Membranes

The eukaryotic cell membrane features various electrostatic properties which result from
diverse originsillustrated in Figure 14a. The transmembrane potential A¥ isinduced by different
ion concentration on both sides of the membrane and is described with

AY =W, — W, (16)

where ¥, is the potential inside and ¥,,; is the potential outside.'®® Each ion in the electrolyte
solution around has an impact on the potential stated by Coulomb’s law as

Y(r) =—" (17)
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Figure 14. Electric potentials at lipid bilayers. (a) Sketch illustrating the potentials at a lipid membrane in cyan including
the surface potential ¥, the transmembrane potential AW and the dipole potential Wy. (b) Drop of the potential ¥
(cyan) at a charged surface (grey) with respect to the distance r in an electrolyte solution. At the charged surface, a
layer of counter ions (Stern layer, pink) is adsorbed followed by a mixture of both cations and anions (beige) in which
the Debye length is defined as 1/e.

Here, r is the distance from the ion, q is the charge of an ion, ¢, is the dielectric constant of the
medium and ¢, the permittivity of free space. As a result, different concentrations of ion species
between two sides of a lipid membrane induce an electrical potential and can be described with
the Nernst equation®® as
— RT, (Cout
2y =2 ln(%) (18)
where R is the gas constant, T the temperature, Z the charge of the ion, F the Faraday constant

and c¢,,; and c;,, the ion concentration outside and inside, respectively. By an interplay between
different channels in the cell membrane of excitable cells, the ion gradient across the membrane
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is changed which results in a transient depolarization of the membrane. This is used in eg
neurons for signal transmission along the length of the cell.**!

Considering a lipid bilayer thickness of ~4 nm, the transmembrane potential is long-range
compared to the membrane surface potential as illustrated in Figure 14a. The surface potential
Y. is caused by charges in the head groups of the lipids forming the membrane and arises locally
around the membrane-water interphase. According to Gouy and Chapman,*®2133 the surface
potential ¥, depends on the surface charge density o and the Debye length k=1 by

Yy, =2 (19)

£qE0k

The Debye length is a measure of how far an electrostatic effect persists in e.g an electrolyte
solution and highly depends on the ionic strength.'®* In a monovalent electrolyte solution, it is

defined as
-1 _  [|€a&okpT
Kt = ’ZNAeZC . (20)

k;, is the Boltzmann constant, N, the Avogadro constant and c the ionic strength of the
electrolyte. As illustrated in Figure 14b, the potential drops exponentially at the membrane with
x as the distance from the membrane according to

Y(x) =¥, e(=F0), (21)

A closer look at the surface potential reveals that at the surface a layer of counter ions is
adsorbed - the so-called Stern layer (Figure 14b).1% It is followed by the slipping plane in which
counterions accumulate due to electrostatic attraction, but also some co-ions are present and
both species diffuse around. Overall, the membrane surface potential is involved in various
signaling pathways such as T-cell activation®48? and blood clotting,®® but also the charged surface
offers binding sites for positively charged proteins.”*136137

The third potential at the lipid membrane is the dipole potential caused by the alignment of
dipolar residues of the lipids and water molecules.'® It is located inside of the membrane’s lipid
core and measures around ¥;=200-400 mV depending on the lipid (Figure 14a). This positive
potential enhances the permeability of the membrane for anions compared to cations by five
orders of magnitude.*®’
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3 Methods

In this chapter, the methods used for the different experiments are briefly explained. Details are
found in the respective related publications. If not declared differently, chemicals were
purchased from Merck KGaA.

3.1 Confocal Microscope
For this work, two different home-built confocal microscopes were used that were conceptually
similar, but varied in a few components.

The data for the nanoantenna project was acquired on a setup based on an Olympus IX-71
microscope body and had a pulsed 640 nm laser (LDH-D-640, Picoquant) and a pulsed 532 nm
laser (LDH-P-FA530B, Picoquant). Both were used with a repetition rate of 80 MHz. The green
and the red excitation were altered through an AOTF filter (AOTFnc-VIS, AA optoelectronic).
Circular light was achieved by combining a linear polarizer and a quarter-wave plate. An oil-
immersion objective (UPlanSApo 60X0/1.35 NA, Olympus) was used to focus the light onto the
sample and with a piezo stage (P-517.3CL, Physik Instrumente GmbH & Co. KG), the confocal
beam was precisely positioned. A dual-band dichroic beam splitter (Dualband z532/633, AHF)
separated excitation from emission light. The emission light was focused on a 50 um pinhole
(Linos), spectrally separated by a dichroic beam splitter (640DCXR, AHF) and cleaned with
spectral filter (red, ET 700/75m, AHF and RazorEdge LP 647, Semrock; and green, HC582/75,
AHF and RazorEdge LP 532, Semrock). For detection, single-photon avalanche diodes ( ¢ -SPAD-
100, Picoquant) were used and for TCSPC counting, a PC card (SPC-830, Becker & Hickl)
connected the computer with the detector. The control was fulfilled with a home-written
software based on LabView (National Instruments).

For the second home-built confocal microscope, only the components and parameters differing
from the setup described before are mentioned. The green laser was used with a repetition rate
of 50 MHz. As an objective, the UPLSAPO100XO, NA 1.40 (Olympus Deutschland GmbH) was
used and the piezo stage P-517.3CD by Physik Instrumente (Pl) GmbH & Co. KG controlled by a
piezo controller (E-727.3CDA, Physik Instrumente (Pl) GmbH & Co. KG). The dichroic mirror
separating the excitation from the emission light was the zt532/640rpc (Chroma), the 50 um
pinhole was from Thorlabs and the dichroic mirror for separating green and red was the 640
LPXR (Chroma). The avalanche photo diodes were SPCM-AQRH-14-TR by Excelitas and the
TCSPC unit the HydraHarp400 by PicoQuant. A commercial package was used for the
microscope control (SymPhoTimeé4, Picoquant).

3.2 TIRF Microscope

The widefield FRET experiments were executed on a home-built TIRF setup based on the
Olympus IX71 microscope body. With an acousto-optical tunable filter (AOTF, PCAOM-VIS,
Crystal Technology) at a frequency of 10 Hz, the light of a green laser (Sapphire 532 nm,
100 mW, Coherent) and of a red laser (iBeam Smart 640 nm, 150 mW, Toptica Photonics) were
altered. An oil-immersion objective (APO N 60X0O/ 1.49 NA TIRF, Olympus) was used. To
separate the excitation from the emission light, a dual line beamsplitter was used and the
emission further spectrally separated in an Optosplit Ill (Cairn Research) equipped with a
dichroic beam splitter (640 DCXR, Chroma Technology), a bandpass filter for green (BrightLine
HC 582/75, Semrock) and a longpass filter for red (647 nm RazorEdge, Semrock). With the
Optosplit, a dual-view configuration was achieved and the emission light focused on the chip of
a back-illuminated sCMOS camera (KURO 1200B sCMQOS, Princeton Instruments). For data
acquisition, the commercial software LightField (Princeton Instruments) was used.
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3.3 DNAOrigami Production

Different DNA origami designs were used for the projects presented in this thesis. For the
diagnostics-related topics, a DNA origami pillaré'%? was used whereas the membrane potential
sensors were based on a flat rectangular plate.*®4! The exact designs can be found in the
related publications.

The DNA origami were based on long ssDNA derived from the M13 bacteriophage functioning
as a scaffold which was folded into shape with hundreds of short oligonucleotides (from
Integrated DNA Technologies, biomers.net GmbH and Eurofins Scientific). Details on the
sequences are listed in the Sl for the respective publications. The oligonucleotides were mixed
with the scaffold in a 10x excess. To introduce modifications, some of the oligonucleotides
carried chemical moieties and were added at 30x excess. The mixture contained 10 mM Tris,
1 mM EDTA and 14 mM MgCl; for the pillar and 12.5 mM MgCl; for the plate. It was heated to
96°C and a temperature ramp to slowly cool down the mixture was driven to induce a stepwise
hybridization of the oligonucleotides with the scaffold, until the structures were folded into the
desired shape.

Afterwards, the folded DNA origami structures were purified from excess oligonucleotides
either by size exclusion with Amicon filters (100 kDa) or by precipitation with PEG.

For the size exclusion centrifugation, the sample and the buffer for washing were added to the
filter and the tube spun for 5 min at 20°C and 10 krcf. This step was repeated two times with
buffer for washing. For the sample regeneration, the filter was flipped and placed in a fresh tube.
By centrifugation at 1 krcf and 20°C for 5 min the purified sample was collected.

The PEG precipitation was achieved by mixing the sample in a 1:1 ratio with buffer containing
12% PEG-8000 (w/v), 10 mM Tris, 1 mM EDTA, 500 mM NaCl and 12 mM MgClzat pH 7.5 and
centrifugation for 30 min at 16 krcf and 4°C. The supernatant was discarded and the DNA
origami pellet dissolved in the folding buffer containing 10 mM Tris, 1 mM EDTA and 12.5 mM
MgCl.. This washing step was repeated six times.

If required, the structures were post-folding labelled with further modifications by incubation
with the oligonucleotides in a 10x excess over-night and another purification procedure
followed. Finally, the DNA origami structures were ready for usage and stored at -20°C or 4°C
for the samples with cholesterol modifications.

3.4  Nanoparticle Functionalization

For the nanoantenna experiments, silver particles were used with a size of 80 nm (BBI Solutions).
In order to bind them to DNA origami structures, they were functionalized with ssDNA
oligonucleotides with a 25T sequence (Ella Biotech GmbH). At the oligonucleotide’s 5’ end, a
thiol moiety realized the binding to the silver nanoparticle viaa sulfide bridge.

Avolume of 2 mL of the nanoparticle dispersion (BBI Solutions) was heated to 40°C while stirring
and 20 pL of a 20% Tween20 solution and 20 pL of a potassium phosphate buffer (4:5 mixture of
1M monobasic and dibasic potassium phosphate, P8709 buffer and P8709 buffer, Sigma
Aldrich) was added as well as 10 uL of a 50 nM solution of the thiolated DNA oligonucleotide.
After an incubation for 1 h, 750 mM NaCl was added to the solution stepwise over the period of
45 min. For purification from excess oligonucleotides, the nanoparticles were mixed ina 1:1 ratio
with 1xPBS, 10 mM NacCl, 2.11 mM P8709 buffer, 2.89 mM P8584 buffer, 0.01% Tween20 and
1 mM EDTA (PBS as tablets from Thermo Fisher Scientific). This mixture was centrifuged at
2.8 krcf and 20°C for 15 min. The supernatant was discarded, the pellet dissolved in the
previously mentioned buffer and the mixture centrifuged again. This washing step was repeated
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six times, before the pellet was dissolved in buffer. To dilute them to the appropriate
concentration to be added to the DNA origami, the absorption at its maximum of ~450 nm was
measured and the solution diluted until an absorption of ~0.1 was achieved (Nanodrop 2000,
Thermo Scientific). Finally, the functionalized nanoparticles were ready for binding to the DNA
origami structures and stored at 4°C.

3.5 Liposome Preparation

The phospholipids for the liposome/LUV formation were purchased as a chloroform solution
(Avanti Polar Lipids, Inc.) and added to a glass vial at n=1 mmol. The chloroform was evaporated
under a nitrogen stream and the resulting lipid film was further dried under vacuum in a
desiccator for 4 h. Then the lipids were dissolved in buffer as specified in the publications and
due to the low solubility of lipids in water, liposomes of various sizes formed spontaneously. To
yield unilamellar vesicles, seven freeze-and-thaw cycles were performed and to obtain vesicles
of a specific size, the solution was extruded (LiposoFast-Basic, Avestin, Inc.) through a 100 nm
PC membrane (Whatman® Nuclepore™) for 21 times. The resulting large unilamellar vesicles
were stored at 4°C until used.

3.6  Preparation of Microscopy Slides

For imaging, Nunc® Lab-Tek® Il chambered slides (Thermo Fisher Scientific) were used. First,
they were cleaned by incubation with 1 M KOH for 4 h and washed with 1xPBS. Afterwards, for
the nanoparticle samples the slides were passivated with BSA-biotin (Thermo Fisher Scientific)
and for the Large Unilamellar Vesicles (LUV) samples with biotinylated PLL-g-PEG (Susos AG)
both at 0.5 mg/mL in 1xPBS over night at 4°C. The slides were washed with 1xPBS and by
incubation with 0.25 mg/mL neutravidin (Thermo Fisher Scientific) in 1xPBS for 20 min and
another washing procedure with 1xPBS, binding sites for the biotin-modified DNA origami were
formed and the slides ready to use.

The DNA origami pillar for building nanoantennas were immobilized on the slides at a
concentration of ~50 pM. Then the diluted nanoparticles were added and incubated for 48 h at
4°C. A washing step with 10 mM Tris, 1 mM EDTA, 12 mM MgCl, and 100 mM NaCl followed
and the nanoantennas were ready for imaging.

The DNA origami structures for the LUV samples were for 2 h or overnight incubated with 100x
excess of LUVs at 20°C and immobilized in the Lab-Tek chambers at a concentration of ~50 pM.
To prevent LUV bursting in the following washing step, 500 pL of the LUV buffer as mentioned
above was added, mixed and pipetted out. This dilution-washing step was repeated for 6x and
the samples were ready for imaging.

For samples with a transmembrane potential, after the first round of imaging the outside buffer
was exchanged by dilution and washing as described before and the ionophore valinomycin was
added at a concentration of 37.5 nM. Valinomycin complexes potassium ions very specifically
and builds up a transmembrane potential, if there is a potassium concentration gradient across
the membrane.’*? The sample was incubated for 10 min with the valinomycin, before imaging. To
destroy the potential, gramicidin was added at a concentration of 10 nM and incubated for
10 min, before imaging.

24



DNA Origami for Single-Molecule in vitro Diagnostics

4 DNA Origami for Single-Molecule /n vitro Diagnostics

A rapid and reliable detection of pathogens is essential in the fight against infectious diseases.
The Corona pandemic even more demonstrated its importance in order to get the crisis under
control. A fast diagnosis at early stages reduces the risk of spreading, but also - if applicable -
enables an early and effective treatment. In this thesis, a diagnostic assay was developed
proposing an alternative sensing strategy potentially yielding a low LOD while avoiding
molecular amplification. Instead, the signal originating from single target molecule recognition
was enhanced physically by a plasmonic nanoantenna.*? Its working principle was demonstrated
exemplarily by detecting Zika-specific nucleic acids.

Figure 15. Plasmonic nanoantenna enhancing fluorescence for diagnostic purposes. A DNA origami pillar is equipped
with a silver nanoparticle that enhances the fluorescence signal originating from a dye in close proximity. The dye is
part of a dye-quencher hairpin which only fluoresces in presence of a specific target. After hybridization of the target
with the hairpin, the dye exhibits an enhanced signal. To localize the DNA origami on confocal scans, they are equipped
with a green fluorophore. Reprinted with permission from 143,

To build this nanoantenna, a DNA origami pillar was used. It contained sites for binding
functionalized 80 nm-sized silver nanoparticles. A target recognition unit was placed closely to
the nanoparticle at sub-nanometer precision. In detail, a DNA hairpin contained a fluorophore
and a quencher modification (ATTO647N and BBQ650) which were close together in the default
hairpin form. As a result, fluorescence contact quenching was observed and no signal detected.>®
The hairpin loop as well as part of the stem had a complementary sequence to the gene for the
Zika virus capsid protein. In the presence of a nucleic acid encoding for this protein, it hybridized
with the hairpin DNA, opened it. Thus, no quenching took place and a fluorescence signal was
measured. Due to the close proximity to the silver nanoparticle, plasmonic fluorescence
enhancement occurred in this DNA origami nanoantenna.

First, it was proven by single-molecule confocal microscopy that a DNA target was able to open
the hairpin structure and that the nanoparticle did not disturb it. Therefor confocal scans and
single-molecule trajectories were analyzed. For both, with and without a nanoparticle bound, a
hairpin opening of ~50% was observed. The nanoparticle binding apparently did not interfere
with the hairpin assay. However, the DNA origami nanoantenna was equipped with two particle
binding sites, but the enhancement factors of only up to 60-fold indicated that only one
nanoparticle could bind. This was likely related to steric hindrance induced by the DNA hairpin.
Next, the sensitivity of the assay was tested for mismatches in the target sequence to the hairpin.
It was shown that the introduction of two mismatches already lead to a significant decrease in
hairpin opening. Then, heat-inactivated blood serum was enriched with the target DNA to mimic
realistic diagnostic conditions and the test was performed. The results for the serum and the
serum-free samples were comparable in terms of target binding and fluorescence enhancement.
Therefore, the functionality for physiologically relevant samples was further investigated and
RNA targets were used. In the context of Zika, this is an interesting parameter as it is an RNA
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virus similar to many other viruses. The target opening was slightly reduced compared to the
DNA target which is likely related to more secondary structures in RNA. Lastly, the multiplexing
capability for this assay was demonstrated. A second nanoantenna carrying a hairpin
complementary to another target DNA was mixed with the Zika-specific nanoantenna. At the
base of the DNA origami pillars, the two samples were labelled with fluorescent dyes emitting at
different wavelengths. This enabled the distinction between the two samples within one
confocal field of view by color barcoding. Although the signals originating from the hairpins were
in the same spectral range, they could be differentiated easily by color barcodes in the pillars’
bases. The introduction of more complex color barcoding would enable the detection of even
more targets simultaneously.

All together, these results show the feasibility of physical signal enhancement as an alternative
to molecular amplification such as PCR in diagnostic contexts. Single target molecules could be
detected and visualized which holds potential for yielding an extremely low LOD, if single
molecules are counted. Therefor the assay could be combined with spotting approaches on
microfluidic chips. Furthermore, by using low-tech detection devices such as a modified smart
phone camera, the assay could be applied at the point-of-care and hence, function as a rapid
diagnostic test in the fight against infectious diseases.
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27



Single-Molecule Membrane Sensors with DNA Origami

5 Single-Molecule Membrane Sensors with DNA Origami

5.1 Transmembrane Potential Sensing

The intracellular signal transmission in excitable cells such as neurons goes along with a
depolarization of the cell membrane.®® Based on the DNA origami technique,?®?* an optical
biosensor was developed that sensed transmembrane potentials in liposomes and transduced it
into optical single-molecule signals.

AW=-100 mV AY=100 mV
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Figure 16. Single-molecule transmembrane potential sensor based on DNA origami. The DNA origami is anchored on
a lipid membrane with cholesterols (left, blue) and carries the voltage-sensing unit centrally (left, cyan and pink). The
inset shows the concept where a voltage-induced conformational change of the sensing unit results in different inter-
dye distances dand thus, in different FRET efficiencies. Reprinted with permission from 144,

In particular, a DNA origami plate was used for the assembly of different functionalities. Biotin
modifications were introduced to immobilize the nanostructures on the surface of passivated
and functionalized glass cover slips via biotin-neutravidin interactions to perform TIRF
measurements. For specific membrane targeting, the nanostructure carried cholesterol moieties
that anchor it to lipid bilayers. The key component of the DNA origami sensor was the sensing
unit placed in the center of the nanostructure. On the one hand, it had to sense the potential, and
ontheotherhand,it had totranslateitinto afluorescence signal. Therefor double-stranded DNA
(dsDNA) protruded from the plate carrying the green fluorophore ATTO532 on the dsDNA.
Both, the ATTO532 and the DNA are negatively charged and would potentially react to changes
in the membrane voltage. Additionally, one of the DNA strands was extended and labelled with
the red fluorophore ATTO647N which anchored the sensing unit closely to the membrane
surface. These two fluorophores are capable of FRET so that conformational changes resulting
in a different distance between the two components lead to a change in energy transfer
efficiency.

The performance of the transmembrane potential sensors was tested on liposomes. It was first
ensured that the origami bound to the membrane and that the sensing unit was anchored to it.
Single-molecule FRET measurements on a TIRF microscope were conducted and a reductionin
the energy transfer efficiency in the presence of liposomes was observed. This was in good
agreement with molecular dynamic (MD) simulations of the voltage-sensing unit with and
without a lipid membrane which unraveled an increased distance between the two fluorophores
in the presence of a membrane.

Next, voltage biases at the membrane were created using the ionophore valinomycin which
shuffles potassium ions across the membrane with high specificity. If a potassium concentration
gradient is introduced across the membrane, valinomycin equilibrates it and thereby induces an
electrical transmembrane potential according to the Nernst equation. The sensor was tested for
transmembrane potentials ranging from -125 mV to 125 mV and a FRET increase of ~5% for
potentials above 50 mV was observed. This suggested a mechanism in which the anionic voltage-
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sensing unit is attracted to the membrane, if the membrane’s inner leaflet is positively charged.
This hypothesis was further supported by a set of MD simulations.

To finally demonstrate the power of DNA nanotechnology for the development of voltage
sensors, a small molecular change in the sensing unit was introduced and interestingly, the
sensor’s sensitivity was shifted from positive to negative transmembrane potentials.

Overall, a DNA origami-based sensor was engineered that translated changes in the electrical
transmembrane potential into fluorescence signals. It additionally features single-molecule
sensitivity which - once applied in cellular systems - enables the use of lower probe
concentrations and thereby reduces invasiveness. Also, a single-molecule read-out holds
potential for the collection of information on the nanoscale beyond the resolution limit. Further,
the underlying working principle was characterized with the help of MD simulations. With this
knowledge, the sensor requirements are better understood and specific changes can be applied
to the sensor potentially optimizing the signal-contrast.
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5.2Membrane Surface Charge Sensing
Changes in the membrane surface charge are involved in different signaling pathways®-?° and
visualizing these changes can help to better understand the underlying biological principles. To
doso, inthiswork a membrane surface charge sensor was presented that acts at the membrane’s
outer leaflet without the need for transfection complementing the existing sensors. Additionally,
the read-out of single sensors was achieved.
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Figure 17. DNA origami-based surface charge sensor. The DNA origami translates an uncharged membrane into a
high-FRET signal, whereas a negatively charged membrane results in a low-FRET signal. Reprinted with permission
from 143,

To build these sensors, DNA origami nanostructures were used for the assembly of the different
sensor components. As in the previous chapter "Transmembrane Potential Sensing”, a
rectangular DNA origami was equipped with biotin molecules for surface immobilization on
biotinylated surfaces vianeutravidin-biotin interaction. This allowed for surface-based TIRF and
confocal measurements. Multiple cholesterol modifications enabled the binding of the DNA
origami to liposomes. A sensing unit protruded from the origami platform and consisted of
dsDNA carrying the fluorophore ATTO647N as amembrane anchor and a ssDNA extension with
an ATTO542 fluorophore modification. ATTO542 is highly anionic matching the intrinsic charge
of DNA. The single-stranded nature of this construct facilitated this negatively charged
construct to undergo conformational changes upon different membrane surface charges.
Additionally, the two fluorophores could undergo FRET translating changes in the inter-dye
distance into precise fluorescence signals.

The functionality of the DNA origami-based membrane surface charge sensors was tested with
liposomes composed of a mixture of zwitterionic lipids (DOPC) and anionic lipids (DOPG). The
ratio between the two lipids was varied resulting in different negative surface charge densities.
The liposomes were mixed with the DNA origami sensors and immobilized on a surface to
perform single-molecule FRET measurements on a TIRF microscope. First, the sensors showed
a FRET reduction in the presence of uncharged liposomes compared to the liposome-free
sample. This finding suggested an insertion of the ATTO647N anchor to the membrane as
intended and previously observed. Second, a further FRET decrease was measured upon
exposure to liposomes with DOPG contents up to 80%. A consistent FRET drop was observed
upon a stepwise DOPG increase implying that the sensor was able to quantitatively translate the
membrane surface charge into an optical signal.

Fluorescence correlation spectroscopy (FSC) analysis of confocal data revealed dynamics in the
system. Apparently, the DNA-ATTO542 leash switches between two states in the presence of a
lipid membrane. An extended shrinking-gate approach delivered the dwell times in both of the
two states as well as the fluorescence lifetime of the ATTO542.1% |t could be shown that the
leash switches between a membrane-bound, high-FRET state and a membrane-unbound, low-
FRET state. Depending on the surface charge, the equilibrium constant is shifted towards the
unbound state. Also, the equilibrium position of the low-FRET state is further away from the
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membrane. As the integration time in the TIRF measurements was longer than the timescale of
the dynamics, the mean value between the states was measured and appeared as a FRET
reduction for negatively charged membranes.

Next, a small change in the molecular structure of the sensor was introduced removing one
anionic charge and instead adding a hydrophobic carbon chain. Interestingly, the FRET reduction
upon an increase of the DOPG content was consistent, but steeper for high DOPG contents
compared to the previous sensor design. Hence, by including a small change, the sensor’s
sensitivity was shifted towards higher surface charges.

In summary, a sensor for membrane surface charges was developed, using DNA origami as a
platform, that shows a strong and quantitative FRET change upon different contents of
negatively charged lipids. This approach holds potential for /n vivo applications as DNA origami
structures are biocompatible and various strategies against DNase degradation have been
demonstrated.>114714 Once applied to cellular systems, the sensor could give insights on the
surface charge of the cell membrane’s outer leaflet complementing the current picture of
charge-induced cell signaling. Moreover, nanoclusters could be visualized under physiological
conditions.
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6 Conclusion and Outlook

As part of this thesis, DNA origami was used to develop optical single-molecule biosensors.
Different functionalities were combined into small chemical entities by assembling them on a
nanostructure platform. Thereby, the different needs for specific biosensing applications were
addressed which can be used for future /n vitroand membrane biosensing applications.

In chapter 4, an assay was presented for the diagnostic /n vitrodetection of nucleic acids. It was
demonstrated that using plasmonic fluorescence enhancement, a high signal-to-background
ratio can be obtained. In this assay, the translation of single Zika-specific nucleic acid targets into
fluorescence signals for each individual molecule was achieved. This holds potential for an
extremely low LOD, if each individual target molecule in a patient’s sample can be counted while
alow sample volume is sufficient. Unlike in other optical nanoantennas, with DNA origami it was
possible to precisely position fluorescence-quenched DNA hairpins closely to plasmonic
nanoparticles. Relevant characteristics for diagnostic applications were further investigated and
it was proven that the assay is working in a blood serum as a medically relevant sample and that
the detection can be extended from DNA to RNA targets. However, although the target
molecule was present in a huge excess, only ~50% of the hairpins showed a signal. Additionally,
the low fluorescence enhancement suggested that only one metallic nanoparticle was bound to
the nanoantenna despite the antenna being equipped with two binding sites. In previous
investigations with this antenna design, this was not an issue*®¢¢? except for a prior study with
a hairpin assay.>® Likely, it came to steric hindrance and only one nanoparticle was capable of
binding.
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Figure 18. Improved DNA origami nanoantenna for single-molecule imaging on portable microscope. (a) Adopted DNA
origami design with cleared hotspot for binding two nanoparticles and positioning a target binding site in the
plasmonic hotspot. (b) Sketch illustrating the basic concept of the portable microscope. (c) Single-molecule signals
derived from nanoantennas on the portable microscope. Reprinted with permission from 147,

These limitations have been recently addressed by Trofymchuk et a/ by changing the DNA
origami design to yield a cleared hotspot (Figure 18a).1*° This way, even with a DNA-sensing
assay, two nanoparticles were bound and thus, higher fluorescence enhancement was achieved.
Furthermore, the sensing assay was adopted; using a so-called sandwich assay, up to 80% target
binding was detected. It was moreover demonstrated that the signal obtained is high enough to
be visualized on a portable microscope with a smartphone camera (Figure 18b and c). The
compatibility with easy and low-cost detection devices is a big step towards POC diagnostics.
Another demand for this is a reliably high fluorescence enhancement. So far, the enhancement
is rather inhomogeneous and ranges from no to up to ~400-fold. Previously, it was shown that
the fluorescence intensity of ten dye molecules is the lower detection limit the presented
smartphone-based microscope.'®® This implies that the fluorescence enhancement from each
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DNA origami nanoantenna has to be at least ten-fold in order to enable counting each single
target molecule.

Another important parameter for a potential POC application is finding the target molecule in a
reasonable time. To reduce the incubation time, the assay could be combined with micro- or
nanofluidics where the binding kinetics would be increased. Further, spotting the DNA origami
nanoantennas in certain areas on a coverslip would greatly increase the chances of finding the
target molecules. As the sensing assay can be easily extended for the detection of various targets
by changing the sequence of the capturing DNA strand, many different targets can be detected
in one shot. On the one hand, nanoantennas for different targets can be spotted in certain areas
and the sample solution can be exposed to all of them. On the other hand, using dyes fluorescing
in different spectral regions, color barcoding enables the distinction even in the same field of
view. Besides the assay-based improvements, the target range can be extended from nucleic
acids to other disease markers such as small molecules or proteins by e.g. using aptamers. First
attempts have been demonstrated by Pfeiffer et al.>>* All of these future directions would make
DNA origami nanoantennas applicable in POC diagnostic assays where single-molecule counting
would enable the detection of low abundant disease markers in small sample volumes.

Besides this potential diagnostic test, single-molecule biosensors for electrical membrane
properties were introduced in chapter 5. Specifically, one sensor was able to read out electrical
transmembrane potentials and the other one membrane surface charges. The functionality of
these sensors was tested on liposomes. Both sensors were based on a rectangular DNA origami
to assemble the required functionalities. Unlike other design strategies, with DNA origami the
different functionalities were modularly chosen and easily combined including membrane
targeting viacholesterol and surface immobilization viabiotin. The sensing unit was placed inthe
center of the platform and could iteratively be adjusted to the needs. It consisted of DNA
protruding from the origami that carried a FRET dye pair. An ATTO647N dye served as an
acceptor as well as amembrane anchor, while a green fluorophore - acting as a donor - remained
in the aqueous solution. The experiments and a set of MD simulations suggested that the
ATTO647N is not only embedded in the membrane as previously proposed,? but it is even stuck
in a certain position. In the context of developing a membrane sensor, this offers the opportunity
to precisely introduce changes to the sensing unit in the aqueous solution while the ATTO647N
anchor is unaffected. The molecular structure of the sensing units differed for the
transmembrane potential and surface charge applications, but the read-out relied on
conformational changes for both leading to different inter-dye distances and appearing as FRET
changes. As the sensors are build up with DNA nanotechnology, the iterative adjustments of the
sensor are easier and faster compared to genetically-encoded sensors while the specific
targeting of the membrane is not compromised.

For the transmembrane potential sensor in chapter 5.1, different molecular structures of the
sensing unit were screened showing either a FRET increase or decrease in response to voltage
changes which were found to be reversible. Unlike with previous FRET-based voltage sensors
e.g. by Tsien and co-workers,”””8 the sensing components were linked. Thus, for each sensor the
number of fluorescing components is fully controlled enabling comparison of different sample
batches. In future projects, the temporal response should be investigated. This is a relevant
parameter for tracking neuronal activity because action potentials appear on the lower
millisecond time scale.
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Figure 19. Transmembrane potential sensor designs for improved signal contrast. (a) Protruding from the DNA
origami, a hydrophobic leash (dark grey) carrying a dark quencher (brown) switches from the outer to the inner leaflet
of the membrane according to the transmembrane potential. Thereby, the fluorescence of the dye shown in pink is
more or less quenched while the dye illustrated in green is for a ratiometric read-out. (b) On a similar DNA origami
construct, an environmentally sensitive dye dips into the hydrophobic core in response to the transmembrane
potential. Within the lipid core it is not fluorescing.

Furthermore, different design strategies could be tested to improve the signal contrast. For
example, instead of sensing the transmembrane potential at the outer membrane leaflet, the
sensing element could be placed into the hydrophobic core where it is more likely to find its
energetically most favorable position close to the lipid lead groups (Figure 19a). Upon reverse
transmembrane potentials, the element is either at the inner or the outer leaflet which translates
to adistance change of ~3 nm. If FRET can occur between the components in the membrane core
and outside, a high FRET contrast results. Similar strategies have been introduced for FRET-
based voltage probes.”””® However, in the previous approaches, the two components were
chemically not linked, so it was not presumed that each of the molecules in the lipid core had a
FRET partner at the membrane surface. To compensate this, high probe concentrations were
required while lacking single-molecule compatibility. Another sensing strategy could take
advantage of environmentally sensitive dyes fluorescing in aqueous solution and being
guenched in hydrophobic environments such as the lipid core (Figure 19b). A possible dye for
this application could be silicon rhodamine (SiR)**® or derivates'>* placed on a ssDNA leash on
the DNA origami. By referencing with a second fluorophore far beyond the FRET radius, an all-
or-nothing signal could be read-out for different transmembrane potentials.

Figure 20. New surface charge sensor design. In this design, the surface charge sensor’'s membrane-bound state is
stabilized due to strong hydrophobic interactions making this sensor sensitive for high membrane surface charges.

The membrane charge sensor in chapter 5.2 could also benefit from further optimization. The
two designs introduced in this thesis already suggested that small chemical changes strongly
influence the equilibrium between the high-FRET membrane-bound state and the low-FRET
membrane-unbound state. Understanding the mechanism behind this helps to further tune the
sensor’s sensitivity. An interesting inspiration could be the genetically-encoded membrane
charge sensor with FRET read-out by Ma et a/.”* There, the sensor consisted of a static and a
flexible FRET part similar to the system presented here. By strongly anchoring the flexible unit
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to the membrane surface, the FRET contrast was drastically increased. A similar strategy could
be tested for the membrane surface charge sensor presented here (Figure 20). Introducing a
strongly hydrophobic anchor could stabilize the membrane-bound state for low to intermediate
surface charges, while strong surface charges induce a release of the sensing unit

For both of the presented membrane sensors, suitable strategies for stabilization against DNase
degradation have to be tested to increase the DNA origami lifetime in cellular environment while
not compromising its functionality.}*” There are different options available for stabilization,
from covalent helix-crosslinking®® to non-covalent shielding*~%" to smart structure design.*3
Once a suitable strategy is found, the single-molecule biosensors can be applied to cells. At this
point, the programmability of DNA nanotechnology could also be used to not only specifically
target the cell membrane, but also certain types of cells by addition of e.g. receptor recognition
units.??°%8 This way, these custom-tailored membrane sensors can unravel information
collected at the nanoscale with potentially low invasiveness.

Overall, in this thesis different strategies were suggested how DNA origami can serve as an
assembly platform for the development of single-molecule biosensors. The focus was on a
strategy to be applied for /n vitro diagnostic purposes and another strategy for electrical
membrane sensing, but the possible combination of different chemical functionalities is almost
unlimited. Therefore, it is certain that DNA origami techniques will yield more and also more
complex biosensors for single-molecule applications in the near future.
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ABSTRACT: Because of the limited signal-to-background
ratio, molecular diagnostics requires molecular amplification of
the target molecules or molecular signal amplification after
target recognition. For direct molecular detection, we
demonstrate a purely physical fluorescence enhancement
process which can elevate the fluorescence signal of single
fluorescent dyes by several orders of magnitude. To this end,
DNA origami-based optical antennas with a height of around
125 nm are used, which utilize metallic nanoparticles to create
a hotspot where fluorescence signals are enhanced by
plasmonic effects. By equipping the hotspot with a molecular
beacon-like structure, we combine the plasmonic signal
enhancement with a specific signal generation, leading to an
enhanced and therefore easy to detect signal only in the

presence of the specific target nucleic acid. Exemplified with Zika virus detection, we show the applicability of this approach by
detecting Zika-specific artificial DNA and RNA both in buffer and in heat-inactivated human blood serum. We show the
sensitivity against small nucleotide variations of this approach, allowing the discrimination of closely related pathogens.
Furthermore, we show how the modularity offered by DNA nanotechnology enables multiplexing by incorporating orthogonal
fluorescent labels for the simultaneous detection of different sequences. The achieved signal enhancement will allow technically
simplified signal detection, paving the way for single molecule-based point-of-care diagnosis.

Early detection of diseases caused by pathogens is a
prerequisite for efficient patient treatment. The key
question is how to generate a signal that is strong enough
against background to obtain a meaningful diagnosis from
disease-specific target molecules that exist, especially in the
onset of disease, only in low abundance. Since its market [aunch
in 1996, real-time PCR'” has revolutionized molecular
diagnostics of nucleic acids in clinical laboratories.” Real-time
monitoring of the molecular amplification through a
fluorescence readout can give rapid and quantitative results.
Despite advances, there are still drawbacks concerning the
robustness and reproducibility. PCR is sensitive toward
contamination that might cause false-positive or false-negative
results and hamper identification and quantification of
pathogens. The exponential nature of signal generation can
also amplify the influence of small deviations from the standard
protocol and batch quality. Well-trained staff, sophisticated
equipment and cautious handling are essential to achieve the
required quality." This is only guaranteed in specialized
laboratories increasing the waiting time and uncertainty of
the patient and at the same time impeding such methods in
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developing countries. More direct and robust detection is a
grand challenge to improve speed, robust quantification, and
multiplexing in molecular assays. Anyhow, the direct detection
of low-abundance analytes is hindered by low signal-to-
background ratio: The large number of solvent or other
molecules in the observation volume as well as unspecific
surface binding lead to scattering and background. Con-
sequently, the few fluorescent molecules of interest are
indistinguishable from background.” Recent realizations of
molecular diagnostics without molecular amp ification include
microarray technologies,”” branched DNA"™'" or detection
with plasmonic nanoparticles.''™"® Branched DNA, for
example, increases the signal by a cascade of hybridization
reactions incorporating many fluorophores in the branched
DNA hybrids.

Here, we introduce a nucleic acid detection method that
avoids molecular amplification by a direct physical fluorescence
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amplification mechanism. This amplification mechanism
involves DNA origami-based'" optical antennas that incorpo-
rate the assay for fluorescence detection. Recently, fluorescence
enhancement of several orders of mag_nitude was demonstrated
using DNA origami optical antennas. > A DNA origami scaffold
served to place noble metal nanoparticles that create a
plasmonic hotspot for fluorescence enhancement. Because of
the scaffolding by the DNA origami, the optical antennas have
the unique ability that objects such as fluorescent dyes can be
precisely placed in the plasmonic hotspot next to a noble metal
nanoparticle or in the gap between two nanopartic[es.m_lg

In this work, we exploit the unique scaffolding properties of
DNA origami to place a fluorescence-quenching hairpin (FQH)
near a plasmonic nanoparticle that acts as an optical antenna.
Previously, it was shown that both effects can be combined
modularly.® On the basis of Zika virus model system that
gained publicity after its epidemic spread in South America,”
we demonstrate the fluorescence enhancement-based detection
of specific DNA sequences. Using synthetic Zika-specific target
DNA and RNA, we successfully show its detection in buffer as
well as human blood serum, discuss the sensitivity toward
single-nucleotide variations, and demonstrate its potential
application for multiplexing assays. These results indicate how
the modularity of DNA nanotechnology allows inserting
different functionalities into a DNA nanolab toward simplified
diagnostics of low-abundance molecules in a point-of-care
environment.

B EXPERIMENTAL SECTION

Functionalization of Silver Nanoparticles. Silver nano-
particles with a diameter of 80 nm (BBI Solutions) were
functionalized with 25T single-stranded DNA oligonucleotides
with a thiol modification at the 5" end (Ella Biotech GmbH)
following a protocol included in the Supporting Information.
Afterward the silver nanoparticles were diluted in 1xTE
containing 12 mM MgCl, and 100 mM NaCl to an absorption
of 0.1 on an UV—vis spectrometer (Nanodrop 2000, Thermo
Scientific).

Serum Preparation. The human blood serum was
extracted from whole blood derived from blood donors. The
whole blood was clotted after 30 min of incubation at room
temperature. It was centrifuged for 10 min at 2 krcf and 4 °C.
Then the supernatant was stored at —20 °C until it was used.
Before adding it to the sample, the serum was heat inactivated
by exposing it for 30 min to 56 °C and enriched with 1 nM
target DNA, 12 mM MgCl,, and 100 mM NaCl.

DNA Origami. The DNA origami pillar used for the
experiments was designed in CaDNAno and is based on a
p8064 scaffold derived from M13mpl8 bacteriophages. For
folding 10 nM of the scaffold, staple strands (Eurofins
Genomics GmbH, biomers.net GmbH and IBA GmbH,
sequences in the Supporting Information) were added in 10-
fold excess in 1XTE containing 14 mM MgCl,. The mixture was
heated and slowly cooled down as shown in the Supporting
Information. The origami pillars were purified from the excess
staple strands by Amicon filtering (Amicon Ultra-0.5 mlL,
Ultracel- 100 K Membrane, Millipore) and three times washing
with 1xTE containing 14 mM MgCl,. Each time it was
centrifuged for § min at 10 kref and 20 °C. Finally, the Amicon
filter was flipped and placed in a new tube. By centrifuging it for
5 min at 1 kref and 20 °C, the DNA origami was extracted.

Sample Preparation. A Lab-Tek chamber (Thermo Fisher
Scientific) was coated with bovine serum albumin (BSA)-biotin
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(Sigma-Aldrich) and neutravidin (Sigma-Aldrich) to immobi-
lize the DNA origami pillars on the surface in a concentration
of about S0 pM. The diluted nanoparticle solution was added
to the DNA origami and incubated for 48 h at 4 °C. To remove
unbound nanoparticles, the sample was washed three times
with 1xTE containing 12 mM MgCl, and 100 mM NaClL
Fluorescence scans were taken on a custom-built confocal
microscope described below, before the target DNA or RNA
(Eurofins Genomics GmbH) was added at a final concentration
of 1 nM in 1xTE containing 12 mM MgCl, and 100 mM NaCl
and incubated for 18 h at 4 °C. For the samples treated with
serum, the target DNA was enriched in serum and added to the
samples the same way. Finally, fluorescence scans were taken
again as well as fluorescence transients, after three times of
washing with 1xTE containing 12 mM MgCl, and 100 mM
NaCl. The nanoparticle-free and/or target-free samples were
treated and washed the same way without the addition of
metallic nanoparticles and/or the target DNA, respectively.

Preparation of RNA Samples. To exclude RNase
contaminations, all solutions were incubated at 37 °C overnight
with 0.1% diethyl pyrocarbonate (DEPC, Sigma-Aldrich) and
autoclaved at 121 °C for 15 min to eliminate residual DEPC.
All plasticware was rinsed with 0.1 M NaOH/0.1 mM EDTA
and then with DEPC-treated water. The RNA target (Eurofins
Genomics GmbH) was added and imaged in the same way as
the DNA target.

Confocal Measurements and Data Analysis. The
custom-build confocal microscope was based on an Olympus
IX-71. A 80 MHz pulsed laser at 640 nm (LDH-D-640,
Picoquant) was used for the red excitation and a 80 MHz
pulsed laser at 532 nm (LDH-P-FAS30B, Picoquant) was used
for the green excitation. With variable neutral density filters, the
red laser power was set to 2 yW for scans and 1 yW to take
transients of samples with nanoparticles. The green laser power
was set to 6 4W for the multiplexing experiments and to 1.5
HW for all other tests with variable neutral density filters. Green
and red excitation were altered through an AOTF (filter
(AOTFnc-VIS, AA optoelectronic). The experiments were
performed with circular polarized light by a combination of a
linear polarizer and a quarter-wave plate. With a dual-band
dichroic beam splitter (Dualband 2532/633, AHF) the laser
was coupled into the oil-immersion objective (UPlanSApo
60X0/1.35 NA, Olympus). The confocal scans were performed
with a piezo stage (P-517.3CL, Physik Instrumente GmbH &
Co. KG) which also allows the positioning of 2 molecule in the
laser focus for time-resolved inquiry. A dual-band dichroic
beam splitter separated the resulting fluorescence from the
excitation light, before it is focused on a 50 ym pinhole (Linos).
Red and green emission channels were separated at another
dichroic beam splitter (640DCXR, AHF). With two spectral
filters for each channel (red, ET 700/75m, AHF and RazorEdge
LP 647, Semrock; and green, HC582/75, AHF and RazorEdge
LP 532, Semrock) the light was further spectrally purified.

Finally, the fluorescence was detected by single-photon
avalanche diodes (z-SPAD-100, Picoquant) and registered by a
time-correlated single-photon counting PC card (SPC-830,
Becker & Hickl). For data processing, a custom-made
LabVIEW software (National Instruments) was used to select
single-step photobleaching transients for further analysis. With
the program FluoFit (PicoQuant), fluorescence-lifetime decays
were fitted monoexponentially and deconvolved from the
instrument response function. To calculate the fluorescence
enhancement of the samples with nanoparticles, for each
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molecule the resulting counts were divided by the mean value
of the counts per molecule for the nanoparticle-free sample. For
the fraction of opened hairpins, the fluorescence scans were
analyzed. The fraction of opened hairpins was calculated by
dividing the number of red-green spots by the sum of green and
red-green spots. The data was plotted as histograms and the
standard deviation was included. Unpaired t tests with p-critical
values of 0.05 were done as indicated in the figures.

Bl RESULTS AND DISCUSSION

Fluorescence-Quenching Hairpin Opening on an
Optical Antenna. To detect Zika-specific DNA with single
molecule sensitivity, a fluorescence-quenching hairpin (FQH)
was used as shown in Figure la with a 12 bp stem and a 12 nt
loop, which is based on the principle of molecular beacons.*
The 5’ end is modified with an ATTO 647N dye and the 3’
end with BlackBerry quencher 650 forming a static dye-
quencher pair. Part of the hairpin is complementary to 23 nt of
the sequence for Zika’s envelope protein (Uniprot:
Q91KX7_ZIKV). The FQH’s 5’ end is extended to incorporate
it into a DNA origami pillar during folding of the
nanostructures (Figure 1b). The DNA origami pillar has
eight biotins bound which are used to immobilize the origami
onto a BSA-biotin/neutravidin-coated coverslip as described
elsewhere.” Only in the presence of Zika-specilic target DNA,
a fluorescence signal can be detected because the target DNA
hybridizes with the hairpin breaking its secondary structure.
Consequently, the fluorophore and the quencher are separated
from each other and a red fluorescence signal is generated. In
the closed form, the red ATTO647N fluorophore is fully
quenched and no fluorescence at all is detected after
background subtraction.®® The DNA origami is equipped
with protruding oligonucleotide strands serving as binding sites
for silver nanoparticles (NP) with a diameter of 80 nm which
are functionalized with thiol-labeled oligonucleotides comple-
mentary to the capturing strands of the DNA pillars (Figure 1b,
top view inset); sequences are given in the Supporting
Information. For steric reasons, only one NP per origami
attaches forming monomer optical antennas (see the
Supporting Information Figure Sla for details). When a silver
NP is present, a dye placed within this region is exposed to a
higher electric field resulting in fluorescence enhance-
ment.'****  Additionally, an ATTO 542 dye molecule is
incorporated into the base of the DNA origami, indicating its
location during the measurements (shown as a green dot in
Figure 1b). With this optical antenna design, several experi-
ments were performed. First, the specificity of the FQH
opening was tested by taking fluorescence scans before and
after the addition of target DNA (Figure 2a) with an alternating
532 and 640 nm excitation for ATTO 542 and ATTO 647N,
respectively. In the false-color images, each green spot
corresponds to a single DNA origami. Red spots indicate
opened FQHs and hence, yellow spots represent colocalization
of red and green spots which stand for functional single DNA
origamis with an opened FQH. At t = 0 only a few red-green
colocalized spots are visible which might represent mislabeled
FQHs or unspecifically opened FQHs. After the incubation
overnight with an excess of 1 nM target DNA to ensure the
opening of the hairpin, the amount of red-green colocalized
spots increases whereas in the target-free samples no additional
hairpin opening is observed. This shows that the FQH is
opened specifically, generating a fluorescence signal and
indicating the presence of the target. Subsequently, the same
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Figure 1. FQH and DNA origami design: (a) DNA-based
fluorescence-quenching hairpin (FQH) is used for the detection of
Zika-specific DNA. It consists of a 12 bp long stem and a 12 nt long
loop and has a complementary region to a sequence encoding for
Zika's envelope protein highlighted in red. On its $' end, the FQH
carries an ATTO 647N dye and on its 3’ end it carries a BlackBerry
quencher 650. (b) DNA origami pillar with a total height of 125 nm is
immobilized via biotin modifications on a BSA-biotin/neutravidin
surface in a low concentration to ensure single molecule detection. An
ATTQ 542 dye is incorporated into its bottom part to localize the
origami {green dot in sketch). On its upper part, an FQH is bound to
the pillar by extending its strand on the 5 end. This allows
incorporation of the FQH into the origami pillar during folding of the
nanostructures (insets). Upon the addition of specific target DNA/
RNA, the FQH is opened resulting in red fluorescence. To enhance
the fluorescence arising from the FQH a silver nanoparticle (NP, 80
nm diameter) is attached to the origami as shown in the top view. The
thiol-labeled oligonucleotides hybridize with the protruding strands of
the DNA pillar.

experiment was performed upon the addition of silver NPs
forming optical antennas. After an incubation of 48 h with the
NPs, the target DNA was added. The fluorescence scans show
the same trend as in the particle-free sample. For quantification,
the fraction of opened FQHs" was calculated by dividing the
number of red-green colocalized spots by the sum of green and
red-green spots (Figure 2b). After the incubation with target
DNA, the amount of opened FHQs increases significantly to
~50% compared to samples without target DNA. The
difference between the sample with and without NPs is not
significant, verifying that there is no effect of the NPs on the
FQH opening. Comparing the scans with and without NPs
shows a strongly increased red signal in the samples with NPs
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Figure 2. Fluorescence enhancement and opening of FQHs: (a) Fluorescence scans of surface-immobilized optical antennas before and after 18 h of
incubation with 1 nM target DNA. These tests were performed with and without the addition of NPs as well as control samples without target DNA.
Each green spot corresponds to a single DNA origami on the surface. Red spots indicate an opening of the FQH as no fluorescence is emitted by the
red dye in the closed form. Consequently, red-green colocalized spots refer to intact DNA origami with an opened FQH. Scale bar: 2 ym. (b)
Fraction of opened FQHs. This was quantified by diving the number of red-green colocalized spots by the sum of green spots and red-green spots.
Number of analyzed molecules with and without target, respectively, — NP, 825/1023; + NP, 1328/619. An unpaired t test was carried out to check
for the similarity of distributions, where * is p > 0.0S. Error bars show the standard deviation from the mean. (c) Fluorescence enhancement versus
fluorescence lifetime scatter plot of opened FQHs on DNA origami optical antennas with NPs. The dashed line illustrates the mean fluorescence
enhancement. Insets show fluorescence transients of an optical antenna with a NP (monomer) and without a NP bound.

bound, indicating fluorescence enhancement caused by the
NPs. The fluorescence enhancement due to the presence of
NPs was calculated by referring to a NP-free sample. Figure 2¢
shows the corresponding fluorescence-enhancement/fluores-
cence-lifetime scatter plot. Because of the correlation between
fluorescence lifetime and enhancement,”® the molecules with a
high enhancement show a short lifetime. The shortened
fluorescence lifetime also indicates that most of the DNA
origamis have a NP bound.” Up to 60-fold enhancement of the
signal was achieved, although most of the molecules show a
lower fluorescence enhancement with an average of 7.3-fold.
The heterogeneity is related to the polydispersity of silver
nanoparticles, the distribution of binding positions on the metal
nanoparticle as well as orientational distribution of the DNA
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pillar on the surface. When comparing the transient of the
brightest spot to one without a NP bound (Figure 2c¢ insets), it
is obvious that the dye emits brighter.”” These experiments
proof that DNA-based optical antennas can successfully be
combined with a molecular diagnostic assay to gain specific
signals on a single molecule basis.

Although we used a sophisticated single-molecule sensitive
microscope, signal enhancement might be the basis to facilitate
the detection, eliminating the need of technically complex
instruments. As the enhanced fluorescence signal originates
from an extremely small region in the near-field of the
nanoparticle, positive signals might also be distinguished from
unavoidable spurious binding of single dye molecules to the

DOI: 10.1021/acs.analchem.7b04082
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coverslip and unspecific binding in the enhanced region is
likewise improbable.

Influences of Single-Nucleotide Variations. To further
verify the FQH for a potential diagnostic ag)Plication, the
influence of single-nucleotide variations (SNVs)“" on the FQH
opening was tested. Three alternative target DNAs were used
that included one, two, or three mismatches to the FQH
(Figure 3a). The mismatched positions were located at the
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Figure 3. Influence of SNVs on hairpin opening. (a) Schematic
representation of mismatched positions of the target DNA
complementary to the FQH sequence. Misl target has one mismatch
located at position 1, Mis2 target two mismatches at position 2, and
Mis3 target three mismatches at position 3. (b) Fraction of opened
FQHs after 18 h of incubation with 1 nM of respective target DNA
and with and without the addition of NPs. The opened fraction was
quantified by dividing the number of red-green colocalized spots by
the sum of the red-green and green spots resulting from the
fluorescence scans. Number of analyzed melecules from left to right:
8125, 430, 459, 216, 1023, 1328, 58S, 429, 477, 619. An unpaired £ test
was done, where * is p > 0.05 and *¥*p < 0.0S. Error bars show the
standard deviation from the mean.

beginning and downward of the FQH’s stem region. The Misl
target had one mismatch, the Mis2 target had one additional
mismatch and the Mis3 target had two additional mismatches
to the Mis] target. As in the experiments before, fluorescence
scans were acquired after overnight incubation with 1 nm of the
respective target DNA (see Supporting Information Figure $2).
These experiments were performed with and without NPs
bound to the DNA origami structure. With each extra
mismatched position of the target DNA to the FQH the

fraction of opened FQHs decreases (Figure 3b). The difference
between the perfect matched target DNA and the Misl target
DNA is low but already two exchanged bases in the target DNA
lead to a significant reduction of the FQH opening, whereas
there is no significant difference between the sample with the
Mis3 target DNA and the one without the addition of any
target DNA. Already two SNVs have a strong effect on the
FQH opening and with a third SNV the opened FQH amount
cannot be distinguished from the target-free sample anymore.
Therefore, this assay is sensitive for the differentiation between
closely related pathogens.

FQH Opening in Human Serum. To check the
applicability of the FQH-based optical antennas under relevant
conditions, we tested the performance in human blood serum
as typical specimen for the detection of the Zika virus.”” To
emulate this test, we enriched human serum derived from blood
donors with synthetic target DNA. After the surface-
immobilized DNA origami were equipped with NPs, heat
inactivated human serum™ was enriched with 1 nM of target
DNA. The serum mixture was incubated with the sample
overnight at 4 °C before it was washed and imaged as described
above. Figure 4a shows fluorescence scans after the incubation
with serum upon the addition of target DNA and as a control
without target DNA. The control sample without target DNA
indicates both that the stability of the DNA origami is not
affected by the treatment with serum and that the serum does
not unspecifically open FQHs. Similarly, serum does not affect
the successful opening of the FQH by the target as shown in
Figure 4a, left panel. The serum has neither an effect on the
control sample nor on the sample with target DNA enriched in
serum. The quantification of the FQH opening confirms this
observation (Figure 4b). The fraction of opened FQH:s is even
slightly higher when the sample is treated with serum and the
number of unspecific opened FQHs is also not increasing.
These findings proof the robustness of DNA-based optical
antennas to be used under realistic conditions. Next we
analyzed the fluorescence enhancement of the opened FQHs
induced by the NP. The average fluorescence enhancement was
calculated by referencing to the fluorescence intensity of single
ATTO 647N molecules (Figure 4c).

We find similar average fluorescence enhancement of 4.9-fold
and 7.3-fold for the serum and the serum-free samples.
Although the average numbers seem to be different, high
standard errors have to be considered as observed elsewhere
and discussed above.'® It is an interesting question whether
only the opened form of the FQH is enhanced or whether also
the contrast between the opened and the closed form is
increased. Recently, we showed that the fluorescence of the
closed FQH is quantitatively quenched and that the modular
combination of a DNA hairpin assay with fluorescence
enhancement can yield synergetic effects.”” Further structural
optimization ensuring the binding of two silver NPs to the
DNA origami will allow higher fluorescence enhancement.'**

RNA Detection. In many diagnostic tests like for Zika virus
the pathogen’s RNA instead of DNA is detected. Hence, we
further tested the FQH opening on optical antenna upon
hybridization with RNA targets. Analogous to the DNA target
used before, the RNA target is complementary to the red-
shaded region of the FQH as depicted in Figure la. The
samples with NPs bound were incubated with the target RNA
overnight as described above. After the incubation, the amount
of opened FQHs is ~37% (Figure 5) which is slightly lower
than for the opening with DNA. As RNA tends to form more
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Figure 4. FQH opening and fluorescence enhancement in target-
enriched serum. (a) Fluorescence scans after 18 h of incubation with
target-enriched serum (1 nM target) and serum without target as a
control with and without the addition of NPs, respectively. Each green
spot corresponds to a single DNA origami on the surface. Red spots
indicate opening of the FQH. Consequently, red-green colocalized
spots refer to intact DNA origami with an opened FQH. Scale bar: 2
um. (b) Fraction of opened FQHs in samples treated with serum and
buffer upon addition of 1 nM target DNA, without target as a control
and with and without NPs, respectively. Quantification was done by
dividing the number of red-green colocalized spots by the sum of red-
green and green spots in the fluorescence scans. Number of analyzed
molecules from left to right with and without target, respectively: 825/
1023, 521/303, 1328/619, 671/492. An unpaired f test was done,
where * is p > 0.05 and **p < 0.0S. Error bars show the standard
deviation from the mean. (c) Average fluorescence enhancement of
monomer optical antennas with and without the presence of serum.
Number of analyzed molecules from left to right: 209, 150. Error bars
show the standard deviation from the mean.

secondary and tertiary structures than DNA, this result is not
surprising and has the potential to be further optimized. Still, it
could be shown that this assay is also compatible for the
detection of RNA molecules.

Multiplexing with the Optical Antenna. As the FQH has
a pronounced selectivity, we were interested whether this assay
is suitable for multiplexed analysis. To this end, a second optical
antenna was designed (Figure 6a) which has an FQH
complementary to an artificial target DNA with a length of
30 nt which is called FQH II optical antenna in the following
(sequences shown in the Supporting Information Table §5). Tt
also carries an ATTO 647N and a BlackBerry quencher 650 at
the hairpin as the dye-quencher pair. Since the signal arising
from these two FQHs upon successful hybridization with the
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Figure 5. RNA target for FQH opening. Fraction of opened FQHs on
optical antennas with NPs after incubation with 1 nM RNA target
compared to the incubation with 1 nM DNA target. This was
quantified by dividing the number of red-green colocalized spots by
the sum of red-green and green spots in the fluorescence scans.
Number of analyzed molecules from left to right with and without
target, respectively: 1193/611, 1328/619. Error bars show the
standard deviation from the mean.

respective target DNA is in both cases based on ATTO 647N
in the red spectral range after red excitation, we exploited the
modularity of DNA origami and additionally incorporated
different fluorescent dyes as barcodes in the base of the origami
pillar. The FQH Zika optical antenna, which was used for the
experiments described above, is labeled with ATTO 542 giving
a green fluorescence signal after green excitation. The FQH 11
optical antenna has Abberior STAR 520SXP bound. This long
Stokes-shift dye is excited in the green spectral range and
fluoresces in the red spectral region. Therefore, the optical
antennas can be distinguished by the signal arising from green
excitation. These two types of optical antennas were
immobilized on the same surface. After an incubation with
both target DNAs overnight, fluorescence scans were recorded
as shown in Figure 6b.

For visualization, blue spots indicate FQH Zika optical
antennas, specified by green emission after green excitation, and
green spots denote FQH II optical antennas specified by red
emission after green excitation. Red spots represent opened
FQHs. Therefore, a colocalization with either a blue or a green
spot implies an opened FQH on one of the two optical
antennas. Hence, a pink spot resulting from a blue-red
colocalization is a positive signal of the FQH Zika optical
antenna and a yellow spot represents the opened FQH II
optical antenna. The false-color representations of fluorescence
scans in Figure 6b show successful opening of both FQHs on
the same surface. In the Supporting Information, further results
confirm that the FQHs are only opened by their specific target
DNA, respectively, ensuring orthogonality of the two optical
antennas. To demonstrate the signal amplification due to the
presence of silver NPs, exemplary fluorescence transients of
both opened FQHs are shown in Figure 6¢c. They are compared
to fluorescence transients of particle-free samples implying a
fluorescence enhancement of both FQHs. Since the FQH's
sequence can principally be chosen at will, this multiplexing
assay can be extended to detect even more different target
DNAs. Either the fluorophore at the bottom of the DNA
origami structure can be exchanged to perform color barcoding
as described elsewhere’' or the dye-quencher pair. Moreover,
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Figure 6. Multiplexing with optical antennas. {a) Sketch of the two
different optical antenna designs. The first optical antenna has an FQH
for Zika-specific target DNA and an ATTO 542 incorporated as
described before. The second optical antenna carries an FQH for an
artificial target DNA and three Abberior STAR 520SXP molecules.
Both DNA origamis were immobilized on the same surface. (b)
Fluorescence scans of optical antennas with NPs after incubation with
1 nM target DNAs specific for both FQHs. Blue spots indicate FQH
Zika optical antennas and green spots FQH II optical antennas. Red
spots stand for opened FQHs. A blue-red colocalization results in a
pink spot in the merged picture and implies an opened FQH Zika on
the DNA origami, a red-green colocalization yields a yellow spot which
represents an opened FQH IL Scale bar: 1 gm. (c) Fluorescence
transients of marked spots in part b for the FQH Zika (1) and the
FQH II (2) and reference samples without NPs, respectively.

wavelength-shifting molecular beacons®™ or DNA origami
beads™ can be introduced giving even more color combina-
tions.” Because of the broadband fluorescence enhancement
capabilities of silver NPs, even in these cases fluorescence
enhancement can be achieved,™ making this assay a powerful
tool for the specific and simultaneous detection of different
pathogens.

B CONCLUSIONS

In recent years, DNA origami optical antennas were established
for fluorescence enhancement of molecules placed in the
plasmonic hotspot. Here, we show for the first time that this
concept can be successfully combined with a target-specific
FQH-based DNA detection. On the basis of the purely physical
signal enhancement, a simplified detection of pathogens like
Zika virus in a technically less demanding environment might
become feasible. Since both DNA and RNA were successfully
detected and blood serum does not hamper the detection, a
wide variety of diagnostic applications is conceivable. As a
single target molecule generates a strong, unambiguous, and
specific signal, low concentration targets might be detected
without the need of further molecular amplification.

The modular structure of the optical antenna allows the
introduction of further functionalities. Here, we exemplified this
modularity by synergistically employing a nucleic acid hairpin
assay with plasmonic fluorescence enhancement and built-in
immobilization capability. Moreover, we introduced a fluo-
rescence barcode in the origami base for multiplexed detection
of dilferent targets. Further color barcoding could extend the
parallelization. Introduction of additional multiplication pro-
cesses’’ in the optical antenna is an option for further
synergistic signal amplification. Optimization of the optical
antenna structure for better fluorescence enhancement as well
as a more efficient opening of the FQH will increase the signal
obtained.

Our work provides a glimpse of the possibilities of DNA
nanotechnology for creating a nanolab that can report on the
presence of different pathogens with simplified detection
devices, enabling sophisticated diagnostics in a point-of-care
environment.
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Figure 81: a: Comparison of fluorescence-lifetime/flucrescence-enhancement distribution of DNA origami optical
nanoantennas with binding sites for one NP (Monomer) and two NPs (Dimer) and histogram of fluorescence lifetime
distribution. Red spots result from single molecules of the monomer design and green spots from single molecules of
the dimer design. The color code is the same in the histogram. The similarity of the populations resulting from these two
designs suggest that even in the dimer design only one NP binds to the DNA origami pillar. Otherwise a clear separation
would be visible as shown in other literature [1, 2]. b: Mean intensities of ATTO 647N on the FQH bound to the origami
and just the dye on the DNA origami. The difference between the mean intensities of both species does not differ
significantly indicating a far proximity between the quencher and the dye on the FQH and hence, no FRET quenching
of the dye appears. Number of analyzed molecules from left to right: 95, 88. An unpaired t-test was done, where * is
p>0.05. Error bars show standard deviations from the mean.
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Appendix

Control

Figure S2: Fluorescence scans of samples incubated for 18 h with mismatched target DNA as shown in figure 4 with
and without NPs bound as well as a control sample without the addition of target DNA. Each green spot corresponds to
a single DNA origami on the surface. Red spots indicate an opening of the FQH. Consequently, red-green co-localized
spots refer to intact DNA origami with an opened FQH. Further, the fluorescence-enhancement/fluorescence-lifetime
distribution for each sample with NPs and different target DNA is shown. The distributions look similar for each sample,
but with every additional mismatched position the amount of opened FQHs decreases and consequently, the number
of molecules shown in the enhancement/lifetime distribution plot as well. Scale bar: 2 pm.
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Figure S83: Fluorescence scans of DNA origami optical nanoantennas used for multiplexing tests upon addition of
different target DNAs. The FQH Zika optical nanoantenna and the FQH |l optical nanoantenna were immobilized onto
a surface separately. The target Zika and the target Il were added to the samples and incubated for 18 h to test whether
the FQH opening is specific to the target DNA. Only upon the addition of the respective target DNA the FQH is opened.
Blue spots indicate FQH Zika optical nanoantennas and green spots FQH Il optical nanoantennas. Red spots stand for
opened FQHs. A blue-red co-localization results in a pink spot in the merged picture and implies an opened FQH Zika
on the DNA origami, a red-green co-localization in yellow which is an opened FQH II. Scale bar: 2 um.
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Protocol for the Functionalization of Silver Nanoparticles

The protocol for the functionalization of silver nanoparticles (NP) was modified from Mirkin [3]. The
NPs had a diameter of 80 nm (BBl Solution). A volume of 2 mL was heated to 40°C under
permanent stirring. 20 uL of 10% Tween20 and 20 uL of a potassium phosphate buffer (4:5
mixture of 1 M monobasic and dibasic potassium phosphate, Sigma Aldrich) were added as well
as 10 pL of a 50 nM thiol-modified single stranded DNA solution (5’-thiol-25T-3") and incubated
for 1 h at 40°C. Afterwards, 1xPBS buffer containing 3.3 M NaCl was added stepwise over 45 min
to the heated and stirred solution, until a final concentration of 750 mM was reached. Then the
particles were mixed 1:1 with 1xPBS 10 mM NaCl, 2.11 mM P8709 buffer (Sigma Aldrich),
2.89 mM P8584 buffer (Sigma Aldrich), 0.01 % Tween20 and 1 mM EDTA. For the purification
from excess ssDNA, the solution was centrifuged for 15 min at 2.8 kcrf and 20°C. A pellet has
formed in which the particles were concentrated. The supernatant was discarded and the washing

step repeated for six more times.

Staple Strands for the Folding of DNA Origami Pillars

Table S1: Sequences and length of unmodified staples. These oligonucleotides were purchased from Eurofins
Genomics GmbH.

Number | Sequence (5’ to 3’) Length [nt]
1 TTAGTTTGAGTGCCCGAGAAATAAAGAAATTGCGTAGAGATA 42
2 TATGACTTTATACATTTTTTTTTAATGGAAACAGTACACCGT 42
3 AATAAAACGAACTATGACCCCACCAAGC 28
4 CTCATCGGGATTGAGTGAGCGAGTAACAACCCGTC 35
5 CCCAGCTACAATGACAGCATTTGAGGCAAGTTGAGAAATGAA 42
6 TCATACATTTAATACCGATAGCCCTAAAACATCGAACGTAAC 42
7 ACGCGGTCCGTTTTTGGGTAAGTGA 25
8 CTTACGGAACAGTCAGGACGTTGGGAAGAAA 31
9 GGAACCATACAGGCAAGGCAAATCAAAAAGACGTAGTAGCAT 42
10 CTAAATCGGTCAGAATTAGCAAAATTAAGCAATAAAATAATA 42
11 TTTAGCGATACCAACGCGTTA 21
12 AAGAAAGCTTGATACCGCCACGCATACAGACCAGGCGCTGAC 42
13 CCCCGCTAGGGCAACAGCTGGCGAAAGGGGGATGTGCTTATT 42
14 GCCCGAGTACGAGCCGGAAGC 21
15 CATTTCGCAAATGTCATCTGCGAACGAGAGATTCACAATGCC 42
16 TATTTAAATTGCAGGAAGATTG 22
17 AAAGATTACAGAACGGGAGAAGGAAACGTCACCAATGAAACCA 43
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18 ACGTAAGAATTCGTTCTTAGAAGAACTCAAACTATCGGATAA 42
19 GCGAATCAGTGAGGCCACCGAGTAGTAGCAACTGAGAGTTGA 42
20 TCGTGCCGGAGTCAATAGTGAATTTGCAGAT 31
21 TAGCCTCAGAGCATACCCTGT 21
22 AGCAACAAAGTCAGAAATAATATCCAATAATCGGCTCAGGGA 42
23 AGGCTTGCGAGACTCCTCAAGAGAAAAGTATTCGGAAC 38
24 ACCTGACGGGGAAAGCCGGCGAACCAAGTGTCTGCGCGTTGC 42
25 CCGTAATCAGTAGCGACAGAATCTAATTATTCATTAAAAAGG 42
26 GAACTGGCTCATTACAACTTTAATCATTCTTGAGATTACTTA 42
27 GAGTTAAAAGGGTAATTGAGCGCTAATATCAGAGGAACTGAACACC 46
28 AGTTTCCAACATTATTACATTATAC 25
29 ACGCGAGAGAAGGCCATGTAATTTAGGCCAGGCTTAATTGAGAATCGC | 48
30 ACTAATGCCACTACGAATAAA 21
31 TAGCCAGCTTTCATCCAAAAATAAACGT 28
32 CCTCGTTTACCAGAAACCAAA 21
33 TTAGCCCTGACGAGAAACACCAGAAATTGGGGTGAATTATTTTAA 45
34 TGAGTAAAGGATAAGTTTAGCTATATCATAGACCATTAGATA 42
35 ATTTCCTGATTATCAGATGATGGCTTTAAAAAGACGCTAAAA 42
36 CCAGCCTCCGATCCTCATGCCGGA 24
37 ATGAAGGGTAAAGTTCACGGTGCGGCCATGCCGGTCGCCATG 42
38 TAAGTTGGCATGATTAAAGAA 21
39 TAATATCAAAGGCACCGCTTCTGGCACT 28
40 GTCGCAGAAAAACTTAAATTTGCC 24
41 GTTAAAGGAAAGACAGCATCTGCCTATTTAAGAGGCAGGAGGTTTA 46
42 AAGGCTCCAAAAGGAGCCTTTATATTTTTTCACGTGCTACAGTCACCCT | 49
43 TAACGACATTTTTACCAGCGCCAAAGAAAGTTACCAGAACCCAAA 45
44 AAGGGATATTCATTACCGTAATCTATAGGCT 31
45 TTCGGTCCCATCGCATAGTTGCGCCGACATGCTTTCGAGGTG 42
46 AATATCGTTAAGAGAGCAAAGCGGATTGTGAAAAATCAGGTCTTT 45
a7 AAATGACGCTAAATGGATTATTTACATTGGCGAATACCTGGA 42
48 ACCGCCACCCTCAGAACCCGTACTCTAGGGA 31
49 TTCGGGGTTTCTGCCAGGCCTGTGACGATCC 31
50 AGTACCGCATTCCACAACATGTTCAGCCTTAAGGTAAAGTAATTC 45
51 CCCGGTTGATAAAGCATGTCAATC 24
52 AGTAGGTATATGCGTTATACA 21
53 CTGGCATTAGGAGAATAAAATGAAGAAACGATTTTTTGAGTA 42
54 CGAACACCAAATAAAATAGCAGCCAAGTTTGCCTTTAGCGTCAGA 45
55 TGCTAAATCGGGGAGCCCCCGATTTAGAGCTAGCAGAACATT 42
56 CGCGCTACAGAGTAATAAAAGGGACATTCTGATAGAACTTAG 42
57 AAGACAAATCAGCTGCTCATTCAGTCTGACCA 32
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58 TTTTCCAGCATCAGCGGGGCTAAAGAACCTCGTAGCACGCCA 42
59 ACATAAGTAGAAAAATCAAGAAGCAAAAGAAGATGTCAT 39
60 CAAAATCACCGGAACCAGAGCCAGATTTTGTCACAATCACAC 42
61 GCTGTAGTTAGAGCTTAATTG 21
62 TTATAAGGGTATGGAATAATTCATCAATATA 31
63 ATAGCGAGAGGCTATCATAACCAAATCCCAAAGAAAATTTCATCCTCAT | 49
64 TTTAGATTCACCAGTCACACGACCGGCGCGTGCTTTCCCAGA 42
65 CAAGCCCAATAGGAACCACCCTCACCCGGAA 31
66 AGCTCTTACCGAAGCCCAATA 21
67 CATTTGAGATAACCCACGAAACAATG 26
68 AATACCCCAACATTCATCAAAAATAATTCGCGTCT 35
69 ACGAGCGGCGCGGTCAGGCAAGGCGATTAAGTTGGGTAAAAC 42
70 TAAAACCGTTAAAGAGTCTGTCCATCCAGAAACCACACAATC 42
7 TATTACGAATAATAAACAAATCAGATATGCGT 32
72 GAAGGAGCGGAATTATCATCATATATCATTTACATAGCACAA 42
73 CCTCGTCTTTCCACCACCGGAACCGCCTCCCTCA 34
74 AACAAGAGCCTAATGCAGAACGCGC 25
75 AGAAATCGTTAGACTACCTTTTTAAGGCGTTCTGACCTTTTTGCA 45
76 AGTTTATTGTCCATATAACAGTTGATTC 28
7 ATTTGGAAGTTTCATGCCTCAACATGTTTTA 31
78 GAGAACAATATACAAAATCGCGCAGAGGCGATTCGACAAATCCTTTAAC | 49
79 GTCGCGTGCCTTCGAATTGTCAAAG 25
80 GAACCGCCACCCTCCATATCATACC 25
81 CGCGCCGCCACCAGAACAGAGCCATAAAGGTGGAA 35
82 CAAAGCACTAGATAGCTCCATTCAGGCTGCGCAACTGTCTTG 42
83 GAGGCCAAGCTTTGAATACCAAGTACGGATTACCTTTTCAAA 42
84 GGCGAAGCACCGTAATAACGCCAGGGTTTTCCCAGTCATGGG 42
85 TGAAAATCCGGTCAATAACCTAAATTTTAGCCTTT 35
86 TATTGAAAGGAATTGAGGTAG 21
87 GAGCATTTATCCTGAATCAAACGTGACTCCT 31
88 ATCGGTCAGATGATATTCACAAACCAAAAGA 31
89 GTAAAACGACGGCCCATCACCCAAATCAGCGC 32
90 GGCGCAGACGGTCAATCATCGAGACCTGCTCCATGTGGT 39
91 TTTTTGCGGATGCTCCTAAAATGTTTAGATGAATTTTGCAAAAGAAGTT 49
92 AAGGCCTGTTTAGTATCATGTTAGCTACCTC 31
93 CGAGGGTACTTTTTCATGAACGGGGTCATAATGCCGAGCCACCACC 46
94 AGCTTTCAGAGGTGGCGATGGCCAGCGGGAAT 32
95 GGCAACACCAGGGTCTAATGAGTGAGCTCACAACAATAGGGT 42
96 ATCGATGCTGAGAGTCTACAAGGAGAGGGAACGCCAAAAGGA 42
97 ACCAACAAACCAAAATTAACAATTTCATTTGAATTACCGAGG 42
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98 GCGAAAATCCCGTAAAAAAAGCCGTGGTGCTCATACCGGCGTCCG 45
99 GAATTCGTCTCGTCGCTGGGTCTGCAATCCATTGCAACACGG 42
100 CCTGCGCTGGGTGGCGAGAAAGGAAGGGAAGGAGCGGGGLLG 42
101 CAAATTATTCATTTCAATTACCTGAGTA 28
102 AATTGTGTCGAAATCCGCGGCACACAACGGAGATTTGTATCA 42
103 TGCGTGTTCAGGTTGTGTACATCG 24
104 AACCGTGTCATTGCAACGGTAATATATTTTAAATGAAAGGGT 42
105 TGGCTTTTTACCGTAGAATGGAAAGCG 27
106 CGTACAGGCCCCCTAACCGTCCCCGGGTACCGAGCGTTC 39
107 AAGAAAGCGCTGAACCTCAAATATTCTAAAGGAAAGCGTTCA 42
108 TTCATCGGCATTTTCGGTCATATCAAAA 28
109 CCTAATTTAACAAACCCTCAATCAATATCTGATTCGCTAATC 42
110 AAACTCACAGGAACGGTACGCCAGTAAAGGGGGTGAGGAACC 42
111 AATTTCTTAAACCCGCTTAATTGTATCGTTGCGGGCGATATA 42
112 GAGAAGGCATCTGCAATGGGATAGGTCAAAAC 32
113 CCAATGTTTAAGTACGGTGTCCAAC 25
114 AAATCAGCTCATTTTTTAACCATTTTGTTAAAATTCGCATTA 42
115 TTTACCAGTCCCGGCCTGCAGCCCACTACGGGCGCACCAGCT 42
116 CTGAATATAGAACCAAATTATTTGCACGTAAAACAACGT 39
17 GTAATTAATTTAGAATCTGGGAAGGGCGATCGGTGCGGCAAA 42
118 TAAAGCCTCCAGTACCTCATAGTTAGCG 28
119 AGGGAGCCGCCACGGGAACGGATAGGCGAAAGCATCAGCACTCTG 45
120 TGAGTGTTCCGAAAGCCCTTCACCGCCTAGGCGGTATTA 39
121 TTGGGCGGCTGATTTCGGCAAAATCCCT 28
122 CCGACTTGTTGCTAAAATTTATTTAGTTCGCGAGAGTCGTCTTTCCAGA | 49
123 CCATAATGCCAGGCTATCAAGGCCGGAGACATCTA 35
124 TGACCGCGCCTTAATTTACAATATTTTTGAATGGCTATCACA 42
125 ACTAAAGAGCAACGTGAAAATCTCCACCCACAACTAAAGGAA 42
126 TTTCCATGGCACCAACCTACGTCATACA 28
127 TTGCGAATAATATTTACAGCGGAGTGAGGTAAAATTTTGAGG 42
128 ATAAAGTCTTTCCTTATCACT 21
129 AGGACAGATGAACGGTGTAACATAAGGGAACCGAAGAAT 39
130 CAAGCCGCCCAATAGCAAGTAAACAGCCATATTATTTTGCCATAAC 46
131 AACAACAGGAAGCACGTCCTTGCTGGTAATATCCAGAAACGC 42
132 ACAACGCCTGTAGCATTTACCGTATAGGAAG 31
133 CCGTGTGATAAATAACCTCCGGCTGATG 28
134 AGAATTTTAGAGGAAAACAATATTACCGCCAGCTGCTCATTT 42
135 AGAACTTAGCCTAATTATCCCAAGCCCCCTTATTAGCGTTTGCCA 45
136 CATCGAGATAACGTCAAACATAAAAGAGCAAAAGAATT 38
137 TTACCATTAGCAAGGCCTTGAATTAGAGCCAGCCCGACTTGAGC 44
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138 GACAATTACGCAGAGGCATTTTCGAG 26
139 AATATTCATTGAATCCATGCTGGATAGCGTCCAAT 35
140 TTAACTCGGAATTAGAGTAAATCAATATATGTGAGTGATTCT 42
141 CGTGTCAAATCACCATCTAGGTAATAGATTT 31
142 TATCAGCAACCGCAAGAATGCCAATGAGCCTGAGGATCTATC 42
143 GGGATATTGACGTAGCAATAGCTAAGATAGC 31
144 TAAGTTTACACTGAGTTTCGT 21
145 ATTGCGTTGCTGTTATCCGCTCACAATTCCAAACTCACTTGCGTA 45
146 GCTGGCATAGCCACATTATTC 21
147 CGTACTATGGTAACCACTAGTCTTTAATGCGCGAACTGAATC 42
148 ACGGGCCGATAATCCTGAGAAGTGTTTTTATGGAGCTAACCG 42
149 CAAACGGAATAGGAAACCGAGGAATAAGAAATTACAAG 38
150 TCACAGCGTACTCCGTGGTGAAGGGATAGCTAAGAGACGAGG 42
151 TAACATCCAATAAATGCAAAGGTGGCATCAACATTATGAAAG 42
152 CAGCAGCGCCGCTTGTTTATCAGCTTCACGAAAAA 35
163 TAGCCCGGAATAGGTGTAAGGATAAGTGCCGTCGA 35
154 AAATGCGGAAACATCGGTTTTCAGGTTTAACGTCAGATTAAC 42
155 ATTTCAACCAAAAATTCTACTAATAGTTAGTTTCATTTGGGGCGCGAGC | 49
156 TGCTGATTGCCGTTGTCATAAACATCGGGCGG 32
157 GGCTAAAACTTCAGAAAAGTTTTGCGGGAGATAGAACC 38
158 GAGTCTGGATTTGTTATAATTACTACATACACCAC 35
159 ATTGTTATCTGAGAAGAAACCAGGCAAAGCGCCATTCGTAGA 42
160 CGGAATAGAAAGGAATGCCTTGCTAAACAACTTTCAAC 38
161 CTAGTCAGTTGGCAAATCAACAGTCTTTAGGTAGATAACAAA 42
162 AGTCGCCTGATACTTGCATAACAGAATACGTGGCACAGCTGA 42
163 CACGGCAACAATCCTGATATACTT 24
164 CCTCATCACCCCAGCAGGCCTCTTCGCTATTACGCCAGTGCC 42
165 TGAGCAAATTTATACAGGAATAACATCACTTGCCTGAGTCTT 42
166 AATAGAAAAAAATAAACGTCTGAGAGGAATATAAGAGCAACACTATGAT | 49
167 ATTACGAGATAAATGCCAGCTTTGAGGGGACGACGACAG 38
168 GCTGGTCTGGTCAGGAGCCGGAATCCGCCGTGAACAGTGCCA 42
169 CTTGTAGAACGTCAGCGGCTGATTGCAGAGTTTTTCGACGTT 42
170 ACATAAAGCCCTTACACTGGTCGGGTTAAATTTGT 35
171 TGCCATCCCACGCAGGCAGTTCCTCATTGCCGTTTTAAACGA 42
172 GCCAGCAGTTGGGCGCAAATCAGGTTTCTTGCCCTGCGTGGT 42
173 TACGGCTGGAGGTGCGCACTCGTCACTGTTTGCTCCCGGCAA 42
174 GAGAGATAGACTTTACGGCATCAGA 25
175 AGAGAAAATCCTGTTTGA 18
176 AGACAGCAGAAACGAAAGAGGAAATAAATCGAGGTGACAGTTAAAT 46

177

AATATGCAACTACCATCATAGACCGGAACCGC

32
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178 GCGAAACAAAGTGTAAAACACATGGCCTCGATTGAACCA 39
179 TTGGTAGAACATTTAATTAAGCAAC 25
180 ACCAGACCGGATTAATTCGAGC 22
181 CTGTATGGGATTACCGTTAGTATCA 25

Appendix

Table S2: Staple strands labelled with a green dye. ATTO 542-labelled ocligenucleotides were purchased from
biomers.net GmbH and Abberior STAR 520SXP-labelled oligonucleotides from IBA GmbH.

DNA Pillar Design

Sequence (5' to 3' end)

Instead

of

g‘;rti'zg"' Zika AGACAGCAGAAACGAAAGAGGAAATAAATCGAGGTGACAGTTAAAT(ATTOS | -

Nanoantenna 42)

For FQH Il Optical .

e X TTGGTAGAACATTTAATTAAGCAAC(Abberior STAR 520SXP) 179
CCGTGTGATAAATAACCTCCGGCTGATGT(Abberior STAR 520SXP) 180

CTGTATGGGATTACCGTTAGTATCA(Abberior STAR 5208XP)

181

Table S3: Staple strands for the attachment of silver NPs to the DNA origami pillar. These oligonucleotides were
purchased from Eurofins Genomics GmbH.

Sequence (5’ to 3’ end)
-
TGCATTAATGAGCGGTCCACGCTCACTGCGCCACGTGCCAGC(A)0 | 62

Length
[nt]

AGCGCAGCTCCAACCGTAATCATGGTCACGGGAAACCT(A)20 58
GCGTCCACTATTCCTGTGTGAAATGCTCACTGCC(A)20 54
TGGTGGTTGTTCCAGTTTGGAACA(A)20 44
GGATGTGGTTTGCCCCAGCAG(A)0 41
CGCTTTCCAGTTAGCTGTTTAAAGAACGT(A)20 49

Table S4: Staple strands moedified with biotin for the DNA origami immeobilization on a BSA-biotin/neutravidin surface.
These oligonucleotides were purchased from Eurofins Genomics GmbH.

Sequence (5’ to 3’ end) Length [nt]

EI'IE)'PR_GCGGGGTTTTGCTCAGTACCAGGCTGACAACAAGCTG 41
Biotin- TGCCCGTATAAACAGTGTGCCTTCTGGTAA 30
Biotin- 24
AGAAAACGAGAATGACCATAAATCTACGCCCCTCAAATGCTTTA

Biotin- ATAACTATATGTAAATGCTTAGGATATAAT 30
Biotin- AGGAATCATTACCGCGTTTTTATAAGTACC 30
Biotin- GATTAGAGAGTACCTTAACTCCAACAGG 28
Biotin- CCTTAAATCAAGATTAGCGGGAGGCTCAAC 30
Biotin- GCATGTAGAAACCAATCCATCCTAGTCCTG 30
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Table S5: Sequences of fluorescence-quenching hairpins and respective target DNA/RNA. Oligonucleotides
purchased from biomers.net GmbH are indicated with @ and from Eurofins Genomics GmbH with .

Sequence

FQH Zika® TGCAGCAAATCGGCCAACGCGCGGGGAGGGCCCTGAGAGAGTT(ATTOB47N)TTC
TGGCTGGATGCTCTTCCCGGTCCAGCCAGAAA(BBQBS0)

Target DNA

FOn Zikat ACCGGGAAGAGCATCCAGCCAGA

Mis1 Target

FQH Zikh ACCGGGAAGAGCAACCAGCCAGA

Mis2 Target

FQH Zikh ACCGGGAAGAGCAAGCAGCCAGA

Mis3 Target

FQH Zikes ACCGGGAAGAGCAAGGAGCCAGA

lgﬂeztifa'\lA ACCGGGAAGAGCAUCCAGCCAGA

FQH I TGCAGCAAATCGGCCAACGCGCGGGGAGGGCCCTGAGAGAGT(ATTOBATN)TTGT
TGTTGTTGTTGGGGGGEGGGGGGGGGCAACAACAACAACAA(BBQES0)

Target DNA GTTGTTGTTGTTGTTGGGGGGEGEEEEGGGAACAACAACAACAAC

Folding Program for the DNA Origami Pillar

Table S6: Temperature and retention time for the folding of the DNA origami pillar.

T%mperature Time [s] T%mperature Time [s]
65 120 44 4500
64 180 43 3600
63 180 42 2700
62 180 41 1800
61 180 39 1800
60 900 38 900
59 900 37 480
58 1800 36 480
57 2700 35 480
56 3600 34 480
55 4500 33 480
54 5400 32 480
53 5400 31 480
52 5400 30 480
51 5400 29 120
50 5400 28 120
49 5400 27 120
48 5400 26 120
47 5400 25 120
46 5400 20 w

45 5400

Appendix

S-11

57



Appendix

AFM image of the DNA Origami

Figure S4: AFM image of the DNA origami pillar.
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ABSTRACT: Signal transmission in neurons goes along with AW=-100 mV AW=100 mV

changes in the transmembrane potential. To report them, different g
approaches, including optical voltage-sensing dyes and genetically
encoded voltage indicators, have evolved. Here, we present a DNA
nanotechnology-based system and demonstrated its functionality
on liposomes. Using DNA origami, we incorporated and optimized
different properties such as membrane targeting and voltage
sensing modularly. As a sensing unit, we used a hydrophobic red
dye anchored to the membrane and an anionic green dye at the
DNA to connect the nanostructure and the membrane dye anchor.
Voltage-induced displacement of the anionic donor unit was read

LSl

SCOUCOOCCE

e Emission

out by fluorescence resonance energy transfer (FRET) changes of < %

single sensors attached to liposomes. A FRET change of ~5% for
AY = 100 mV was observed. The working mechanism of the sensor was rationalized by molecular dynamics simulations. Our
approach holds potential for an application as nongenetically encoded membrane sensors.

KEYWORDS: DNA origami, voltage sensor, single-molecule FRET, transmembrane potential, voltage imaging,
molecular dynamic simulations

B INTRODUCTION components were not chemically linked, high probe concen-
trations had to be used, leading to capacitive loading.'’
Therefore, in recent approaches the complexity of sensors has
been increased, including bottom-up nanotechnological ideas,
to develop quantum-confined semiconductor nanoparticles or
quantum dot—fullerene bioconjugates for voltage sensing.'' ™"
Recently, DNA was used as a scaffolding material to combine
electron-transfer-based voltage-sensing dyes”' "' with target-
ing and intensity referencing for voltage sensing in organelles.'®

In this paper, we used DNA origami to modularly address
different challenges of voltage sensor design and demonstrate
an alternative voltage-sensing strategy that allows sensing with
bright dyes compatible with single-molecule imaging. DNA
origami and similar self-assembly techniques offer the potential
to meet broad demands such as targeting lipid membranes,
incorporating a sensing unit, optionally providing a trans-
duction mechanism with internal referencing, and being
biocompatible and minimally invasive.

On the cellular level, the electrical transmembrane potential
AY is a key parameter in neuroscience. The introduction of
fluorescence-based voltage sensors was a milestone toward a
broader application and noninvasive visualization in contrast to
electrophysiological approaches that are invasive, serial, and
time-consuming." Many challenges with respect to signal,
contrast, and response time have been addressed with
genetically encoded voltage indicators (GEVIs)*™* that offer
targetability to cell membranes. For improved contrast and
imaging durations, hybrid approaches combining GEVIs with
organic fluorophores have been introduced.” These ap-
proaches, however, require transfected cell lines or transgenic
animals.

In contrast, conventional voltage-sensing dyes face the
challenge that all functionalities, including targeting mem-
branes and sensing and transducing a signal, have to be
encoded in simple, chemically accessible structures. The
development of a first generation of sensors yielded low-
contrast Stark-effect voltage-sensing dyes and probes that Received: July 2, 2021
disturbed cellular functions.” A higher contrast was achieved Revised:  October 8, 2021
with sensors based on fluorescence energy transfer (FRET), Published: October 18, 2021
which consisted of one component in the membrane core
changing position according to the voltage and a second
component on the membrane surface.”” However, as the

© 2021 American Chemical Society https://doi.org/10.1021/acs.nanolett.1c02584
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Figure 1. (a) DNA origami sensor of transmembrane potentials. A rectangular DNA origami plate was decorated with cholesterols to bind a
liposome and with biotins to attach to the neutravidin-functionalized surface of a microscope’s coverslip. The voltage-sensing unit was positioned in
the center of the DNA origami. (b) Voltage-sensing unit consisting of dsDNA protruding from the DNA origami plate and carrying an ATTOS32
dye and a complementary strand with an ATTOG647N dye connected via a Cy,+Cg linker (see Figure S2 for the chemical structure). The
transduction of the voltage signal to fluorescence was fulfilled by FRET from the donor ATTOS32 to the acceptor ATTO647N. {c) Superimposed
TIRF image of the donor {blue) and acceptor (pink) fluorescence from the DNA origami sensor. White spots indicate DNA origami plates with
both donor and acceptor dyes. The scale bar refers to $ gm. {d) Single-molecule FRET transient. The fluorescence intensity over time is shown for
the donor excitation—donor emission D,,,—D,,, channel (light blue), the doner excitation—acceptor emission D, —A,,, channel (gray), and the
acceptor excitation—acceptor emission A, —A.,, channel (pink). From the D, —D,,, and the D, —A, channels, the proximity ratio (PR) and the
PR,..., are determined (dark blue). (¢) PR distributions for DNA origami constructs with (cyan) and without {purple} the liposome attachment.
The error refers to the standard error of the mean. For each sample, Ny gjeque 2100. (f) Histogram of interdye distances obtained from MD
simulations of a dsSDNA duplex decorated with the two dyes positioned at the lipid—water interface (cyan) and in an aqueous solution (purple).
Simulation times are as follows: —Membrane, 1.35 s and +Membrane, 1.55 ps.

In the DNA origami method, a long single-stranded DNA Using the DNA origami technique, a variety of sensors have

molecule (ssDNA, > 7000 nucleotides long) is folded into a been realized,”® from nanopores®™** to drug delivery
desired shape by hybridization with short oligonucleotides, systems’ " to force sensors.”™”’ By capturing DNA origami
producing billions of identical nanostructures.'” ' This on nanocapillary tips, Hemmig and Fitzgerald et al
bottom-up nanoassembly method offers the ability to place demonstrated the feasibility of using a DNA origami construct
any chemical moiety on the nanostructure like on a molecular as a single-molecule voltage sensor.”® Tweo fluorophores
breadboard by the integration of modified oligonucleotides. capable of interacting via FRET are placed on a DNA

8635 https://doi.org/10.1021/acs.nanolett,1c02584
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nanostructure such that, when subject to a voltage bias at the
tip of a nanopipet, the FRET efficiency is modulated by the
voltage magnitude.

Here, we demonstrate the single-molecule transmembrane
voltage read-out from the surface of a lipid membrane. Using a
rectangular DNA origami to arrange the different components
needed, we created a sensor that optically reads out defined
potentials via FRET with a change of ~3% for A¥ = 100 mV.
FRET offers an advantageous ratiometric signal read-out and is
therefore signal intensity independent. We detected single
FRET pairs by spacing out origami structures beyond the
diffraction limit and hence provide a pathway for imaging at
the nanoscale beyond ensemble averages. When a sensor can
be detected at the level of single molecules, minimal
invasiveness and optical superresolution can be achieved in
combination with single-molecule localization-related imaging
schemes.””" We rationalized the functioning of the sensor
through molecular dynamics (MD) simulations of the DNA—
lipid membrane assembly. Further, we demonstrate the
potential of DNA nanotechnology for voltage sensing by
introducing small molecular changes in the sensing unit to shift
the sensitivity of the sensor toward a negative A'Y.

M RESULTS

The transmembrane voltage sensor was based on a rectangular
DNA origami with dimensions of 70 X 100 nm'”*"** ¢that
functions as a platform to program all the functionalities
required into a small entity. To bind to liposomes, the
nanostructure was equipped with ten cholesterol moieties; to
bind to biotinylated PLL-e-PEG passivated surfaces, additional
six biotin moieties were incorporated (Figures la and $1 and
Table S1). Surface binding of the liposomes via the DNA
origami facilitated imaging by total internal reflection
microscopy (TIRF) while avoiding direct surface interactions
of the liposomes.” The voltage-sensing unit was placed
centrally on the platform protruding from the structure. The
hydrophobic and cationic dye ATTO647N connected to DNA
by a Cp,—phosphate—C4 chain (C;,+C,) was expected to
anchor the sensor unit in the lipid membrane (see Figures 1b
and $2 for molecular structures). Insertion into the lipid core
of the membrane was previously observed for ATTO647N.**
The DNA connection from ATTO647N to the DNA origami
platform contained the anionic fluorophore ATT0532. We
reasoned that any change of the potential should have opposite
effects on the average positions of the cationic ATTO647N
dye and the anionic ATTO532 dye on the anionic DNA linker.
The opposite forces on the two dyes should translate AW into
a change of the FRET that can be read out optically on the
level of single molecules.

For imaging, we Pcrformed single-molecule FRET
(smFRET) experiments™ of the optical potential sensor on a
home-built TIRF microscope with green—red alternating laser
excitation (ALEX, for details see the SI).***” We acquired
videos to follow the fluorescence over time and verify that
single DNA origamis were observed. Figure lc presents a
superimposed TIRF image with donor dyes in blue, acceptor
dyes in pink, and an overlay of the two in white. Some of the
spots are brighter than others, which is caused by multiple
DNA origamis being bound to a single liposome or origami
multimers. To eliminate such aggregates in further analysis, we
generated intensity-time transients from the videos for each
spot with the software iSMS*® and inspected them visually. An
exemplary transient is shown in Figure 1d with D .—D,,, (light

8636

blue), D —A., (gray), and A, —A,, (pink), where the
subscript indicates the excitation and emission channels of the
donor (D) and acceptor (A), respectively. A correlated
intensity increase in D, —D,, upon an intensity decrease in
Dee—Aun and A, —A,, and the rapid photobleaching in D, —
D, are clear indications that a single DNA origami indeed was
observed. From the intensities I, of the D, —D,, channel
and the intensity I, of the D, .—A., channel, FRET was
quantified as the proximity ratio (PR), where

PR = IDA

()

The PR, was calculated over the whole period of the
energy transfer (bottom transient in Figure 1d), yielding one
data point for each voltage sensor. All single-molecule
transients were carefully reviewed, and the ones showing a
clear correlation between the three channels mentioned above
were picked while transients showing multichromophore
behavior were rejected. An exemplary selection of transients
is shown in Figures S3 and S4.

We first tested whether an interaction between the voltage
sensor and the lipid membrane as intended is detected. To this
end, we studied the DNA origamis with and without 100 nm
DOPC liposomes by mixing the origami structures with an
excess of liposomes and immobilizing the complexes on a
surface. After performing smFRET measurements, we obtained
PR distributions, as shown in Figure le. The liposome-free
sample yielded a mean PR of 0.739 + 0.006 (standard error of
the mean, SEM) that was obtained from a Gaussian fitting of
the distribution, which decreased to 0.597 + 0.001 for the
liposome-containing sample (Figure le). The fact that we
obtained narrow homogeneous populations that were clearly
shifted with respect to each other indicates quantitative
binding of DNA origami voltage sensors to the liposomes. In
addition, the decrease of the FRET supports the idea that the
hydrophobic ATTO647N is diving into the membrane core so
that the average distance of donor and acceptor is substantially
increased upon membrane binding.

We further rationalized the idea of the FRET-acceptor
anchoring in the membrane by MD simulations of the voltage-
sensing unit with and without a lipid membrane present.
Figure 1f and Movie S1, provided in the SI, revealed a coiling
of ATTOG647N with the alkyl chain, resulting in a close
proximity of the dyes. This secondary structure was broken in
the presence of a lipid membrane (Movie S2) as ATTO647N
and the alkyl chain insert to and remain in the hydrophobic
core of the membrane. Figure 1f shows the distributions for the
interdye distances for both samples that were determined from
the MD simulations. The observed shift toward larger
distances for the sensor in the presence of a membrane is in
good agreement with the experimental results (Figure le) and
suggests that the lower PR upon liposome addition is a result
of the spatial separation of the two dyes. According to Figure
56, the dyes did not show a preferred orientation to each other
so that an angular effect on the PR is unlikely. Another
interesting observation from the simulations is that the
ATTO647N dye remained embedded closest to the membrane
and interacted with the phosphate moieties of the lipid head
groups (likely because of its positive charge), while the main
body of the dye resided inside the hydrophobic core of the

membrane.

IDD + IDA
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Figure 2. (a) Creation of electrical transmembrane potentials AW. By exchanging the outside buffer, a potassium ion gradient across the lipid

membrane was built up. Equilibration of the potassium gradient by the ionophore valinomycin converted the chemical potential to an electrical
transmembrane potential A'F. (b} Mean PR and standard errors of the mean derived from Gaussian fits to the distributions (Figures 58 and S9) of
the DNA origami—liposome complexes with different AP values in comparison to control samples presented in Figure le. For each sample,
Nooteante 2 100. () Proposed working principle of the voltage-sensing DNA origami. The ATTOG647N remains as an anchor in the membrane’s
hydrophobic core, whereas the surrounding DNA with its anionic nature is attracted toward the membrane by the K excess inside of the liposome,
resulting in a shorter interdye distance and increased FRET. (d) Representative configuration of a simulated double membrane system, where two
membrane patches separated two compartments filled with a 150 mM KC1 solution. A single dsDNA molecule was placed near one membrane to
characterize effective interactions between the DNA and the membrane. A gradient of the K* concentration was established by transferring four K
ions from one compartment to the other, corresponding ko a drop of A¥= + 1.3 V. The local concentrations of (e} K* and (f) CI” ions along the
lipid bilayer are shown for the three ion gradient conditions. The z-axis is defined in panel d. The profiles were averaged over 21 replica windows of
the respective REUS MD simulations, each replica simulation being 120 ns long. The shaded region shows the location of the center of DNA in
various windows. (g} Free energy AG of the 21 base pair dsDNA as a function of its z-coordinate for the three jon gradient conditions. The arrow

implies the region shown in panel d.

To test the performance of our voltage-sensing DNA
origami, we used ion exchange by the ionophore valinomycin™
to create a well-defined change of AW across the liposome
membrane. In a typical experiment, the origami—liposome
complexes were imaged, the buffer surrounding was exchanged
to introduce a potassium gradicnt across the lipid membrane,
and valinomycin was added before the sample is imaged again
(Figure 2a). Valinomycin specifically complexes potassium
ions but not sodium ions and shuttles them across the lipid
membrane until an equilibrium is reached and a polarized
membrane results, following the Nemst equation

RT | &
AW = — | S

Iz K
('DU(

{2)

where R is the gas constant, T is the temperature, I’ is the

Faraday constant, z is the charge number, and c‘-f and ¢’
the potassium concentrations inside and outside the liposome,
respectively. By adjusting the initial K' concentration gradient,
we produced a well-defined transmembrane potential (Table
§2). Figure S7 confirms the functionality of our assay in bulk
experiments using a commercially available voltage-sensing
dye.

First, we were interested in three scenarios: a hyperpolarized
membrane, a neutral membrane, and a depolarized membrane
with respect to the inner leaflet. We chose the hyper-
polarization to be A¥ = —100 mV and the depolarization to
be AY¥ = 100 mV, for which the buffer outside was exchanged

; are
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with respect to the desired AW and valinomycin was added
before imaging. Single Gaussian distributions were obtained for
all the samples, and mean PR values of 0.593 + 0.006 for AV
—100 mV, 0.604 + 0.005 for AY = 0 mV, and 0.645 + 0.003
for AV = 100 mV were determined (Figures 2b and S$8).
When compared to that of the liposome-free sample, all the PR
values are lower, which in combination with the mono-
Gaussian nature of the distributions strongly suggests that the
liposomes stayed intact throughout the experimental proce-
dure. As the AY = 0 mV sample shows an almost identical PR
histogram as the control sample before the valinomycin
addition, we are confident that all observed changes in the
single-molecule fluorescence result from the AY created and
are not from interference with the ionophore (Figures 2b and
§9). In contrast, there is a notable increase in the PR for the
depolarized membrane compared to those for the hyper-
polarized and neutral membranes, which implies that the DNA
origami-based sensor is able to report transmembrane
potentials on the single-molecule level.

The direction of the FRET change suggests that a more
positive charge on the inside would attract the anionic donor
dye—DNA hybrid toward the membrane so that FRET would
increase (see Figure 2c). An alternative mechanism, where the
change of the ion concentration outside the membranes
modulates the clectrostatic force acting on the dye embedded
in the lipid membrane, was ruled out through a set of MD
simulations that examined the distribution of the clectrostatic
potential in a double-membrane system (Figurse $10 and

hrtps:/doi.org/10.1021/acs.nanolett. 1 c02584
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S11). It has been previously established that the electric
potential of the membrane’s interior is approximately 500 mV
higher than the electric potential of the surrounding electro-
lyte."m"” A slight imbalance of ion concentration, i.e., a transfer
of just one ion between the compartments of our simulated
double-membrane system as shown in Figure 510, produced
the expected voltage dilference between the electrolyte
compartments. However, the gradient of the electrostatic
potential across the leaflets of the lipid bilayers remained
largely unaffected by the ion concentration gradient as most of
the additional potential drop occurs at the interface of the lipid
head groups and the electrolyte, which is why we ruled out a
movement of the membrane-anchored ATTO647N.

To directly probe the effect of an ion concentration gradient
on the interaction between DNA and a lipid membrane, we
simulated another double-membrane system (Figure 2d)
where one DNA molecule was placed near the surface of
one of the membranes parallel to the membrane surface. In
addition to the system containing two charge-neutral electro-
Iyte compartments (0 K'), two variants of the system were
created by moving four K' either to (4 K') or from (—4 K')
the compartment containing the DNA, which corresponded to
AY = 0, A¥ = +1.3, and AP = —1.3 V, respectively (Figure
S11). Such higher than experimental bias conditions were
chosen to increase the effective force on the dsDNA,
facilitating convergence of the free-energy calculations
(described below). Replica exchange umbrella sampling
(REUS) simulations®” were performed for each system using
21 sampling windows (in 1 A increments) for the distance
between the centers of mass of the dsDNA and the nearby
membrane along the z-axis. The resulting ion gradient
produced the expected AW across the compartments (Figure
S$11). Further, the local concentrations of K' (Figure 2e) and
CI™ (Figure 2f) ions show a nontrivial behavior. In the profiles
for all three samples, it is clearly visible that the K'
concentration was higher close to the DNA while the CI”
concentration was lower, which is due to the electrostatic
attraction and repulsion to the anionic DNA backbone,
respectively. In the case of an excess of K' ions inside (4
K*), the K" concentration was also higher close to the inner
leaflets. Interestingly, the concentration at the respective outer
leaflets was lower, indicating a capacitive effect. The opposite
behavior was observed for the lack of K ions inside (—4 K').
A complementary effect was observed for the CI™ concen-
tration (Figure 2f).

Further analysis of the REUS simulations yields the free
energy of the dsDNA as a function of its proximity to the lipid
membrane (Figure 2g). In the absence of a K" gradient, the
free energy has a shallow minimum near the membrane
surface, which is in agreement with our previous calculations.*
Moving the positive charge across the membrane from the
compartment housing (—4 K’ trace) produced a free-energy
minimum near the membrane surface, promoting DNA
attraction to the membrane surface. Moving the positive
charge into the DNA compartment (4 K' trace) slightly
increased the repulsive interaction between DNA and the lipid
membrane. These simulation results are in a qualitative
agreement with our observation of a FRET increase for
depolarized membranes and support the mechanism shown in
Figure 2c.

Next, we studied the sensitivity of our voltage sensor in
more detail and varied the potentials from A% = =125 mV to
AY = 125 mV in steps of 25 mV. For each sample, the mean
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PR before creating AW was approximately the same (Figure
§12). We therefore merged all reference data and defined it as
the mean of the control sample PRy, This value was
subtracted from the PR after A¥ was built up (Figure $8) as

APR =PR - PRbefore (3)
to yield the change APR. The respective SEM was derived

after Gaussian error propagation (see the SI), and the data are
presented in Figure 3. In accordance with the results discussed

0.06

0.04 4

R

% 0.02

0.00 +

-0.02 4

-125-100 -75 50 -26 0 25 50 75 100 125
Transmembrane Potential AW [mV]

Figure 3. Changes APR of the voltage sensor exposed to liposomes
with different electrical transmembrane potentials AY. APR was
calculated by subtracting the mean PR before the potentials A¥ were
created from the respective PR of the sample, as indicated. The error
bars represent the standard error of the mean after Gaussian error
propagation. For each sample, N, i = 100.

above, the PR value only slightly increased up to A¥ = 50 mV
and increased strongly in the range from 50 to 100 mV. The
voltage sensor is thus able to transduce small changes in AW to
single-molecule fluorescence signals. The nonlinear response
might indicate that the sensing unit above the membrane did
not progressively shift in the changing AW but that more
specific conformational changes or displacements of the dyes
occurred.

As our proposed mechanism strongly relies on the relative
positioning of the donor dye with respect to the acceptor dye,
we checked the sensitivity of the system for small changes of
the linker. We therefore changed the voltage-sensing unit
minimally by shortening the carbon chain from a C,+C4 to a
C,, chain, also eliminating the additional phosphate group
(Figure 4a, for details see Figure S2). Interestingly, in the
absence of the liposomes the PR was only minimally higher for
the shorter linker (PR = 0.754 instead of 0.739). Upon binding
to the liposome, however, the PR did only slightly decrease to
PR = 0.732 for the shorter linker, indicating that stretching of
the hydrophobic linker is mainly responsible for the FRET
reduction in case of the C,,+C; linker (Figures $13 and S14).
Varying the transmembrane potential of the liposomes exposed
to the DNA origami voltage sensor with the shortened linker
had an interesting effect on the measured PR values. Most of
the signal change now occurred in the more physiologically
relevant range between —100 and 0 mV, whereas only a small
PR increase was detected for positive AY (Figures 4b, §14,
and $15). The direction of change is compatible with the idea
that the FRET reduction is not a linear displacement in the
AW but instead is related to a more specific conformational
change. As the DNA and the negatively charged dye are pulled

https://doi.org/10.1021/acs.nanolett.1c02584
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Figure 4. (a) Voltage sensing unit with a C,, chain (pink) and a
C,,+Cy chain (blue). (b) APR changes of the sensor with a C,, chain
(pink) in the voltage-sensing unit illustrated in panel a exposed to
liposomes with A¥= —100, 0, and 100 mV compared to the voltage-
sensing unit with a C,,4C4 chain (blue). APR was estimated by
subtracting the mean PR before of the potentials were created from
the respective PR of the sample, as indicated. The error bars represent
the standard error of the mean after Gaussian error propagation. For
each sample, N . u. = 91 for each sample.

toward the membrane by the shorter linker, a more negative
potential is required to displace them from the membrane so
that the FRET reduction occurs. To prove that the sensing
mechanism is reversible, we performed an experiment in which
the potential was destroyed by ion channels in the membrane.
The data in Figures S16 and S17 show a recovery of the PR

signal.

M CONCLUSION

Transmembrane potentials are key parameters to understand
cellular functions and interactions, and there is a great need for
the development of smart sensing systems. We here present a
DNA origami voltage sensor offering a robust platform to
include many functionalities, such as surface immobilization
and liposome binding. DNA origami applications in live-cell
experiments have been established, and DNA origami
stabilization strategies'* ™" such as those against nucleases
exist that could be tested for their compatibility with the sensor
functionality. The DNA origami nanotech platform could then
be extended by further smart functionalities, including specific
cell or organelle recognition or for immune system
camoutlage. """

We also introduced a new sensing unit that is based on
FRET between a hydrophobic dye that preferred a location in
the hydrophobic membrane core and a hydrophilic and anionic
dye—DNA moiety that reacted with a PR change of ~5% for
AY = 100 mV. The DNA origami voltage sensors were studied
by single-molecule spectroscopy on liposomes, and the results
were rationalized by MD simulations. While the fundamental
working principle is implied by the experimental results, the
MD simulations provide evidence that more specific
interactions between the membrane and the sensing unit
determine the sensitive voltage range that could be tuned by
the adaptation of the linker between donor and acceptor.
Overall, our data show profound potential for this novel
approach for AW sensors that could similarly be adapted for
other sorts of sensors.
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Material and Methods
Experimental part

Chemicals

If not declared differently, all chemicals were purchased from Merck KGaA.

DNA origami folding

A rectangular DNA origami' was used which is based on a 7249 nt long scaffold derived from the
M13mp18 bacteriophage. It was designed in the software CaDNAno® and carried several modifications
as indicated in Figure S1. All staple strand sequences are given in Table S1 together with the name of
the company from which it was purchased.

The origami structures were folded in buffer containing 10 mM Tris, 1 mM EDTA and 12.5 mM MgCl. by
mixing 10 nM of the scaffold with 100 nM of unmodified and 300 nM of modified oligonucleotides. The
solution was heated to 70°C for 3 min and then cooled down in 1°C-steps remaining 1 min at each
temperature in a thermocycler (primus 25, peqlab). During the folding process, the biotin modified
oligonucleotides, the binding site containing an ATTO532 dye and three cholesterol strands on a ssDNA
leash were incorporated. By PEG precipitation, the folded structures were purified from excess staple
strands where the sample was mixed in a 1:1 ratio with a buffer containing 12% PEG-8000 (w/v), 10 mM
Tris, 1mM EDTA, 500 mM NacCl and 12 mM MgCl, at pH 7.5 and centrifuged for 30 min at 16 krcf and 4°C.
The supernatant was discarded and the pellet dissolved in the buffer used for folding. This step was
repeated 4 times. In order to label the DNA origami with seven more cholesterols and the voltage-
sensing unit, it was incubated over night at room temperature with 5x excess of the cligonucleotides
named above per binding site, before another PEG precipitation for purification was examined. The
samples were stored at 4°C until usage.

Liposome preparation

To produce Large Unilamellar Vesicles (LUVs), lipid films were created. Therefor 1,2-dioleoyl-sn-glycero-
3-phosphocholine (DOPC, Avanti Polar Lipids, INC.) was dissolved at a concentration of 25 mg/mL in
chloroform and 1 mmol was added to a glass vial, dried under a nitrogen stream and for another 4 h
under vacuum in a desiccator. These lipid films were stored at -20°C until further usage. To create LUVs,
the lipid films were dissolved in LUV buffer containing 5 mM Tris, 1 mM EDTA, 0.5 mM Trolox and either
150 mM KCI or 149 mM Nacl and 1 mM KCI at pH 7 (potassium or sodium LUV buffer, respectively)
resulting in a lipid concentration of 2.5 mM. After seven freeze-and-thaw cycles using liquid nitrogen
and a 80°C water bath, the solution was extruded with a LiposoFast Basic extruder (Avestin, INC.) using
Nucleopore PC membranes with a pore size of 100 nm (Whatman, Cytiva Ltd.).

Preparation of microscope slides

Nunc Lab-Tek Il Chambered Slides (Thermo Fisher Scientific Inc.) were cleaned with 1 M KOH for 4 h at
room temperature. After washing with 1xPBS buffer, the slides were passivated over night at 4°C with
0.5 mg/mL PLL{20)-g[3.5]- PEG(2)/PEG(3.4)- biotin(50%) (PLL-PEG-biotin, SuSoS AG) in 1xPBS. After
washing with 1xPBS, 0.25 mg/mL NeutrAvidin (Thermo Fisher Scientific Inc.) in 1xPBS was added for
20 min and washed off with 1xPBS and the slides were ready to use.
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TIRF microscope

A homebuilt Total Internal Reflection (TIRF) microscope based on an Olympus IX71 inverted
microscope was used for the single-molecule Fluorescence Resonance Energy Transfer (smFRET)
measurements. The beams of a green laser (Sapphire 532 nm, 100 mW, Coherent) and a red laser
(iBeam Smart 640 nm, 150 mW, Toptica Photonics) were altered using an acousto-optical tunable filter
(AOTF, PCAOM-VIS, Crystal Technology) at a frequency of 10 Hz. The power of the green laser was set
to 30 mW and of the red laser to 80 mW. The light was focused on the sample with an oil-immersion
objective (APO N 60X0/ 1.49 NA TIRF, Olympus). The emission light was separated from the excitation
light by a dual line beamsplitter and further separated into 2 emission channels with an Optosplit 1|
(Cairn Research) equipped with a dichroic beam splitter (640 DCXR, Chroma Technology). The green
emission was spectrally filtered with a bandpass filter (BrightLine HC 582/75, Semrock) and the red
emission with a longpass filter (647 nm RazorEdge, Semrock), before being focused on a back-
illuminated sCMOS camera (KURO 1200B sCMOS, Princeton Instruments) in a dual-view configuration.
The LightField software (Princeton Instruments) was used to acquire videos with a length of each min.
300 frames.

Sample preparation and imaging

To obtain DNA origami-liposome complexes, the DNA origami were incubated with the liposomes with
a 100x excess of the liposomes over the origami for 2 h at room temperature in the respective LUV
buffer (potassium or sodium). Then the structures were immobilized in Lab-Tek chambers at a
concentration of 30 pM via biotin-neutravidin interaction and imaged on the homebuilt TIRF
microscope described above. The LUV buffer matching the ion composition inside of the liposome was
used. These measurements represent the control samples, before in each of these samples an electrical
transmembrane potential AW was built up.

To then create the electrical transmembrane potential AW, first the buffer surrounding the origami-
liposome complexes was exchanged with respect to the desired potential. To determine the ionic
gradient required, the Nernst equation

RT, [
ay = in (% (1)

with R as the universal gas constant, T as the temperature, F as the Faraday constant, z as the charge

number and Cff:or ci,‘; as the K* concentration inside or outside of the liposome, respectively, was
used. Table S2 shows the concentrations of KCl and NaCl used to create the different electrical
potentials tested. Secondly, 37.5 nmol of valinomycin was added which locates into the hydrophobic
core of the lipid bilayer, complexes potassium ions and shuttles them through the lipid membrane
while the Chloride counter ions remain. Thereby an electrical transmembrane potential AW is built up.2
After an incubation of 10 min with the valinomycin, the samples were imaged again on the homebuilt
TIRF microscope. For the reversibility experiment, gramicidin was added at a concentration of 20 nM
to the solution and incubated for 10 min, before the sample was imaged. For the liposome-free sample,
the DNA origami were immobilized without prior LUV incubation and imaged in buffer containing
10 mM Tris, 1 mM EDTA, 0.5 mM Trolox, 149 mM Nacl and 1 mM KCl at pH 7.
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Data analysis

For the data analysis, the software iISMS* running on Matlab was used. The split channels of green and
red emission were superimposed and from the videos an intensity-time transient was derived for each
single spot. These transients were then carefully revised to separate single DNA origami structures
showing FRET from multimers or origami not containing both fluorophores. In the three channels of
donor excitation-donor emission Dex-Dem, donor excitation-acceptor emission Dex-Aem and acceptor
excitation-acceptor emission Aexc-Aem it was checked for a correlation typical for single-molecule FRET
pairs. If there was a clear correlation between the different channels - e.g. an intensity increase in the
Desxc-Dem channel while a decrease in the Dex-Aem channel is observed upon a simultaneous drop in the
Aexc-Aem channel - the transient was picked and the period selected over which the mean Proximity
Ratio PR was calculated as

PR = —24_ @)
Ipptipa

with Ip, as the intensity from the Dex-Aem channel and I as the intensity from the Deyxc-Dem channel.
The data derived this way was further plotted against its frequency and a Gauss fit was used to
determine the mean PR and its standard error for each sample.

The change APR shown in Figure 3 and 4 was calculated as
APR = PR — PRbefore (3)

with PR as the value determined for the respective sample with the transmembrane potential AY =
xmV and PRpeore as the value derived before the addition of valinomycin. The respective standard

error d,pg resulted from a Gaussian error propagation as

_{{184PR 2
Tapr = \[Gpr| %Pr) T

Valinomycin bulk test

aAPR_ | .
aPRbefm'e

2
UPRbefore) (4)

To proof that valinomycin creates electrical transmembrane potential AW in liposomes that have a
potassium gradient between the in- and outside, a bulk assay was performed using the voltage-
sensitive fluorophore 3,3'-Dipropylthiadicarbocyanine lodide (DiSCs(5), Thermo Fisher Inc.), liposomes
and the spectrofluorometer FS5 (Edinburgh Instruments). The DiSC,(5) dye is cationic and accumulates
on hyperpolarized lipid membranes where its fluorescence is reduced due to contact quenching.
Hence, the fluorescence intensity depends on the electrical potential of the lipid membrane.

High precision cell cuvettes (Ultra-Micro Cell 105.252-QS, Hellma analytics) were passivated with a 1
mg/mL BSA solution (Sigma Aldrich) in 1xPBS buffer to decrease unspecific binding. 100 pL of LUVs with
a lipid concentration of 200 pM were added. The buffer inside the liposome for each sample tested
contained 5 mM Tris, 1 mM EDTA, 0.5 mM Trolox and 150 mM KCl at pH7. The buffer in which the LUVs
were diluted to the respective concentration was either the same or instead of the 150 mM KCI
contained 149 mM NaCl and 1 mM KCl. The respective buffer combination for each sample is depicted
in Figure S4.
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The DiSC4(5) dye was added to the liposome containing cuvette resulting at a final concentration of 1
KM and an addition of 1% (v/v) DMSO to the solution. After an incubation of 10 min, the sample was
placed in the spectrofluorometer and the acquisition started (A«.=666 nm, bandwidthe,=1nm,
Aem=691 nm, bandwidthe,,=5 nm, 1 point/s). Once the fluorescence intensity was stable, valinomycin
was added resulting in a final concentration of 500 nM and another 0.25% (v/v) DMSO, so the final
DMSO concentration in the cuvette was 1.25% (v/v). Then the effect of valinomycin was followed by
tracking of the fluorescence intensity. For the samples testing the influence of the buffer on the
fluorescence intensity, instead of the valinomycin solution, only the respective buffer outside of the
liposome was added together with the same overall DMSO concentration of 1.25% (v/v).

To first neglect an interference between the DiSC;(5) and valinomycin, the ionophore was added to
the free dye (Figure S4a). After the addition, the fluorescence baseline is lower than before, but no
further effect is observed. The intensity drop can be affiliated to unspecific binding of the dye to the
pipette tip; the overall dye concentration is slightly reduced and as a consequence, the fluorescence
signal, too. This underlines the importance to not mix the following samples by multiple pipetting to
reduce the effect.

Next, the effect of adding a solution to the liposome-dye mixture was investigated. Therefor the
respective buffer with DMSO was added to liposomes with inside and outside potassium buffer (Figure
S4b) and with inside potassium and outside sodium buffer (Figure S4c¢) liposomes. After the addition,
for both samples an equilibration towards a higher intensity is observed which is related to a
homogeneous distribution after Brownian motion in the field of view. As for the free dye, the baseline
is slightly reduced though due to unspecific dye sticking to the pipette tip. Anyhow, no specific intensity
decrease is observed. Next, the effect of valinomycin to the liposome-dye mixture was tested when
there is no ion gradient to the outside (Figure S4d) and as previously, no change is observed which
means that no polarization at the lipid membrane is induced.

Lastly, as in the single molecule experiments, valinomycin was added to a sample with potassium
carrying liposomes in sodium buffer with DiSC;(5) (Figure S4e). Unlike in the samples before, after the
valinomycin addition the intensity baseline is not only lower, but also an equilibration towards a lower
intensity is observed. This different behavior clearly proofs that a transmembrane potential AW is built
up and the cationic voltage-sensing dye is attracted to the hyperpolarized membrane where its
accumulation leads to contact quenching and hence, a reduced overall intensity.

Simulation part

General simulation protocols

All MD simulations were performed using program NAMD23, a 2 fs integration time step, 2-2-6 multiple
time stepping, periodic boundary conditions and particle mesh Ewald (PME) method over a 1 A
resolution grid to calculate the long range electrostatic interaction.® The Nose-Hoover Langevin piston’
and Langevin thermostat were used to maintain the constant pressure and temperature in the system.
An 8-10-12 A cutoff scheme was used to calculate van der Waals and short-range electrostatic forces.
SETTLE algorithm® was applied to keep water molecules rigid whereas RATTLE algorithm? constrained
all other covalent bonds involving hydrogen atoms. CHARMM36 force field parameters described the
bonded and non-bonded interactions among the atoms of DNA™, lipid", water and ions.”> Magnesium
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ions were modeled as magnesium hexahydrates (Mg[H.0]s**).” Corrections to non-bonded
interactions potentials were applied to improve description of ion-DNAg, ion-ion, and DNA-lipid
interactions.” CHARMM General Force Field (CGenFF)*® were used to describe the interaction
parameters for the dye molecules. The coordinates of the system were saved at an interval of 20 ps.
The visualization, analysis and post-processing of the simulation trajectories were performed using
VMD' and CPPTRAJ.”

Initial models of lipid bilayer membrane and dye conjugated DNA

Starting with the caDNAno design of DNA origami plate along with the modified strands for anchoring
and voltage sensing (Figure S1 and Table S1), we performed coarse-grained MD simulation using
mrDNA resulting in the movie $3." The final configuration of the origami plate at the end of the coarse-
grained simulation was converted to an all-atom model. In order to obtain the nanoscale structure and
dynamics of the dye molecules conjugated to the DNA fragment, we selected the 22 base-pair long
DNA strand containing the dye molecules in experimental design. The topology and parameters file for
the ATTO647N and ATTO532 dye molecules covalently conjugated using C.+Cs linker molecules to DNA
were obtained using the CHARMM General Force Field (CGenFF) webserver."” We used a custom
psfgen scriptin VMD to covalently connect the dye molecules to DNA according to the chemical sketch
shown in Figure S2. Mg**-hexahydrates were placed near the DNA to neutralize its electrical charge of
the DNA backbone.

We simulated two analogs of the dye conjugated DNA, one in an aqueous environment and another
anchored in the lipid bilayer membrane leading to the data shown in Figure S3 and the Movies S1 and
S2. To create the system in aqueous environment, the dye conjugated DNA molecule was solvated with
TIP3P water molecules® using the Solvate plugin of VMD. Potassium and chloride ions were added to
produce 150 mM concentration of KCl in solution using the Autoionize plugin of VMD. Thus, assembled
system measured 8 x 8 x 15 nm? and contained approximately 80,000 atoms. To create the membrane-
anchored DNA system, we placed the dye conjugated DNA molecule in a pre-equilibrated patch of 1,2-
dioleoyl-sn-glycero-3-phosphocholine (DOPC) lipid bilayer membrane such that the ATTO647N and C.,
spacer connecting it to the DNA span in the upper leaflet of the membrane. The lipid patch was
generated using the CHARMM-GUI membrane builder® and pre-equilibrated for approximately 200 ns.
Finally, we solvated the system with TIP3P water molecules®® and added ions to produce a 150 mM
concentration of KCl. Thus, the membrane-anchored system measured 10 x 10 x 15 nm? and contained
approximately 130,000 atoms.

The assembled systems were subjected to energy minimization using the conjugate gradient method
to remove the steric clashes between the solute and solvent. Following that, we equilibrated each
system for 20 ns while harmonically restraining the phosphorus (P) atoms of DNA using a spring
constant of 1 kcal mol™ A2 Subsequently, we equilibrated the systems for additional 40 ns while
maintaining the hydrogen bonds between the complementary base-pairs of DNA using the extrabond
utility of NAMD. Finally, we removed all the restraints (except two P atoms of each DNA strand
connecting the DNA to the origami plate) and performed approximately 1 us long production
simulations of systems using a constant number of atoms (N), pressure (P = 1 bar) and temperature (T
=300 K), the NPT ensemble. Two sets of simulations were carried for each design to improve sampling
of the conformational space.
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The simulation results presented in Figure S3b for the system without a membrane unravel a very close
and stable state of the two fluorophores in the pink trajectory after ~0.75 ps. Inspecting Movie S1,
melting of the dsDNA can be observed which leads to the dyes touching each other. Direct contact
between dyes commonly yields complex photophysics with different intensity levels®*?3 that is not
observed in our experiments. We therefore assign the DNA melting and the direct dye-dye contact to
aforce field artefact in the simulation which has been previously observed for CHARMM36 force fields
as used in our system.** Therefore, for Figure 1f only data is included before the artefact is observed
eliminating the prominent peak around 10 A visible in Figure S3c. Also, for both the system with and
without a lipid membrane, the first 0.2 us of the simulation are excluded as this is approximately the
time the system needs to equilibrate.

Double-membrane systems

To mimic the voltage bias created by a difference in the ionic concentration from inside to outside of a
lipid vesicle in our simulations, we created a double membrane system having two identical patches of
DOPC lipid bilayer membrane kept at a distance of 9 nm away from each other (distance between the
center of the membranes) along the bilayer normal. We solvated the double DOPC membrane system
using TIP3P water molecules®® and added ions to produce 150 mM concentration of KCl. Thus,
assembled double membrane system measured 11 x 11 x 20 nm? and contains 218,400 atoms.

The assembled system was subjected to energy minimization using the conjugate gradient method to
remove the steric clashes between the solute and solvent. Following that, we equilibrated the double
membrane system for 230 ns using the NPT ensemble. Towards the end of the equilibration, the
distance between the center of the mass (CoM) of the individual bilayer along the bilayer normal
stabilizes close to 8.8 nm. Averaging the dimensions of the simulation box from the last 20 ns of the
NPT equilibration, we next performed simulation of the double membrane system in NVT ensemble.
We created two other double membrane system named as 1 K* and -1 K*, by shuffling one potassium
ion from the inside chamber (the bulk water region around the center of the simulation box) to the
outside chamber (the bulk water region at both ends of the simulation box) and vice-versa. Thus, we
generated three double-membrane systems: o K+ system having exactly same number of potassium
ions inside and outside, 1 K* system having two more potassium ions inside as compared to outside and
-1 K* system having two fewer potassium ions inside as compared to the outside which is equivalent to
a transmembrane potential of AW=+180 mV for this system’s geometry. Finally, all systems were
simulated using NVT ensemble with the exact same box dimension for approximately 300 ns. The data
is presented in Figure S7.

Free energy calculations of dsDNA binding to double-membrane systems

Starting from a pre-equilibrated conformation of 21 base pair long dsDNA kept over a 10 x 7.1nm? patch
of DPhPE lipid membrane from our earlier study,” we created a DNA double membrane system by
replicating another copy of the simulation cell along the bilayer normal. The DNA fragment is
effectively infinite along its helical axis as both of the strands are connected to themselves across the
periodic boundary (along the y-axis). We removed dsDNA and neutralizing counterions (42 potassium
ions) from the outer chamber, which left us with the desired system having dsDNA only in the inner
chamber of the double membrane and 150 mM concentration of KCl in solution (Figure S7a). Thus,
assembled DNA double membrane system was measured 10 x 7.1 x 25 nm? and contains 181,628 atoms.
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Both, the inner and outer chamber of this double membrane-DNA system are charge neutralized and
we refer to this system as o K.

Next, we created two other systems, 4 K* and -4 K* by shuffling 4 potassium ions from the outer
chamber to the inner chamber and vice-versa inducing a potential of AW=+1.3 V, a high enough value to
observe statistically significant differences in the interactions between the DNA and the membrane
without causing membrane electroporation. Thus, we have three systems with the same number of
atoms but different potassium ions in inner and outer chambers. In o K*, both the chambers are
electrically charge-neutral, 4 K* system has 8e* charge in inner chamber as compared to the outer
chamber and -4 K* system has 8 e* charge in the outer chamber as compared to the inner one due the
shuffling of the potassium ions.

Twenty-one copies of each system were created by moving the CoM of dsDNA from 13 to 33 A along
the z-axis, the region shown using an arrow in Figure S7a. Note that Z =0 corresponds to the center of
the simulation cell. Since the CoM of the upper membrane lies at z = 63 A, the distance of the CoM of
dsDNA and upper membrane varies from 50 to 13 A in respective copies of the simulation system.
Replica exchange umbrella sampling simulations® were performed using the 1 A sampling window for
the distance between the CoM of dsDNA’s and the upper membrane along the z-axis. A harmonic
potential with the spring constant of 2.5 kcal/mol/ A2 was used the maintain the distance between
dsDNA and the membrane in each window along the z-axis using colvars module* of NAMD. Each
replica was run for approximately 120 ns. Weighted histogram analysis method (WHAM)*® was used to
subtract the effect of the harmonic potential and obtain the PMF profile. The first 5 ns of the simulation
trajectories were excluded from the WHAM analysis.
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Figure S1. lllustration of DNA origami design in CaDNAno? The number of helices is shown in orange
on the left and the nucleotide position described in the grid starting at position [8] and ending at
position [295] (top). The scaffold strand is presented in dark grey, the unmodified staple strands in
black, the biotinylated strands in blue carrying the modification on the 5’ end, in light pink strands with
cholesterol on the 3’ end of a ssDNA spacer, in dark pink cholesterol attached via dsDNA on the 5’ end
and in cyan the voltage-sensing unit on the 5’ end. The sequences of the strands and more details can
be found in Table S1.
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Table S1. DNA oligonucleotides used as staple strands for the DNA origami voltage sensor. The staple
stands are listed with the 5’ position x[y] with x as the helix number and y as the nucleotide number as
described in Figure S1, the DNA sequence from the 5’ to the 3’ end, further modifications in the
comment section and the company purchased from. Nucleotides in bold are not incorporated into the
DNA origami, but protrude from the structure. For 12[111], either a or b are incorporated.

5’ position

Sequence (5" to 3’ end)

Comments

Company

TATGAGTGTACACGATTGTTAAAA[SpC12|[ATTO647N]

Voltage sensor
Cy+Cs, binds to
12[111]a strand
[ATTO647N]:
modification on
amino-C6 linker
[SpCi2]: C
spacer

biomers.net GmbH

[ATTO647N]AAATAACAATCGTGTACACTCATA

Voltage sensor
C,5, binds to
12[111]b strand
[ATTO647N]:
modification on
amino-C,, linker

biomers.net GmbH

12[11]a

TAACA[ATTO532 JATCGTGTACACTCATATAAATCATATAAC
CTGTTTAGCTAACCTTTAA

Binding site for
voltage sensor
CitCs
[ATTO532]:
modification on
amino-Ce-dT
linker

Eurofins Genomics GmbH

12[111]b

TAAATCATATAACCTGTTTAGCTAACCTTTAATATGAGTGTAC
ACGAT[ATTO532]TGTTA

Binding site for
voltage sensor
Ci

[ATTO532]:
modification on
amino-Ce-dT
linker

Eurofins Genomics GmbH

20[79]

TTCCAGTCGTAATCATGGTCATAAAAGGGGAAAAAAAAAAA
AAAAAAAAA [Chol]

[Chol]:
Cholesterol-TEG
modification

Integrated DNA

Technologies, Inc.

8[47]

ATCCCCCTATACCACATTCAACTAGAAAAATCAAAAAAAAAA
AAAAAAAAAA [Chol]

[Chol]:
Cholesterol-TEG
modification

Integrated DNA

Technologies, Inc.

12[175]

TTTTATTTAAGCAAATCAGATATTTTTTGTAAAAAAAAAAAA
AAAAAAAA [Chol]

[Chol]:
Cholesterol-TEG
modification

Integrated DNA

Technologies, Inc.

GTGATGTAGGTGGTAGAGGA [Chol]

Cholesterol
strand, binds to
multiple binding
sites depicted
below

[Chel]:
Cholesterol-TEG
modification

Integrated DNA

Technologies, Inc.

1[96]

TCCTCTACCACCTACATCACAATGGTCAACAGGCAAGGCAA
AGAGTAATGTG

Cholesterol
binding site

Eurofins Genomics GmbH

14[111]

TCCTCTACCACCTACATCACGAGGGTAGGATTCAAAAGGGT
GAGACATCCAA

Cholesterol
binding site

Eurofins Genomics GmbH

6[111]

TCCTCTACCACCTACATCACATTACCTTTGAATAAGGCTTGC

CCAAATCCGC

Cholesterol
binding site

Eurofins Genomics GmbH
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5" position Sequence (5’ to 3’ end Comments Company
18] TCCTCTACCACCTACATCACAGACGACAAAGAAGTTTTGCC | Cholesterol Eorofins Cemommice CrbH
ATAATTCGAGCTTCAA binding site
8] TCCTCTACCACCTACATCACAATAGTAAACACTATCATAACC | Cholesterol Eurofins Genomics GmbH
CTCATTGTGA binding site
] TCCTCTACCACCTACATCACTGTAGCCATTAAAATTCGCATT | Cholesterol Eurofins Genomics GmbH
AAATGCCGGA binding site Hrotins enomics bm
[o6] TCCTCTACCACCTACATCACCGAAAGACTTTGATAAGAGGT | Cholesterol Eurofins Genomics GmbH
919 CATATTTCGCA binding site
21[64] GCCCTTCAGAGTCCACTATTAAAGGGTGCCGT Integrated DNA
Technologies, Inc.
1[160] TTAGGATTGGCTGAGACTCCTCAATAACCGAT Integrated DNA
Technologies, Inc.
15[96] ATATTTTGGCTTTCATCAACATTATCCAGCCA Integrated DNA
Technologies, Inc.
22[271] CAGAAGATTAGATAATACATTTGTCGACAA Integrated DNA
Technologies, Inc.
5[128] AACACCAAATTTCAACTTTAATCGTTTACC Integrated DNA
Technologies, Inc.
20[47] TTAATGAACTAGAGGATCCCCGGGGGGTAACG Integrated DNA
Technologies, Inc.
18[79] GATGTGCTTCAGGAAGATCGCACAATGTGA Integrated DNA
Technologies, Inc.
12[207] GTACCGCAATTCTAAGAACGCGAGTATTATTT Integrated DNA
Technologies, Inc.
4[271] AAATCACCTTCCAGTAAGCGTCAGTAATAA Integrated DNA
Technologies, Inc.
22[207] AGCCAGCAATTGAGGAAGGTTATCATCATTTT Integrated DNA
Technologies, Inc.
8[207] AAGGAAACATAAAGGTGGCAACATTATCACCG Integrated DNA
Technologies, Inc.
15[128] TAAATCAAAATAATTCGCGTCTCGGAAACC Integrated DNA
Technologies, Inc.
6[271] ACCGATTGTCGGCATTTTCGGTCATAATCA Integrated DNA
Technologies, Inc.
o[79] ACAACTTTCAACAGTTTCAGCGGATGTATCGG Integrated DNA
Technologies, Inc.
1[224] GCGAACCTCCAAGAACGGGTATGACAATAA Integrated DNA
Technologies, Inc.
8[239] AAGTAAGCAGACACCACGGAATAATATTGACG Integrated DNA
Technologies, Inc.
19[96] CTGTGTGATTGCGTTGCGCTCACTAGAGTTGE Integrated DNA
Technologies, Inc.
15[224] CCTAAATCAAAATCATAGGTCTAAACAGTA Integrated DNA
Technologies, Inc.
11192] GCGGATAACCTATTATTCTGAAACAGACGATT Integrated DNA
Technologies, Inc.
5[160] GCAAGGCCTCACCAGTAGCACCATGGGCTTGA Integrated DNA
Technologies, Inc.
12[239] CTTATCATTCCCGACTTGCGGGAGCCTAATTT Integrated DNA
Technologies, Inc.
2[11] AAGGCCGCTGATACCGATAGTTGCGACGTTAG Integrated DNA
Technologies, Inc.
19[248] CGTAAAACAGAAATAAAAATCCTTTGCCCGAAAGATTAGA Integrated DNA
Technologies, Inc.
o[111] TAAATGAATTTTCTGTATGGGATTAATTTCTT Integrated DNA
Technologies, Inc.
5[32] CATCAAGTAAAACGAACTAACGAGTTGAGA Integrated DNA

Technologies, Inc.
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5" position Sequence (5’ to 3’ end) Comments Company
20[207] GCGGAACATCTGAATAATGGAAGGTACAAAAT Integrated DNA
Technologies, Inc.
12[143] TTCTACTACGCGAGCTGAAAAGGTTACCGCGC Integrated DNA
Technologies, Inc.
8[143] CTTTTGCAGATAAAAACCAAAATAAAGACTCC Integrated DNA
Technologies, Inc.
2[143] ATATTCGGAACCATCGCCCACGCAGAGAAGGA Integrated DNA
Technologies, Inc.
21224] CTTTAGGGCCTGCAACAGTGCCAATACGTG Integrated DNA
Technologies, Inc.
14[239] AGTATAAAGTTCAGCTAATGCAGATGTCTTTC Integrated DNA
Technologies, Inc.
20[111] CACATTAAAATTGTTATCCGCTCATGCGGGCC Integrated DNA
Technologies, Inc.
3[128] AGCGCGATGATAAATTGTGTCGTGACGAGA Integrated DNA
Technologies, Inc.
17[128] AGGCAAAGGGAAGGGCGATCGGCAATTCCA Integrated DNA
Technologies, Inc.
17[160] AGAAAACAAAGAAGATGATGAAACAGGCTGCG Integrated DNA
Technologies, Inc.
2[207] TTTCGGAAGTGCCGTCGAGAGGGTGAGTTTCG Integrated DNA
Technologies, Inc.
22[79] TGGAACAACCGCCTGGCCCTGAGGCCCGCT Integrated DNA
Technologies, Inc.
10[47] CTGTAGCTTGACTATTATAGTCAGTTCATTGA Integrated DNA
Technologies, Inc.
16[207] ACCTTTTTATTTTAGTTAATTTCATAGGGCTT Integrated DNA
Technologies, Inc.
9[224] AAAGTCACAAAATAAACAGCCAGCGTTTTA Integrated DNA
Technologies, Inc.
19[224] CTACCATAGTTTGAGTAACATTTAAAATAT Integrated DNA
Technologies, Inc.
3[96] ACACTCATCCATGTTACTTAGCCGAAAGCTGC Integrated DNA
Technologies, Inc.
18[239] CCTGATTGCAATATATGTGAGTGATCAATAGT Integrated DNA
Technologies, Inc.
10[239] GCCAGTTAGAGGGTAATTGAGCGCTTTAAGAA Integrated DNA
Technologies, Inc.
3[32] AATACGTTTGAAAGAGGACAGACTGACCTT Integrated DNA
Technologies, Inc.
1[128] TGACAACTCGCTGAGGCTTGCATTATACCA Integrated DNA
Technologies, Inc.
16[47] ACAAACGGAAAAGCCCCAAAAACACTGGAGCA Integrated DNA
Technologies, Inc.
14[175] CATGTAATAGAATATAAAGTACCAAGCCGT Integrated DNA
Technologies, Inc.
17[192] CATTTGAAGGCGAATTATTCATTTTTGTTTGG Integrated DNA
Technologies, Inc.
19[56] TACCGAGCTCGAATTCGGGAAACCTGTCGTGCAGCTGATT Integrated DNA
Technologies, Inc.
23[64] AAAGCACTAAATCGGAACCCTAATCCAGTT Integrated DNA
Technologies, Inc.
16[175] TATAACTAACAAAGAACGCGAGAACGCCAA Integrated DNA
Technologies, Inc.
7[56] ATGCAGATACATAACGGGAATCGTCATAAATAAAGCAAAG Integrated DNA
Technologies, Inc.
3[224] TTAAAGCCAGAGCCGCCACCCTCGACAGAA Integrated DNA

Technologies, Inc.

80



Appendix

5" position Sequence (5’ to 3’ end) Comments Company
12[47] TAAATCGGGATTCCCAATTCTGCGATATAATG Integrated DNA
Technologies, Inc.
3[160] TTGACAGGCCACCACCAGAGCCGCGATTTGTA Integrated DNA
Technologies, Inc.
14[143] CAACCGTTTCAAATCACCATCAATTCGAGCCA Integrated DNA
Technologies, Inc.
6[79] TTATACCACCAAATCAACGTAACGAACGAG Integrated DNA
Technologies, Inc.
4[239] GCCTCCCTCAGAATGGAAAGCGCAGTAACAGT Integrated DNA
Technologies, Inc.
7[248] GTTTATTTTGTCACAATCTTACCGAAGCCCTTTAATATCA Integrated DNA
Technologies, Inc.
132] AGGCTCCAGAGGCTTTGAGGACACGGGTAA Integrated DNA
Technologies, Inc.
o[207] TCACCAGTACAAACTACAACGCCTAGTACCAG Integrated DNA
Technologies, Inc.
4[143] TCATCGCCAACAAAGTACAACGGACGCCAGCA Integrated DNA
Technologies, Inc.
16[271] CTTAGATTTAAGGCGTTAAATAAAGCCTGT Integrated DNA
Technologies, Inc.
13[96] TAGGTAAACTATTTTTGAGAGATCAAACGTTA Integrated DNA
Technologies, Inc.
21[192] TGAAAGGAGCAAATGAAAAATCTAGAGATAGA Integrated DNA
Technologies, Inc.
5[224] TCAAGTTTCATTAAAGGTGAATATAAAAGA Integrated DNA
Technologies, Inc.
8[79] AATACTGCCCAAAAGGAATTACGTGGCTCA Integrated DNA
Technologies, Inc.
1[160] CCAATAGCTCATCGTAGGAATCATGGCATCAA Integrated DNA
Technologies, Inc.
4[] GACCTGCTCTTTGACCCCCAGCGAGGGAGTTA Integrated DNA
Technologies, Inc.
2[175] TATTAAGAAGCGGGGTTTTGCTCGTAGCAT Integrated DNA
Technologies, Inc.
13[184] GACAAAAGGTAAAGTAATCGCCATATTTAACAAAACTTTT Integrated DNA
Technologies, Inc.
196] AAACAGCTTTTTGCGGGATCGTCAACACTAAA Integrated DNA
Technologies, Inc.
23192] ACCCTTCTGACCTGAAAGCGTAAGACGCTGAG Integrated DNA
Technologies, Inc.
15[32] TAATCAGCGGATTGACCGTAATCGTAACCG Integrated DNA
Technologies, Inc.
18[175] CTGAGCAAAAATTAATTACATTTTGGGTTA Integrated DNA
Technologies, Inc.
6[175] CAGCAAAAGGAAACGTCACCAATGAGCCGC Integrated DNA
Technologies, Inc.
18[47] CCAGGGTTGCCAGTTTGAGGGGACCCGTGGGA Integrated DNA
Technologies, Inc.
6[143] GATGGTTTGAACGAGTAGTAAATTTACCATTA Integrated DNA
Technologies, Inc.
8[175] ATACCCAACAGTATGTTAGCAAATTAGAGC Integrated DNA
Technologies, Inc.
17[96] GCTTTCCGATTACGCCAGCTGGCGGCTGTTTC Integrated DNA
Technologies, Inc.
12[79] AAATTAAGTTGACCATTAGATACTTTTGCG Integrated DNA
Technologies, Inc.
8[271] AATAGCTATCAATAGAAAATTCAACATTCA Integrated DNA

Technologies, Inc.
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5" position Sequence (5’ to 3’ end) Comments Company
15[192] TCAAATATAACCTCCGGCTTAGGTAACAATTT Integrated DNA
Technologies, Inc.
21[96] AGCAAGCGTAGGGTTGAGTGTTGTAGGGAGCC Integrated DNA
Technologies, Inc.
20[239] ATTTTAAAATCAAAATTATTTGCACGGATTCG Integrated DNA
Technologies, Inc.
7[224] AACGCAAAGATAGCCGAACAAACCCTGAAC Integrated DNA
Technologies, Inc.
22[239] TTAACACCAGCACTAACAACTAATCGTTATTA Integrated DNA
Technologies, Inc.
18[111] TCTTCGCTGCACCGCTTCTGGTGEGGCCTTCC Integrated DNA
Technologies, Inc.
17[32] TGCATCTTTCCCAGTCACGACGGLCTGCAG Integrated DNA
Technologies, Inc.
4[175] CACCAGAAAGGTTGAGGCAGGTCATGAAAG Integrated DNA
Technologies, Inc.
13[120] AAAGGCCGGAGACAGCTAGCTGATAAATTAATTTTTGT Integrated DNA
Technologies, Inc.
10[175] TTAACGTCTAACATAAAAACAGGTAACGGA Integrated DNA
Technologies, Inc.
21[256] GCCGTCAAAAAACAGAGGTGAGGCCTATTAGT Integrated DNA
Technologies, Inc.
4[471 GACCAACTAATGCCACTACGAAGGGGGTAGCA Integrated DNA
Technologies, Inc.
6[239] GAAATTATTGCCTTTAGCGTCAGACCGGAACC Integrated DNA
Technologies, Inc.
18[271] CTTTTACAAAATCGTCGCTATTAGCGATAG Integrated DNA
Technologies, Inc.
14[79] GCTATCAGAAATGCAATGCCTGAATTAGCA Integrated DNA
Technologies, Inc.
2[47] ACGGCTACAAAAGGAGCCTTTAATGTGAGAAT Integrated DNA
Technologies, Inc.
21[128] GCGAAAAATCCCTTATAAATCAAGCCGGCG Integrated DNA
Technologies, Inc.
22[175] ACCTTGCTTGGTCAGTTGGCAAAGAGCGGA Integrated DNA
Technologies, Inc.
164] TTTATCAGGACAGCATCGGAACGACACCAACCTAAAACGA Integrated DNA
Technologies, Inc.
17[224] CATAAATCTTTGAATACCAAGTGTTAGAAC Integrated DNA
Technologies, Inc.
16[143] GCCATCAAGCTCATTTTTTAACCACAAATCCA Integrated DNA
Technologies, Inc.
4[207] CCACCCTCTATTCACAAACAAATACCTGCCTA Integrated DNA
Technologies, Inc.
2[79] CAGCGAAACTTGCTTTCGAGGTGTTGCTAA Integrated DNA
Technologies, Inc.
19[128] CACAACAGGTGCCTAATGAGTGCCCAGCAG Integrated DNA
Technologies, Inc.
19[192] ATTATACTAAGAAACCACCAGAAGTCAACAGT Integrated DNA
Technologies, Inc.
16[239] GAATTTATTTAATGGTTTGAAATATTCTTACC Integrated DNA
Technologies, Inc.
22[111] GCCCGAGAGTCCACGCTGGTTTGCAGCTAACT Integrated DNA
Technologies, Inc.
6[207] TCACCGACGCACCGTAATCAGTAGCAGAACCG Integrated DNA
Technologies, Inc.
13[224] ACAACATGCCAACGCTCAACAGTCTTCTGA Integrated DNA

Technologies, Inc.
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5" position

Sequence (5’ to 3’ end)

Comments

Company

20[175]

ATTATCATTCAATATAATCCTGACAATTAC

Integrated DNA

Technologies, Inc.

18[207]

CGCGCAGATTACC AATGGGAGAGACT

Integrated DNA

Technologies, Inc.

10[207]

ATCCCAATGAGAATTAACTGAACAGTTACCAG

Integrated DNA

Technologies, Inc.

14[207]

AATTGAGAATTCTGTCCAGACGACTAAACCAA

Integrated DNA

Technologies, Inc.

13[64]

TATATTTTGTCATTGCCTGAGAGTGGAAGATTGTATAAGC

Integrated DNA

Technologies, Inc.

7[160]

TTATTACCGAAGAACTGGCATGATTGCGAGAGG

Integrated DNA

Technologies, Inc.

23[96]

CCCGATTTAGAGCTTGACGGGGAAAAAGAATA

Integrated DNA

Technologies, Inc.

3[192]

GGCCTTGAAGAGCCACCACCCTCAGAAACCAT

Integrated DNA

Technologies, Inc.

4[79]

GCGCAGACAAGAGGCAAAAGAATCCCTCAG

Integrated DNA

Technologies, Inc.

15[160]

ATCGCAAGTATGTAAATGCTGATGATAGGAAC

Integrated DNA

Technologies, Inc.

5[96]

TCATTCAGATGCGA AAGAACAGGCATAG

Integrated DNA

Technologies, Inc.

18[143]

CAACTGTTGCGCCATTCGCCATTCAAACATCA

Integrated DNA

Technologies, Inc.

20[271]

CTCGTATTAGAAATTGCGTAGATACAGTAC

Integrated DNA

Technologies, Inc.

1[256]

CAGGAGGTGGGGTCAGTGCCTTGAGTCTCTGAATTTACCG

Integrated DNA

Technologies, Inc.

13[160]

GTAATAAGTTAGGCAGAGGCATTTATGATATT

Integrated DNA

Technologies, Inc.

1[224]

GTATAGCAAACAGTTAATGCCCAATCCTCA

Integrated DNA

Technologies, Inc.

50192]

CGATAGCATTGAGCCATTTGGGAACGTAGAAA

Integrated DNA

Technologies, Inc.

7[192]

ATACATACCGAGGAAACGCAATAAGAAGCGCATTAGACGG

Integrated DNA

Technologies, Inc.

10[111]

TTGCTCCTTTCAAATATCGCGTTTGAGGGGGT

Integrated DNA

Technologies, Inc.

13[256]

GTTTATCAATATGCGTTATACAAACCGACCGTGTGATAAA

Integrated DNA

Technologies, Inc.

6[47]

TACGTTAAAGTAATCTTGACAAGAACCGAACT

Integrated DNA

Technologies, Inc.

16[79]

GCGAGTAAAAATATTTAAATTGTTACAAAG

Integrated DNA

Technologies, Inc.

23[256]

CTTTAATGCGCGAACTGATAGCCCCACCAG

Integrated DNA

Technologies, Inc.

23[224]

GCACAGACAATA GAATGGGGTCAGTA

Integrated DNA

Technologies, Inc.

10[127]

TAGAGAGTTA CATTTGGGGATAGTAGTAGCATTA

Integrated DNA

Technologies, Inc.

4[63]

ATAAGGGAACCGGATATTCATTACGTCAGGACGTTGGGAA

Integrated DNA

Technologies, Inc.

16[63]

CGGATTCTGACGACAGTATCGGCCGCAAGGCGATTAAGTT

Integrated DNA

Technologies, Inc.

10[191]

GAAACGATAGAAGGCTTATCCGGTCTCATCGAGAACAAGC

Integrated DNA

Technologies, Inc.

16[255]

GAGAAGAGATAACCTTGCTTCTGTTCGGGAGAAACAATAA

Integrated DNA

Technologies, Inc.
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5" position Sequence (5’ to 3’ end) Comments Company
4[255] AGCCACCACTGTAGCGCGTTTTCAAGGGAGGGAAGGTAAA Integrated DNA
Technologies, Inc.
10[79] GATGGCTTATCAAAAAGATTAAGAGCGTCC Integrated DNA
Technologies, Inc.
o[47] AGAAAGGAACAACTAAAGGAATTCAAAAAAA Integrated DNA
Technologies, Inc.
10[271] ACGCTAACACCCACAAGAATTGAAAATAGC Integrated DNA
Technologies, Inc.
2[271] GTTTTAACTTAGTACCGCCACCCAGAGCCA Integrated DNA
Technologies, Inc.
14[271] TTAGTATCACAATAGATAAGTCCACGAGCA Integrated DNA
Technologies, Inc.
g[160] AGAGAGAAAAAAATGAAAATAGCAAGCAAACT Integrated DNA
Technologies, Inc.
12[271] TGTAGAAATCAAGATTAGTTGCTCTTACCA Integrated DNA
Technologies, Inc.
23[160] TAAAAGGGACATTCTGGCCAACAAAGCATC Integrated DNA
Technologies, Inc.
21[160] TCAATATCGAACCTCAAATATCAATTCCGAAA Integrated DNA
Technologies, Inc.
19[160] GCAATTCACATATTCCTGATTATCAAAGTGTA Integrated DNA
Technologies, Inc.
10[143] CCAACAGGAGCGAACCAGACCGGAGCCTTTAC Integrated DNA
Technologies, Inc.
2332] CAAATCAAGTTTTTTGGGGTCGAAACGTGGA Integrated DNA
Technologies, Inc.
22[143] TCGGCAAATCCTGTTTGATGGTGGACCCTCAA Integrated DNA
Technologies, Inc.
o[175] TCCACAGACAGCCCTCATAGTTAGCGTAACGA Integrated DNA
Technologies, Inc.
o[143] TCTAAAGTTTTGTCGTCTTTCCAGCCGACAA Integrated DNA
Technologies, Inc.
20[143] AAGCCTGGTACGAGCCGGAAGCATAGATGATG Integrated DNA
Technologies, Inc.
2[239] GCCCGTATCCGGAATAGGTGTATCAGCCCAAT Integrated DNA
Technologies, Inc.
7[32] TTTAGGACAAATGCTTTAAACAATCAGGTC Integrated DNA
Technologies, Inc.
23[128] AACGTGGCGAGAAAGGAAGGGAAACCAGTAA Integrated DNA
Technologies, Inc.
21[32] TTTTCACTCAAAGG GCGAAAAACCATCACC Integrated DNA
Technologies, Inc.
14[47] AACAAGAGGGATAAAAATTTTTAGCATAAAGC Integrated DNA
Technologies, Inc.
13[32] AACGCAAAATCGATGAACGGTACCGGTTGA Integrated DNA
Technologies, Inc.
o[271] CCACCCTCATTTTCAGGGATAGCAACCGTACT Integrated DNA
Technologies, Inc.
9[256] GAGAGATAGAGCGTCTTTCCAGAGGTTTTGAA Integrated DNA
Technologies, Inc.
1[256] GCCTTAAACCAATCAATAATCGGCACGCGCCT Integrated DNA
Technologies, Inc.
o[239] AGGAACCCATGTACCGTAACACTTGATATAA Integrated DNA
Technologies, Inc.
9[32] TTTACCCCAACATGTTTTAAATTTCCATAT Integrated DNA
Technologies, Inc.
1[32] AACAGTTTTGTACCAAAAACATTTTATTTC Integrated DNA

Technologies, Inc.
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22[47]

CTCCAACGCAGTCAGACGGGCAACCAGCTGCA

Integrated DNA

Technologies, Inc.

19[32]

GTCGACTTCGGCCAACGCGLAGGG C

Integrated DNA

Technologies, Inc.

7[96]

TAAGAGCAAATGTTTAGACTGGATAGGAAGCC

Integrated DNA

Technologies, Inc.

1[64]

GATTTAGTCAATAAAGCCTCAGAGAACCCTCA

Integrated DNA

Technologies, Inc.

9[64]

CGGATTGCAGAGCTTAATTGCTGAAACGAGTA

Integrated DNA

Technologies, Inc.
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Appendix

Figure 52. Detailed sketch of the different voltage-sensor designs. (a) For the C,»+Cs sensor, a strand
from the DNA origami is extended from the 5’ end (dark grey) and carries an ATTO532 (cyan, zoom-in
left for details). In light grey, the counter strand is shown with the 3’ end carrying a carbon chain and
an ATTO647N (pink). The right zoom-in shows how the ATTO647N is connected to the DNA’s 3’ end
via a C;; spacer and a Cg-amino linker. (b) For the C., sensor, the strand in the origamiis extended on
the 3’ end (dark grey) and also carries the ATTO532 (cyan) which is connected as shown in the zoom-
inin (a). The counter strand carries on the 5’ end the carbon chain with the ATTO647N. In the zoom-
in, the connection between the 5’ end of the DNA and the ATTO647N via a C;;-amino linker is shown.
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Figure 53. Exemplary fluorescence transients selected in analysis. For (a) to (j), the intensity derived
from the donor excitation-doner emission Dex-Dem channel is shown in cyan, from the donor excitation-
acceptor emission Dex-Aem channel in yellow and from the acceptor excitation-acceptor emission Aex-

Acm channel in pink.
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Figure S4. Exemplary fluorescence transients rejected in analysis. For (a) to (j), the intensity derived
from the donor excitation-donor emission Dex-Dem channel is shown in cyan, from the donor excitation-
acceptor emission Dex-Aem channel in yellow and from the acceptor excitation-acceptor emission Aex-
Aem channel in pink.
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Figure Ss. Equilibrium MD simulation of dye conjugated dsDNA in aqueous and membrane anchored
environment. (a) A cut-away view of the all-atom models of 22-base pair long dsDNA conjugated to
ATTO532 (yellow) and ATTO647N (red) dye molecules, solvated in the aqueous solution (top panel);
anchored to lipid bilayer membrane and then solvated (bottom panel). The alkyl carbon chains (Cs and
Ciz) connecting the dye molecules to the DNA (as shown in the chemical sketch in Figure S2) are shown
in magenta. Complementary strands of the DNA are shown in turquoise and orange, the DOPC lipid
head groups are shown as green spheres whereas the lipid tails are shown as white lines, water and
ions are not shown for the sake of clarity. The enlarged atomic structures of the respective dye
molecules are shown in yellow and red boxes. (b) Distance between the center of mass of the ATTO532
and ATTO647N dye molecules as a function of simulation time from two independent simulation runs
in a box of water (top panel) and while anchored in lipid bilayer membrane (bottom panel). (c) The
histogram of the distance between the dye molecules in water (top) and while anchored in membrane
(bottom) excluding the first 200 ns from each simulation run.
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Figure S6. Angle distributions obtained from MD simulations between the donor ATT0O532 and the
acceptor ATTO647N. (a) iy shows the direction of the transition dipole moment of the donor and 11
of the acceptor. E is the vector connecting the two dyes’ center of mass. (b) Distributions of the
angle ® between iy and pi, for the sample without a membrane (purple) and with amembrane (cyan).
() Distribution of the angle 8 of the donor ATTO532 which refers to the angle between p; and Efor
the sample without a membrane (purple) and with a membrane (cyan). (d) Distribution of the angle ©
of the acceptor ATTO647N which refers to the angle between 11, and R—DA' for the sample without a
membrane (purple) and with a membrane (cyan). (e) Boxplot comparing the k* for the sample without
membrane (purple) and with membrane (cyan). The point marks the mean, the line the median, the
box shows the percentile of 25% to 75% and the whiskers the minimum and the maximum values.
Simulation times: - Membrane 1.35 ps, + Membrane 1.55 ps.
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Table S2. Concentration of KCl and Nacl in the buffer inside and outside of the LUVs. To build up a
certain transmembrane potential AW with respect to the Nernst equation, the buffers used inside and
outside of the LUVs were varied. The KCl gradient is responsible for the potential creation whereas
Nacl is added to prevent osmotic pressure. The NaCl/KCl concentrations add up to buffers containing
5 mM Tris, 1 mM EDTA and 0.5 mM Trolox at pH 7 as previously described as the LUV buffer.

C inside [MM] C outside [MM]
AY [mV] KCl Nacl Kcl Nacl
-125 150 0 1.1 148.9
-100 150 0 3 147
75 150 o] 8 142
50 150 0 21 129
-25 150 o] 56 94
o 150 o 150 o}
0 1 149 1 149
25 1 149 2.7 147.3
50 1 149 7 143
75 1 149 19 131
100 1 149 50 100
125 1 149 134 16
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Figure S7. Valinomycin bulk test. On a spectrofluorometer, it was proven that a transmembrane
potential AW is built up with the valinomycin assay using the voltage-sensitive dye DiSC;(5). As a control,
the DiSC5(5) was investigated without LUVs in the cuvette and valinomycin was added to the solution
(a). The intensity drop results from the dye sticking to the pipette tip while adding the solution. No
further effect is observed. As another control, LUVs with potassium buffer inside and outside of the
liposome (b) and inside potassium and outside sodium (c) were used and buffer was added to the
samples. The intensity drop due to dye sticking to the pipette is observed as previously. Further, the
intensity equilibrates after the buffer addition for both samples which is related to the homogeneous
distribution after Brownian motion in the field of view. Next, valinomycin was added to LUVs with
inside and outside potassium ions and buffer was injected (d). As for the other controls, an intensity
drop due to dye sticking is observed, but no further effect. Only LUVs with inside potassium and outside
sodium show a clear drop in intensity (e) which equilibrates after a while following Brownian motion.
As more of the DiSCy(5) is attracted to the charged membrane, contact quenching of the dyes take
place and the intensity is reduced. For details see the chapter on “Valinomycin bulk assay” above.
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Figure S8. PR distributions for all samples of the C;;+C¢ sensor with transmembrane potentials AVY.
The samples were imaged after buffer exchange, addition of valinomycin and hence, the creation of a
transmembrane potential of (a) AW=-125 mV, (b) AW=-100 mV, (¢) AW=-75 mV, (d) A¥=-50 mV, (e) AW=-
25 mV, (f) AW=25 mV, (g) AW=50 mV, (h) A¥=75 mV, (i) AW=100 mV and (j) A¥W=125 mV. The respective
mean resulting from the Gauss fit as well as the standard error of the mean is given for each
distribution. Nimoecute: (a)-(j) 100.
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Figure S9. PR distributions of various C.+Cs samples compared. Control for A¥Y=0 mV with potassium
LUV buffer in cyan with the sample after the addition of valinomycin in pink (a), control for AWY=0 mV
with sodium LUV buffer in cyan with the sample after the addition of valinemycin in pink (b) and both
AW=0 mV samples in potassium (cyan) and sodium (pink) LUV buffer with their respective mean from
Gauss fitting and the standard error of the mean. All derived mean values are very similar which is why
on the one hand a buffer effect on the PR value and on the other hand an effect of the valinomycin can
be neglected. Therefore, the data for both samples with valinomycin (¢) are merged and presented in
(d) which in the following is the AW=c mV sample. Nmolecute: ()-(¢) 100 for each distribution, (d) 20c.
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Figure S10. Voltage bias created by shuffling of a single ion in double membrane systems. (a) A
representative snapshot of the all-atom model of double DOPC lipid bilayer membrane solvated in
150 mM solution of KCIl. Non-hydrogen atoms of the lipid (DOPC) membrane are shown as blue (N), tan
(P), red (0), and cyan (C) spheres. The transparent surface illustrates the volume cccupied by the water
molecules. The potassium and chloride ions are shown in blue and yellow spheres. (b) Average
electrostatic potential profile of various systems along the z-axis. Local concentration of (¢) potassium
and (d) chloride ions along the lipid bilayer normal averaged over last 300 ns of NVT simulation. The
images inside the close-in boxes shows the zoomed in region in the plots. The density was obtained by
dividing the z-axis in the bins of 1 A and then Savitzky Golay filter (window length 21 with a polynomial
of degree 2) is used for smoothening of the data.
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Figure S11. Average electrostatic profile of the o K*, 4 K* and -4 K* systems along the bilayer normal
during the REUS MD simulations.
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Figure S12. PR distributions for all control samples of the C.+C¢ sensor. The samples were imaged
before buffer exchange and transmembrane potential creation via valinomycin and the plots show the
distributions with their respective mean and standard error ¢f the mean from the Gauss fit. Control
sample resulting in (a) AW=-125 mV, (b) AW=-100 mV, (c) AW=-75 mV, (d) AW=-50 mV, (e) AW=-25 mV, (f)
AW=0mV with potassium LUV buffer, (g) AW=omV with sodium LUV buffer, (h) AW=25mV, (i)
AVY=50 mV, (j) AW=75 mV, (k) AW=100 mV, (I) AW=125 mV. As all of the samples show similar mean
values, their data is merged and plotted together in (m) and further referred to as the sample before
the valinomycin addition. Nmolecule: {@)(1) 100, (m) 1200.
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Figure S13. PR distributions for all control samples of the C,; sensor. The samples were imaged before
buffer exchange and transmembrane potential creation via valinomycin and the plots show the
distributions with their respective mean and standard error of the mean from the Gauss fit. Control
sample resulting in (a) A¥=-100 mV, (b) AW=0 mV with potassium LUV buffer, (¢) AW=0 mV with sodium
LUV buffer and (d) AW=125 mV. As all of the samples show similar mean values, their data is merged
and plotted together in (e) and further referred to as the sample before the valinomycin addition.
Nrmolecutet (@)4(d) 100, (e) 400.
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Figure S14. PR distributions for samples of the C,; sensor with transmembrane potentials AY and
without liposomes. For the creation of transmembrane potentials of (a) AW=-t0omV and (b)
AW=100 mV, the outside buffer was exchanged and valinomycin was added to create the potentials.
(<) PR distribution for sample without liposomes. The respective mean resulting from the Gauss fit as
well as the standard error of the mean is given for each distribution. Nmeiecuie: (2) 91, (b)-{(c) 100.
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Figure S15. PR distributions of various C,; samples compared. Control for AY=0 mV with potassium
LUV buffer in cyan with the sample after the addition of valinomycin in pink (a), control for AWY=0 mv
with sodium LUV buffer in cyan with the sample after the addition of valinomycin in pink (b) and both
AW=0 mV samples in potassium {(cyan) and sodium (pink) LUV buffer with their respective mean from
Gauss fitting and the standard error of the mean. All derived mean values are very similar which is why
on the one hand a buffer effect on the PR and on the other hand an effect of the valinomycin can be
neglected. Therefore, the data for both samples with valinomycin (c) are merged and presented in (d)
which in the following is the AW=0 mV sample. Nmelecuie: (2) cyan: 100, pink: 99, (b) each 100, (¢) cyan:
99, pink: 100, (d) 199.
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Figure 516, Reversibility experiment for C,. voltage sensor. (a) Concept of experiment. For the control
sample resulting in AW=0 mV, the inside and the outside buffer remains the same, whereas for the in
AW=-100 mV sample, the outside buffer is changed containing Na* according to Table S2. After the
addition of valinomycin (monodirectional arrow) which shuffles K* ions against a K* gradient, the
respective potential is built up. After imaging, gramicidin (bidirectional arrow) is added which forms an
ion channel in the membrane and enables a bidirectional diffusion of K* (blur arrow) and Na* (purple
arrow) until an equilibrium destroying the AW. The sample is imaged again. (b) Change of the energy
transfer before and after neutralization by gramicidin. APR represents the proximity ratio subtracted
by the value before the addition of the icnophores as presented in Figure S17a. For the AW=-100 mV
sample, the PR reduces and recovers after the potential is destroyed whereas for the AW=0 mV sample,
no specific effect is observed.
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Figure S17. PR distributions of the C,; sensor samples for the reversibility experiment. Distribution for
(a) sample with liposomes, (b) AW=-100 mV sample after valinomycin addition, (c¢) A¥=-100 mV sample
after valinomycin and gramicidin addition, (d) A¥=0 mV sample after valinomycin addition and (e)
AY=0 mV sample after valinomycin and gramicidin addition. Nmolecue: (3) 191, (b) 100, (c) 100, (d) 110, (&)
100.
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Captions to Supplementary Movies

run1 pure electrolyte run 2
711 us

Supplementary Movie 1. All-atom molecular dynamics simulation of ATTO532 (yellow) and ATTO647N
(red) dye molecules conjugated to dsDNA in purely aqueous solution. The movie illustrates MD
trajectories of two independent simulation runs (run 1 and run 2) starting from the same initial
configuration. Water and ions are not shown for clarity.
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run 2

membrane-anchored

11 s

Supplementary Movie 2. All-atom molecular dynamics simulation of ATTO532 (yellow) and ATTO647N
(red) dye molecules conjugated to dsDNA anchored in DOPC lipid bilayer membrane. The movie
illustrates MD trajectories of two independent simulation runs (run 1and run 2) starting from the same
initial configuration. Water and ions are not shown for clarity.
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Supplementary Movie 3. A typical mrDNA' simulation of the DNA origami plate designed as a sensor
of transmembrane potentials. The coarse-grained simulation starts with the caDNAno design of the
origami plate which is first mapped into a 5-bp/bead model followed by a 1-bead/bp model. Finally, the
all-atom model of the system was obtained by averaging equilibrated conformations in coarse-grained
simulation. At the end, the all-atom model was simulated for couple of nanoseconds in vacuum using
the network of elastic restraints.?®
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ABSTRACT: Charges in lipid head groups generate electrical Neutral Membrane Negative Membrane

surface potentials at cell membranes, and changes in their Surface Charge Surface Charge

composition are involved in various signaling pathways, such as ©00p000®

T-cell activation or apoptosis. Here, we present a DNA origami- %0g 00
] o © ®

based sensor for membrane surface charges with a quantitative QO oo %99

fluorescence read-out of single molecules. A DNA origami plate is

equipped with modifications for specific membrane targeting,

surface immobilization, and an anionic sensing unit consisting of J' i
single-stranded DNA and the dye ATTOS542. This unit is anchored ) -

to a lipid membrane by the dye ATTO647N, and conformational High FRET Low FRET

changes of the sensing unit in response to surface charges are read

out by fluorescence resonance energy transfer between the two dyes. We test the performance of our sensor with single-molecule
fluorescence microscopy by exposing it to differently charged large unilamellar vesicles. We achieve a change in energy transfer of
~10% points between uncharged and highly charged membranes and demonstrate a quantitative relation between the surface charge
and the energy transfer. Further, with autocorrelation analyses of confocal data, we unravel the working principle of our sensor that is
switching dynamically between a membrane-bound state and an unbound state on the timescale of 1—10 ms. Our study introduces a
complementary sensing system for membrane surface charges to previously published genetically encoded sensors. Additionally, the
single-molecule read-out enables investigations of lipid membranes on the nanoscale with a high spatial resolution circumventing
ensemble averaging.

he plasma membrane represents the barrier between the membrane surface potential at the outside. Besides this

cell interior to the cell exterior and, hence, comprises directional reordering of lipids, there are also ATP-
various features such as electrical properties. Most prominently independent scramblases that destroy the asymmetry by
discussed is the transmembrane potential built up by different mixing the lipids between the two leaflets until an equilibrium
ion concentrations across the membrane, but another very is reached.'" This unspecific mixing is relevant in certain
important electrical membrane property is its surface potential, cellular processes; for example, it activates scavenger receptors
which locally arises at the interface between the membrane and on macrophages for apoptosis or is a mediator for blood
the aqueous solution due to charges in the lipid head clotting,"®
groups. " Around 10-30% of the lipids in the plasma Although the electric surface potential is an extremely
membrane carry negative charges, most of which are relevant feature of the membrane, there are only few charge
phosphatidylserine (PS)." Lipids of different kinds are not sensors that enable an easy and noninvasive characterization.'®

distributed equally between the two leaflets of a lipid bilayer,

Although dye-labeled lipids are used to visualize clustering of
and negative lipids accumulate at the inside inducing a

5 charged lipids, the labels do not report on whether the lipids
potential of ca. =30 mV.” This asymmetry is highly conserved

I . ) h y : f th are located in the inner or outer leaflets and the dye labels tend
In eukaryotic cells, supports g_c negative curvature of the to distort the membrane properties. Clustering does also not
membrane, and stabilizes it.”

" Furthermore, the anionic i b h I A mil

] L. . L. L. report quantitative membrane charge values. A milestone was

surface charge offers binding sites for cationic proteins in the o
3210 oo . the development of a sensor based on the K-Ras motif linked

cytoplasm. To maintain the asymmetry, there are different

adenosine 5'-triphosphate (ATP)-dependent enzymes such as
flippases shuffling lipids from the cell exterior to the cell Received:  November 23, 2021
interior and floppases shuffling lipids vice versa.'' Nevertheless, Accepted: January 18, 2022
under certain circumstances, floppases shuffle PS to the outer Published: January 28, 2022
leaflet, which is, e.g., involved in T-cell activation.'”" In the so-

called immunological synapse, PS is transiently exposed to the

exterior and additional lateral heterogeneities'” lead to a strong

@ 2022 The Authors. Published by - .
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to a fluorescent protein'’ and the optimized genetically
encoded version R-pre.'® These cationic proteins show a
strong affinity for anionic lipid membranes, and their
accumulation at the lipid bilayer is visualized by an increased
tluorescence intensity. A PS-specific sensor was developed with
the same stratcgy.m However, these assays are concentration-
and expression-level-dependent, which makes cell-to-cell
comparisons impossible. This limitation was addressed by
Ma et al. with the development of a genetically encoded sensor
with ratiometric read-out.'” This sensor consists of two
components that are both labeled with fluorescent proteins
capable of fluorescence resonance energy transfer (FRET).
One of the components is permanently linked to the
membrane, whereas the other consists of the previously used
R-pre, which binds and unbinds to the lipid membrane
depending on its surface charge. Thus, the distance and
orientation between the two fluorescent proteins change and
result in a strong FRET change. Thereby, with a high
specificity for the inner leaflet of the membrane, they achieved
a read-out independent of the expression level.

As this sensor acts on the inner leaflet of the cell membrane,
it is blind to processes taking place at the outer leaflet. In
addition, all of the current sensors are genetically encoded,
limiting the application to transfected cell lines or transgenic
animals. Furthermore, investigations on the nanoscale as
achieved, eg, with single-molecule and superresolution
methods are lacking as fluorescent proteins are relatively dim
and suffer from fast photobleaching. Thereby, local hetero-
geneities of the membrane surface charge distribution cannot
be visualized. To address these issues, we here present a
nongenetically encoded sensor for membrane surface charges
at the outer leaflet as a complement to current sensors with the
additional feature of an optical single-molecule read-out by
employing single-molecule-compatible fluorophores.

As an assembly glatform for the sensor, we use a rectangular
DNA origami.*”"** This nanostructure is based on a 7249 nt
long single-stranded DNA (ssDNA), which is folded into the
desired shape by hybridization with ~200 oligonucleotides.
DNA origamis have been emerging as a platform for the
development of biosensors as further chemical moieties are
casily introduced using modified staple strands.”* ™" The DNA
origami platform binds to membranes by incorporated
cholesterol moieties. Additionally, the sensing unit is attached
with FRET read-out. While the FRET acceptor is anchored to
the membrane, the negatively charged fluorescent donor is
attached to a flexible ssDNA protrusion that reacts to the local
electric field by conformational changes. We study this DNA
origami surface potential sensing system on large unilamellar
vesicles (LUVs) with different lipid compositions by single-
molecule fluorescence imaging. We unravel a dynamic working
principle of our sensor by confocal correlation analysis, and
with this information, we adopt and shift the sensitivity of our
sensor. Overall, this work is a complement for investigations on
the outer leaflet of membranes and has the potential to provide
super-resolved insights into the lateral distribution of charged
lipids in the plasma membrane without the need for genetic
modifications.

B EXPERIMENTAL SECTION

DNA Origami. The DNA origami plate™"** is designed in
CaDNAno™ and based on 7249 nt long ssDNA derived from
the M13mpl8 bacteriophage functioning as a scaffold. It is
folded into the desired shape by short oligonucleotides,
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whereby different chemical modifications are inserted (Table
$1). The oligonucleotides are purchased from IDT, Eurofins
Genomics GmbH, or Biomers GmbH as specified in the
Supporting Information (SI). The oligonucleotides are added
in a 10X excess over the scaffold in 10 mM Tris, 1 mM
ethylenediaminetetraacetic acid (EDTA), 12.5 mM MgCl,,
and 1% dimethyl sulfoxide (DMSO) at pH 7.4 and in a
thermocycler, and a temperature ramp with 1 min/1 °C
between 70 and 20 °C is driven. The purification of the folded
DNA origami structures from the excess is done by
poly(ethylene glycol) (PEG) precipitation, where the solution
is mixed 1:1 with a buffer containing 10 mM Tris, 1 mM
EDTA, 12.5 mM MgCl,, 500 mM NaCl, and 12% PEG-8000
at pH 7 and centrifuged at 16 000g and 4 °C for 30 min. The
DNA origami collects as a pellet, whereas free oligonucleotides
are in the supernatant to be discarded. This step is repeated
five times. The purified DNA origami is stored at 4 °C until
used.

LUV Preparation. The lipids DOPC and DOPG (Avanti
Polar Lipids, Inc.) are dissolved in chloroform, and 1 mmol of
lipid is added to a glass vial in the desired composition of the
two lipids. The chloroform is dried under a nitrogen stream
and further for 4 h under vacuum in a desiccator before the
lipid films are dissolved in a buffer containing 5 mM Tris, 1
mM EDTA, 150 mM NaCl, and 0.5 mM Trolox at pH 7 and a
concentration of 2.5 mM. Seven freeze—thaw cycles are done
to prepare unilamellar vesicles that are afterward extruded in a
LiposoFast Basic extruder (Avestin, Inc.) with a 100 nm
Nucleopore PC membrane (Whatman, Cytiva Ltd.) to
produce LUVs at the desired size. They are stored at 4 °C
until usage.

Surface and Sample Preparation. The samples are
imaged in Nunc Lab-Tek II Chambered Slides (Thermo Fisher
Scientific, Inc.), which are cleaned with 1 M KOH for 4 h,
washed with 1X phosphate-buffered saline (PBS), and
passivated with 0.5 mg/mL PLL(20)-g[3.5]-PEG(2)/
PEG(3.4)-biotin (50%) (PLL-PEG-biotin, SuSoS AG) in 1x
PBS overnight at 4 °C. After washing, 0.25 mg/mL
NeutrAvidin (Thermo Fisher Scientific, Inc.) in 1X PBS is
added and washed off after 20 min providing binding sites for
the biotinylated DNA origami. Meanwhile, the DNA origami is
mixed with LUVs in a 100X excess overnight at room
temperature. The DNA origami—LUV complexes or the pure
DNA origami are bound to the microscopy slides at a
concentration of 30—50 pM and imaged in the LUV bulfer
containing 5 mM Tris, 1 mM EDTA, 150 mM NaCl, and 0.5
mM Trolox at pH 7, where the Trolox suppresses blinking of
the dyes.””

Total Internal Reflection Fluorescence (TIRF) Micro-
scope. For the single-molecule FRET (smFRET) measure-
ments, a homebuilt TIRF microscope is used. It is based on an
Olympus IX-71 (Olympus Deutschland GmbH) microscope
body and has a green laser set to 50 mW (Sapphire 532 nm,
100 mW, Coherent) and a red laser set to 80 mW (iBeam
Smart 640 nm, 150 mW, Toptica Photonics). The laser beams
are alternated by an acousto-optical tunable filter (AOTF,
PCAOM-VIS, Crystal Technology) at a frequency of 10 Hz
and focused on the sample with an oil-immersion objective
(APO N 60X0/1.49 NA TIRF, Olympus). A dual-line beam
splitter separates the excitation from the emission light, before
the green and red emissions are further separated by an
Optosplit 11T (Cairn Research) equipped with a dichroic beam
splitter (640 DCXR, Chroma Technology), a bandpass filter

https://doi.org/10.1021/acs.analchem.1c05092
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for green (BrightLine HC582/75, Semrock), and a long-pass
filter for red (647 nm RazorEdge, Semrock). The light is finally
focused on a back-illuminated sCMOS camera (KURO 1200B
sCMOS, Princeton Instruments) in a dual-view configuration,
and the LightField software (Princeton Instruments) is used to
acquire videos with 600 frames.

smFRET Analysis. To analyze the data acquired in TIRF
measurements, the software iSMS™ is used, where the two
split channels are superimposed, and for each spot with green
and red fluorescence, an intensity transient is created for the
length of the video. The transients are carefully and visually
reviewed to exclude DNA origami multimers or aggregates.
Only transients showing a clear correlation between the
different emission channels discussed in the Results and
Discussion section typical for single-molecule FRET pairs are
picked. The Proximity Ratio (PR) is presented for each frame,
and its mean is calculated for the time in which the energy
transfer takes place delivering one data point. The data are
further analyzed in frequency count plots where a single- or
double-Gauss fit is applied to determine the mean PR and its
standard error of the mean (SEM) as shown in the SI.

Confocal Microscopy. The confocal microscopy setup is
based on an Olympus IX-71 (Olympus Deutschland GmbH)
inverted microscope. For excitation, a pulsed 532 nm laser
(532 nm, LDH-P-FA-530B, PicoQuant GmbH) is used with a
repetition rate of 50 MHz and a power of 1.5 yW in front of
the objective. After passing a single-mode fiber (P3-488PM-
FC, Thorlabs GmbH), the light is circularly polarized by a
linear polarizer (LPVISE100-A, Thorlabs GmbH) and a
quarter-wave plate (AQWPOSM-600, Thorlabs GmbH). An
oil-immersion objective (UPLSAPO100XO, NA 1.40, Olym-
pus Deutschland GmbH) focuses the light onto the sample,
which is 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). A dichroic mirror (2t532/640rpc, Chroma) separates
the excitation from the emission channel. The light is then
focused onto a 50 ym diameter pinhole (Thorlabs GmbH) and
further split into a green channel and a red channel with a
dichroic mirror (640 LPXR, Chroma). Afterwards, it is
spectrally cleaned by filters (donor detection path: Brightline
HC582/75, AHF; RazorEdge LP 532, Semrock; Acceptor
detection path: SP 750, ThorLabs; RazorEdge LP 647,
Semrock). The photons are detected on avalanche photo-
diodes (SPCM-AQRH-14-TR, Esxcelitas) and signals registered
by a time-correlated single-photon counting (TCSPC) unit
(HydraHarp400, PicoQuant GmbH). For controlling the
microscope, a commercial software package is used (SymPho-
Time64, Picoquant GmbH).

Correlation Analysis. Shrinking-gate fluorescence correla-
tion spectroscopy (sg-FCS) analysis is performed with home-
written Python scripts based on the correlation algorithm
prgfosed by Laurence et al®' and published in Schréder et
al.”” A detailed description can be found in the Supporting
Information.

B RESULTS AND DISCUSSION

The sensors are based on flat, rectangular DNA origami plates
with a dimension of 70 X 100 nm” (Figures 1a and §1)**7*
and have to fulfill three functions: outer leaflet membrane
targeting, surface charge sensing, and optical signal trans-
duction. For membrane targeting, seven staple strands are
equipped with cholesterol moieties.” As a charge sensing unit,
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Figure 1. (a) Design of the surface charge-sensing DNA origami. On
a rectangular DNA origami nanostructure (gray), cholesterols are
placed for liposome binding (beige) to bind to a LUV (light gray) and
biotins {blue) for surface immobilization by biotin—neutravidin
(rose) interactions on a biotinylated PEG glass slide. Inset: design of
the Leash A, sensing unit. A dsDNA strand carries an ATTO647N
(pink) and on a polyA leash an ATTOS542 (cyan). (b) Chemical
structures of 1,2-dioleoyl-sn-glycero-3-phosphocholine (DOPC) and
(c) 1,2-dioleoyl-sn-glycero-3-phospho-(1'-rac-glycerol) (DOPG).

we use an ssDNA labeled with the strongly negatively charged
green fluorophore ATTOS542. This flexible ssDNA leash
(termed Leash A,) extends a double-stranded DNA
(dsDNA) protruding on the same side of the DNA origami
as the cholesterol, and its conformation can respond to a
changing electrostatic environment (see Figure la for a sketch
and Figure S2 for chemical structures).

The surface potential depends on the charge composition of
the membrane leaflet and decays with a characteristic Debye
length that represents the distance to the membrane surface at
which the potential decreased to 1/e of its maximum.** For a
150 mM NaCl solution, ie, under physiologically relevant
conditions, the Debye length is ~0.78 nm. This number
suggests that the sensing unit has to be in close proximity to
the membrane surface. We therefore anchor the anionic
sensing unit to the membrane with the hydrophobic red dye
ATTO647N.*>* The anchor ATTO647N also acts as a FRET
acceptor for the donor ATTO342. The FRET efficiency
sensitively and ratiometrically reports on the electrical
potential-driven distance of the charged sensing unit consisting
of the negatively charged DNA tether and the negatively
charged ATTOS542.

To demonstrate surface charge sensing on membranes and
to study the mechanism of the sensor, we use LUVs with a
diameter of 100 nm as a model system. We mix the
zwitterionic lipid 1,2-dioleoyl-sn-glycero-3-phosphocholine
(DOPC) and the anionic 1,2-dioleoyl-sn-glycero-3-phospho-
(1'-rac-glycerol) (DOPG) in defined ratios for LUVs resulting
in different surface charges (see Figure lb,c for chemical
structures). The LUVs are immobilized on top of the DNA
origami structures that bind on PLL-g-PEG-biotin-passivated
coverslips by biotin—neutravidin interaction with six biotin
moieties protruding from the other side of the DNA origami
structure. This avoids direct membrane—surface interaction
and provides a homogeneous environment for the sensor—
LUV system.”’

https://doi.erg/10.1021/acs.analchem. 105092
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Figure 2. smFRET measurements of the sensor Leash A,. (a) Superimposed TIRF image with donor fluorescence in cyan, acceptor in magenta,
and both in white. The scale bar refers to § ym. Exemplary intensity transients and proximity ratio (PR) distributions with Gauss fits for the sample
without (b, c), with 0% DOPG LUVs (d, e), and with 80% DOPG LUVs (f, g). The donor excitation—donor emission channel is shown in blue,
the donor excitation—acceptor emission in yellow, and the acceptor excitation—acceptor emission in pink. The mean value with its standard error of
the mean is presented for each peak. Nyglecutest {€) 150, {e) 150, and (g) 238. (h) Comparison of mean PR for the LUV-unbound populations in
rose and LUV-bound in cyan. Error bars refer to the standard error of the mean.
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Figure 3. Autocorrelation analysis for Leash A, from confocal single-molecule data. {a) Exemplary single-molecule autocorrelation curves of the
donor for sensor without LUVs (top) and with 0% (bottom, beige) and 80% (bottom, pink) DOPG LUVs and their monoexponential fits in the
respective color. (b) Proximity ratio (PR) for both states of the sensor with 0% (beige) and 80% DOPG LUVs {pink). Black circles show mean, the
box shows +SEM, the black line shows median, and the whiskers show the percentile of +25%. (c) Proposed conformation of the sensor Leash A,
in both states. {d) Dwell times in the low- and high-FRET states for the sensor with 0% (beige) and 80% DOPG LUVs (pink) and (e) their
equilibrium constant K. The boxplots indicate the same as in (b). (£) Energy landscape describing the two states for the sensor with 0% (beige) and
80% DOPG LUVs (pink). Nyolecutes in (b), (), and (e): 87 for 0% DOPG, 86 for 80% DOPG.

For single-molecule FRET (smFRET) measurements,”® a acceptor excitation and acceptor emission Iy . _ s o IN the
homebuilt total internal reflection fluorescence (TIRF) first ~28 s, Ip o em is telatively low as the donor transfers its
microscoge is used with a green-red alternating laser excitation energy to the acceptor, which is visible as Ip_ex-_em intensity.
(ALEX)5 40 25 well as a dual view of the green and red The intensity Ta ex-r_em 18 independent of FRET and indicates
emission channel separately on an sCMOS camera chip (for photobleaching of the acceptor after ~28 s going along with
details, see the Experimental Section). With an alternation rate Ip ex-a_em dropping to 0 as no more energy is transterred.
of 10 Hz, videos are acquired for 60 s, and by superimposing Simultaneously, I . p o increases until the donor also
the two emission channels (Figure 2a), for each molecule, an photobleaches at 54 s. From Ip ooop e and Ip oop o before
intensity transient for three different channels is extracted™ as acceptor photobleaching, the energy transfer is quantified as
illustrated in Figure 2b. Blue indicates the intensity of the the proximity ratio (PR) with
channel with donor excitation and donor emission I, _p, , I _a
yellow indicates the intensity of donor excitation and acceptor PR = I = ;m
emission Iy o a oy and pink indicates the intensity of 00, ¥ lo-a,, (1)
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Each molecule showing a typical single-molecule correlation
between the three channels discussed above delivers a data
point. The resulting histogram for the LUV-free sample
(Figure 2c) is fitted with a Gaussian distribution from which a
mean PR value of 0.626 + 0.002 (£standard error of the mean,
SEM) is obtained. Once exposed to uncharged LUVs
composed of 0% DOPG and 100% DOPC, the PR drops to
0.519 + 0.005 (Figure 2d,e). The shift toward a lower PR
indicates a spatial separation of the two dyes and is taken as an
indicator for the successful binding of LUVs and the insertion
of the ATTO647N to the hydrophobic membrane core.”>*

Next, the sensors are exposed to LUVs with a negative
surface charge induced by 80% DOPG. The transient shown in
Figure 2f exhibits a further reduced energy transfer compared
to neutral LUVs. Analysis of many transients yields a bimodal
distribution (Figure 2g) with two distinct peaks: the first with a
mean PR of 0.417 + 0.005 and the second with a mean PR of
0.621 + 0.005. For the similar appearance and the reduced
binding efficiency due to stronger coulombic repulsion
between negatively charged vesicles and negatively charged
DNA origamis, we assign the high-FRET distribution to
sensors that did not bind a vesicle. Figure 2h compares the PR
values discussed above and shows that the high PR population
in the 80% DOPG sample is similar to the one obtained for the
LUV-free sample. As intended, the PR derived from the LUV-
bound fraction of the 80% DOPG sample is reduced by APR =
0.10 compared to the 0% DOPG sample, indicating that our
DNA origami sensor is responsive to the surface charges.
Intuitively, a reduction in PR implies a further spatial
separation between the membrane-anchored ATTO647N
and the ATTOS542 on the flexible ssDNA leash. From previous
simulations, it is known that in a DOPC membrane,
ATTO647N is mainly located in the hydrophobic core of
the membrane with its positive charge interacting with the
phosphates of the lipid head groups.”>”® It is not expected that
the lipid composition has a substantial effect on the position of
ATTO647N in the membrane as structural differences
between the lipids are on the hydrophilic side. Hence, we
reason that any change observed results from a movement of
the flexible ssDNA-ATTOS542 Leash A,. Following this
intuition, the electrostatic repulsion between Leash A, and
the negatively charged membrane leads to an increased
distance of the donor ATTO542 and the acceptor
ATTOG647N.

At the close to physiological salt conditions employed, the
electrostatic potential is decreasing within only a couple of
nanometers so that we wonder whether the additional
repulsion between the leash and the membrane is sufficient
to displace the equilibrium position of the donor dye or
whether another mechanism explains the FRET change
observed. To obtain a closer look, we record smFRET
transients with higher time resolution using a confocal setup
equipped with two color channels and time-correlated single-
photon counting (for details, see the Experimental Section).
The autocorrelation analysis of the donor signal Ity o—p e Of
the DNA origami sensor Leash A, without LUV reveals a flat
autocorrelation (see Figure 3a for exemplary autocorrelation of
a single-molecule transient, top panel) indicating the absence
of dynamics on the micro- to millisecond timescale.

Interestingly, for both the sample with LUVs composed of
0% and 80% DOPG, the autocorrelation curves show a
pronounced monoexponential bunching amplitude in the ca.
1—10 ms range (see exemplary autocorrelation in Figure 3a
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bottom), indicating transitions between two distinct intensity
states. To study the origin of this fluctuation, we apply recently
developed shrinking-gate fluorescence correlation spectroscopy
(sg-FCS) that uses the fluorescence lifetime information to
select subsets of photons for the analysis.***" This analysis
distinguishes on—off fluctuations, eg, induced by photo-
physical off-states such as triplet states and radical-ion states
from FRET dynamics that go along with a change of the
fluorescence lifetime 7. Although conventional FCS only yields
the characteristic time of a correlation component, sg-FCS also
yields the dwell times in the states (in a two-state system) as
well as the equilibrium constant and the Proximity Ratios of
the two states.” "’

For both membrane compositions, the analysis by sg-FCS
reveals two distinct FRET states of our sensor analyzed in

terms of the proximity ratio (PRgy,, = 1 — 2222 see the SI

for details and Figure S5 for 7). Interestingly, the high-FRET
state has almost identical PRs for both membrane
compositions, whereas the low-FRET state exhibits a lower
PR in the case of the negatively charged membrane (Figure
3b). We reason that the high-FRET state results from direct
interactions of the sensing unit with the membrane. The low-
FRET state, on the other hand, represents a state in which the
sensing unit is separated from the membrane. For the
negatively charged membrane, the average position of this
fluctuation is further away from the membrane, yielding a
lower PR for the low-FRET state as schematically depicted in
Figure 3c. To elucidate whether the structural difference of the
low-FRET state is sufficient to explain the average FRET
change for the two different membrane compositions, we also
extract the dwell times of the high- and low-FRET states
(Figure 3d). For the neutral LUV, the dwell times of both
states are similar and typically between 1 and 2 ms (beige). In
contrast, the dwell time of the low-FRET state for the
negatively charged LUVs is substantially longer (fi, grer =
0.008 + 0.003 s, standard deviation) but the dwell time of the
high-FRET state is somewhat longer (thigh rrer = 0.0013 +
0.0008 s), indicating an overall higher energy barrier between
the states for the 80% DOPG liposomes. Further, the

*high FRET

equilibrium constant K = - is shifted so that the low-

low FRET
FRET state is preferred for negatively charged LUVs (Figure
3e).

The FRET efliciency analysis and the kinetic analysis are
combined for the schematic energy landscape diagram in
Figure 3f. For both membrane compositions, we observe an
equilibrium between high- and low-FRET states that we
ascribe to a membrane-bound and a membrane-unbound state
of the sensing unit. In the case of the negatively charged LUV,
the transitions between the states are slower, which we assign
to a higher energy barrier. However, for the 0% DOPG sample,
the two states are equally occupied and, thus, their energies are
similar; for negatively charged LUVs, the dwell time in the
membrane-unbound state is higher, and therefore, this state is
energetically lower. Also, the average position of the unbound
state is further away from the membrane (states separated
further on the reaction coordinate x). In summary, the overall
FRET difference between neutral and negatively charged
membranes results from a superposition of both a distance
change of the low-FRET state and a change of the population
of the two states.

https://doi.erg/10.1021/acs.analchem. 105092
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Figure 4. (a) Sketch showing the structure of the two sensing units Leash A, and Leash Carb ,. {(b) Comparison of mean PR derived from TIRF
measurements for Leash Carb,. For the + LUV samples, the mean of the LUV-bound population is indicated. Error bars represent SEM. N olecues
for -LUVs and +0 and +80% DOPG LUVs: 150, 156, and 230, respectively. {c) Changes of APR derived from TIRF measurements. Leash A,
(cyan) and Leash Carb,, (purple) are exposed to LUVs with different DOPG contents. Error bars show the SEM after Gaussian error propagation,
and the fit helps guiding the eye. N,,j.cui. for Leash A; with 0, 20, 40, 60, and 80% DOPG LUVs: 150, 200, 150, 150, and 238, respectively.
Ninolecules for Leash Carby, with 0, 20, 40, 60, and 80% DOPG LUVs: 156, 200, 200, 200, and 230, respectively. {d, e) PR of low-FRET state and
high-FRET state derived from confocal sg-FCS analysis for Leash A, (cyan) and Leash Carb, (purple) with different LUVs. (f) Dwell times of each
sample in both states and (g) the resulting equilibrium constant K. Black circles show mean, the box shows +SEM, the black line shows median,
and the whiskers show the percentile of +25%. N, j1.cuec for Leash A; with 0, 40, and 80% DOPG: 87, 80, and 86, respectively. N, .., for Leash
Carb,, with 0, 40, and 80% DOPG: 92, 103, and 80, respectively.

Next, we study the sensitivity of the sensing unit for small exchange two of the adenines close to the ATTOS42 dye by
structural changes. In the original design, termed Leash A,, the a 12-carbon alkyl spacer (termed Leash Carb,,) as depicted in
flexible element consists of a polyadenine ssDNA. We Figure 4a. For the chemical structure, see Figure S2. The

2638 https://doi.org/10.1021/acs.analchem.1 05092
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nonpolar carbon chain could potentially insert into the
membrane core, has a reduced charge density in the sensing
unit, and thus alters the dynamic behavior. The same
experiments as for Leash A, are performed, and the resulting
PR distributions are shown in Figure S4. The PR obtained for
the LUV-free sample is 0.704 + 0.004 (Figure 4b). Once the
sensor is exposed to 0% DOPG LUVs, the PR drops to 0.569
+ 0.004 for the vesicle-bound fraction and further to 0.447 +
0.006 with 80% DOPG LUVs. This trend indicates a similar
behavior to that observed for Leash A, with a slightly increased
contrast between uncharged and charged membranes.

To characterize the sensors in more detail, both Leash A,
and Leash Carb,, are exposed to LUVs with different surface
charges induced by DOPG contents of 0, 20, 40, 60, and 80%.
For a clear comparison of the two designs, the PR change APR
in percent points (p.p.) is calculated by

APR = (PR napg — PRog popg) X 100 (2)

where x is the DOPG fraction. The standard error of the mean
is calculated by applying Gaussian error propagation as
described in the SI, and the results are shown in Figure 4c
(see Figures S3 and S4 for the corresponding PR
distributions). Both sensors show a consistent PR decrease
with increasing DOPG content, which implies that we are able
to quantitatively translate a surface charge into a fluorescent
signal. Interestingly, with the introduction of the Carb,, spacer,
the sensitivity is lower for a low DOPG content but then
becomes steeper in comparison to Leash A, (Figure 4c). Our
autocorrelation analyses of confocal single-molecule transients
recorded for DOPG contents of 0, 40, and 80% reveal similar
FRET states for both sensing units with a moderately increased
FRET contrast between the high- and low-FRET states for the
Carb,, sensing unit (Figure 4d,e). Most strikingly, the
transitions between the two FRET states become slower for
both sensors with increasing negative membrane charge (see
Figure 4f). The different response of the two sensors results
from the dwell times reacting slightly differently to the DOPG
content. This different reaction is also reflected in the
equilibrium constant K that gradually decreases for the Leash
A, sensor, whereas it has a maximum for the Carb,, sensor at
40% DOPG (Figure 4g). In summary, the FRET dependence
on the DOPG content is controlled by a combination of two
factors. The FRET efliciency of the [ow-FRET state decreases,
and the equilibrium constant is also overall shifting favoring
the low-FRET state for high DOPG content.

B CONCLUSIONS

The asymmetric distribution of lipids among the two leaflets
call for sensors that can interrogate the properties of both sides
independently. In this work, we present a DNA origami-based
sensor for negative membrane surface charges with a single-
molecule fluorescence read-out. Using DNA nanotech, differ-
ent functionalities required are combined into small sensors.
Targeting of membranes, sensing and read-out are introduced
and developed modularly and sequentially. We achieve specific
binding of the sensors to the membrane’s outer leaflet, sense
the electric surface charge, and translate it to an optical signal,
which might have the potential to detect physiologically
relevant changes. Employing some of the brightest and most
photostable dyes, single-molecule FRET can be used for read-
out avoiding ensemble averaging and opening the option of
superresolution imaging. An application to biological systems
could unravel nanoclusters of anionic lipids as well as their

2639

approximate composition. Beyond that, by understanding the
working principle of the sensor, we demonstrate how
specifically positioned molecular adjustments can tune the
sensor. We show simple adaptations of the sensor by
modifying the sensing unit with a hydrophobic linker yielding
a sensor with a different response function. Further directions
could be the incorporation of many sensing units on one DNA
origami to create sensing islands with a high signal.
Alternatively, the sensor could be stripped off unnecessary
parts to create smaller sensors. Overall, a versatile approach for
sensing membrane surface charges is presented which is
complementary to previously published genetically encoded
sensors as it binds to the opposite membrane leaflet.
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Details on DNA Origami
The DNA origami is a rectangular plate with dimensions of 100x70 nm. Different chemical
modifications are incorporated as illustrated in Figure S1 with the scaffold in grey, unmodified
oligonucleotides in black, biotinylated in cyan, cholesterol-modified in yellow and the surface
charge sensor in red.
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Figure S1. DNA origami design in CaDNAno with the helix number in orange and the nuclcotide
position on the top starting with |8] and ending at [295]. The scaffold strand is shown in dark grey,
unmodified oligonucleotides in black, biotinvlated in blue, cholesterol-modified in yellow and the
charge sensor in red.

The sequences according to the position marked in Figure S1 are listed in Table S1. Also, the
modifications are given as well as the company from which the oligonucleotides are purchased

from.

Table S1. Staple strands for the DNA origami. x[y] indicates the 5” position as depicted in Figure S1
with x as the helix number and vy as the nucleotide number. Modifications to the DNA oligonucleotides
are listed under Comments. Nucleotides in bold are not incorporated into the DNA origami, but protrude
from the structure.

5’ position | Sequence (3’ to 3’ end) Comments Company
ATTO647N anchor, binding
|ATTO647N]TAACAATCGTGTACACTCA | Site for Leash Eurofins
12[111] TATAAATCATATAACCTGTTTAGCTAAC [ATTO647N|: modification Genomics GmbH
CTTTAA . .
on amino-C6 linker
Sensor Leash As, binds to
12[111]
/ TATGAGTGTACACGATTGTTAAAAAAAA Biomers GmbH
AAA[ATTO542) [ATTO542): modification
on amino-C6 linker
Sensor Leash Carb,2, binds
to 12[111]
/ TATGAGTGTACACGATTGTTAAAAAAAA | [ATTOS542]: modification Biomers GmbH
A[ATTO542] on amino-C6 linker
. Carbom,» spacer
2079] TTCCAGTCGTAATCATGGTCATAAAAGGG| [Chol]: Cholesterol-TEG Integrated DNA
GAAAAAAAAAAAAAAAAAAAA [Chol] modification Technologies, Inc.
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5’ position | Sequence (5’ to 3’ end) Comments Company

8[47] ATCCCCCTATACCACATTCAACTAGAAAA [ [Chol]: Cholesterol-TEG Integrated DNA
ATCAAAAAAAAAAAAAAAAAAAA [Chol] | modification Technologies, Inc.

12[175] TTTTATTTAAGCAAATCAGATATTTTTTGT| [Chol]: Cholesterol-TEG Integrated DNA
AAAAAAAAAAAAAAAAAAAA [Chol] modification Technologies, Inc.
TTATTACGAAGAACTGGCATGATTGCGA |Chol]: Cholesterol-TEG Integrated DNA

71160] GAGG AA [Chol| modification Technologies, Inc.
TAGGTAAACTATTTTTGAGAGATCAAAC [Chol]: Cholesterol-TEG Integrated DNA

13]96] GTT [Chol] modification Technologies. Inc.
AAAGGCCGGAGACAGCTAGCTGATAAA | [Choll: Cholesterol-TEG Integrated DNA

13]120] TTAATTTTTGTAAAAAAAAAA [Chol] modification Technologies, Inc.
TAAGAGCAAATGTTTAGACTGGATAGGA | [Choll: Cholesterol-TEG | Integrated DNA

7196] AGCC AAA [Chol] modification Technologies, Inc.

10[127] [Bio]TAGAGAGTTATTTTCATTTGGGGAT | [Bio]: Biotin modification
AGTAGTAGCATTA
[Bio] ATAAGGGAACCGGATATTCATTACG Biol: Bioti dificati Eurofins

4[63] TCAGGACGTTGGGAA [Bio]- Biotin modification | oy, nice GmbH
[Bio] CGGATTCTGACGACAGTATCGGCCG Biol: Bioti dificati Eurofins

16[63] CAAGGCGATTAAGTT Bio]: Biotin modification | 0 /i GmbH
[Bio] GAAACGATAGAAGGCTTATCCGGTC Biol Bioti dificati Eurofins

10[191] | TCATCGAGAACAAGC [Bio]: Biotin modification | o\ ice GmbH
[Bio] GAGAAGAGATAACCTTGCTTCTGTT | oo oo Eurofins

16[255] | CGGGAGAAACAATAA [Bio]: Biotin modification | oo ies GmbH
[Bio] AGCCACCACTGTAGCGCGTTTTCAA Biol: Bioti dificati Eurofins

41255 GGGAGGGAAGGTAAA [Bio]: Biotin modification | o i GmbH
AAAAAATCCTCTACCACCTACATCAC Eurofins

14[47] AAAAAAAAAAAAAAAAAAAAAACAAGA Genomics GmbH
GGGATAAAAATTTTTAGCATAAAGC

3[160] AAAAAATCCTCTACCACCTACATCACA Eurofins
AAAAAAAAAAAAAAAAAAATTGACAGG Genomics GmbH
CCACCACCAGAGCCGCGATTTGTA
AAAAAATCCTCTACCACCTACATCACA Eurofins

21[160] AAAAAAAAAAAAAAAAAAATCAATATC Genomics GmbH
GAACCTCAAATATCAATTCCGAAA

11196] AATGGTCAACAGGCAAGGCAAAGAGTA Integrated DNA
ATGTG Technologies, Inc.

L4111] GAGGGTAGGATTCAAAAGGGTGAGACA Integrated DNA
TCCAA Technologies, Inc.

6[111] CATTACCTTTGAATAAGGCTTGCCCAAA Integrated DNA
TCCGC Technologies, Inc.

7[128] AGACGACAAAGAAGTTTTGCCATAATTC Integrated DNA

GAGCTTCAA

Technologies, Inc.

8[111]

AATAGTAAACACTATCATAACCCTCATT
GTGA

Integrated DNA

Technologies. Inc.
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5’ position

Sequence (5’ to 3’ end)

Comments

Company

16[111]

TGTAGCCATTAAAATTCGCATTAAATGC
CGGA

Integrated DNA

Technologies, Inc.

9[96] CGAAAGACTTTGATAAGAGGTCATATTT Integrated DNA
CGCA Technologies, Inc.

21[64] GCCCTTCAGAGTCCACTATTAAAGGGTG Integrated DNA
CCGT Technologies, Inc.

1[160] TTAGGATTGGCTGAGACTCCTCAATAAC Integrated DNA
CGAT Technologies, Inc.

15[96] ATATTTTGGCTTTCATCAACATTATCCAG Integrated DNA
CCA Technologies, Inc.

220271 CAGAAGATTAGATAATACATTTGTCGAC Integrated DNA
AA Technologies, Inc.

5[128] AACACCAAATTTCAACTTTAATCGTTTAC Integrated DNA
C Technologies, Inc.

20[47] TTAATGAACTAGAGGATCCCCGGGGGGT Integrated DNA
AACG Technologies, Inc.

18[79] GATGTGCTTCAGGAAGATCGCACAATGT Integrated DNA
GA Technologies, Inc.

121207 GTACCGCAATTCTAAGAACGCGAGTATT Integrated DNA
[207] ATTT Technologies, Inc.

41271 AAATCACCTTCCAGTAAGCGTCAGTAAT Integrated DNA
12711 AA Technologies, Inc.

22[207] AGCCAGCAATTGAGGAAGGTTATCATCA Integrated DNA
TTTT Technologies, Inc.

8[207] AAGGAAACATAAAGGTGGCAACATTATC Integrated DNA
ACCG Technologies, Inc.

15[128] TAAATCAAAATAATTCGCGTCTCGGAAA Integrated DNA
cC Technologies, Inc.

61271 ACCGATTGTCGGCATTTTCGGTCATAATC Integrated DNA
[271] A Technologies. Inc.

0179 ACAACTTTCAACAGTTTCAGCGGATGTA Integrated DNA
(791 TCGG Technologies, Inc.

11[224] GCGAACCTCCAAGAACGGGTATGACAAT Integrated DNA
AA Technologies, Inc.

8[239] AAGTAAGCAGACACCACGGAATAATATT Integrated DNA
GACG Technologies, Inc.

19196 CTGTGTGATTGCGTTGCGCTCACTAGAG Integrated DNA
196] TTGC Technologies, Inc.

15[224] CCTAAATCAAAATCATAGGTCTAAACAG Integrated DNA

TA

Technologies, Inc.
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5’ position | Sequence (5’ to 3’ end) Comments Company

11192 GCGGATAACCTATTATTCTGAAACAGAC Integrated DNA
GATT Technologies, Inc.

S[160] GCAAGGCCTCACCAGTAGCACCATGGGC Integrated DNA
TTGA Technologies, Inc.

12[239] CTTATCATTCCCGACTTGCGGGAGCCTA Integrated DNA
ATTT Technologies, Inc.

2111] AAGGCCGCTGATACCGATAGTTGCGACG Integrated DNA
TTAG Technologies. Inc.

19[248] CGTAAAACAGAAATAAAAATCCTTTGCC Integrated DNA
CGAAAGATTAGA Technologies, Inc.

o[111] TAAATGAATTTTCTGTATGGGATTAATTT Integrated DNA
CTT Technologies, Inc.

5[32] CATCAAGTAAAACGAACTAACGAGTTGA Integrated DNA
i GA Technologies, Inc.

20[207] GCGGAACATCTGAATAATGGAAGGTACA Integrated DNA
AAAT Technologies, Inc.

12[143] TTCTACTACGCGAGCTGAAAAGGTTACC Integrated DNA
i GCGC Technologies, Inc.

]1143 CTTTTGCAGATAAAAACCAAAATAAAGA Integrated DNA
[143] CTCC Technologies. Inc.

2[143] ATATTCGGAACCATCGCCCACGCAGAGA Integrated DNA
’ AGGA Technologies, Inc.

21[224] CTTTAGGGCCTGCAACAGTGCCAATACG Integrated DNA
TG Technologies, Inc.

14[239] AGTATAAAGTTCAGCTAATGCAGATGTC Integrated DNA
TTTC Technologies, Inc.

20[111] CACATTAAAATTGTTATCCGCTCATGCG Integrated DNA
GGCC Technologies, Inc.

31128 AGCGCGATGATAAATTGTGTCGTGACGA Integrated DNA
[128] GA Technologies. Inc.

171128 AGGCAAAGGGAAGGGCGATCGGCAATT Integrated DNA
[128] CCA Technologies, Inc.

17[160] AGAAAACAAAGAAGATGATGAAACAGG Integrated DNA
CTGCG Technologies, Inc.

2[207] TTTCGGAAGTGCCGTCGAGAGGGTGAGT Integrated DNA
TTCG Technologies, Inc.

22179 TGGAACAACCGCCTGGCCCTGAGGCCCG Integrated DNA
1791 CT Technologies, Inc.

10[47] CTGTAGCTTGACTATTATAGTCAGTTCAT Integrated DNA

TGA

Technologies, Inc.
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5’ position | Sequence (5’ to 3’ end) Comments Company

16[207] ACCTTTTTATTTTAGTTAATTTCATAGGG Tntegrated DNA
CTT Technologies, Inc.

9[224] AAAGTCACAAAATAAACAGCCAGCGTTT Integrated DNA
TA Technologies, Inc.

19[224] CTACCATAGTTTGAGTAACATTTAAAAT Integrated DNA
AT Technologies, Inc.

3[96] ACACTCATCCATGTTACTTAGCCGAAAG Integrated DNA
7 CTGC Technologies, Inc.

18[239] CCTGATTGCAATATATGTGAGTGATCAA Integrated DNA
’ TAGT Technologies, Inc.

10[239] GCCAGTTAGAGGGTAATTGAGCGCTTTA Integrated DNA
’ AGAA Technologies, Inc.

3321 AATACGTTTGAAAGAGGACAGACTGACC Integrated DNA
o TT Technologies, Inc.

1[128] TGACAACTCGCTGAGGCTTGCATTATAC Integrated DNA
CA Technologies, Inc.

16[47] ACAAACGGAAAAGCCCCAAAAACACTG Integrated DNA
GAGCA Technologies, Inc.

141175 CATGTAATAGAATATAAAGTACCAAGCC Integrated DNA
[175] GT Technologies. Inc.

171192 CATTTGAAGGCGAATTATTCATTTTTGTT Integrated DNA
[192] TGG Technologies, Inc.

19[56] TACCGAGCTCGAATTCGGGAAACCTGTC Integrated DNA
GTGCAGCTGATT Technologies, Inc.

23[64] AAAGCACTAAATCGGAACCCTAATCCAG Integrated DNA
T Technologies, Inc.

16[175] TATAACTAACAAAGAACGCGAGAACGC Integrated DNA
CAA Technologies, Inc.

7156 ATGCAGATACATAACGGGAATCGTCATA Integrated DNA
136] AATAAAGCAAAG Technologies. Inc.

3224 TTAAAGCCAGAGCCGCCACCCTCGACAG Integrated DNA
1224] AA Technologies, Inc.

12[47] TAAATCGGGATTCCCAATTCTGCGATAT Integrated DNA
AATG Technologies, Inc.

14[143] CAACCGTTTCAAATCACCATCAATTCGA Integrated DNA
N GCCA Technologies, Inc.

6179 TTATACCACCAAATCAACGTAACGAACG Integrated DNA
[79] AG Technologies, Inc.

4[239] GCCTCCCTCAGAATGGAAAGCGCAGTAA Integrated DNA

CAGT

Technologies, Inc.
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5’ position | Sequence (5’ to 3’ end) Comments Company

71248 GTTTATTTTGTCACAATCTTACCGAAGCC Integrated DNA
CTTTAATATCA Technologies, Inc.

132] AGGCTCCAGAGGCTTTGAGGACACGGGT Integrated DNA
AA Technologies, Inc.

0[207] TCACCAGTACAAACTACAACGCCTAGTA Integrated DNA
CCAG Technologies, Inc.

4[143] TCATCGCCAACAAAGTACAACGGACGCC Integrated DNA
AGCA Technologies, Inc.

16[271] CTTAGATTTAAGGCGTTAAATAAAGCCT Integrated DNA
GT Technologies, Inc.

210192 TGAAAGGAGCAAATGAAAAATCTAGAG Integrated DNA
ATAGA Technologies, Inc.

5[224] TCAAGTTTCATTAAAGGTGAATATAAAA Integrated DNA
GA Technologies, Inc.

8[79] AATACTGCCCAAAAGGAATTACGTGGCT Integrated DNA
CA Technologies, Inc.

11[160] CCAATAGCTCATCGTAGGAATCATGGCA Integrated DNA
TCAA Technologies, Inc.

A[111] GACCTGCTCTTTGACCCCCAGCGAGGGA Integrated DNA
GTTA Technologies. Inc.

20175] TATTAAGAAGCGGGGTTTTGCTCGTAGC Integrated DNA
) AT Technologies, Inc.

13[184] GACAAAAGGTAAAGTAATCGCCATATTT Integrated DNA
AACAAAACTTTT Technologies, Inc.

1[96] AAACAGCTTTTTGCGGGATCGTCAACAC Integrated DNA
TAAA Technologies, Inc.

23[192] ACCCTTCTGACCTGAAAGCGTAAGACGC Integrated DNA
TGAG Technologies, Inc.

15132 TAATCAGCGGATTGACCGTAATCGTAAC Integrated DNA
5132] CG Technologies. Inc.

181175 CTGAGCAAAAATTAATTACATTTTGGGT Integrated DNA
[175] TA Technologies, Inc.

6[175] CAGCAAAAGGAAACGTCACCAATGAGC Integrated DNA
CGC Technologies, Inc.

6[143] GATGGTTTGAACGAGTAGTAAATTTACC Integrated DNA
) ATTA Technologies, Inc.

]1175 ATACCCAACAGTATGTTAGCAAATTAGA Integrated DNA
11731 GC Technologies, Inc.

17[96] GCTTTCCGATTACGCCAGCTGGCGGCTG Integrated DNA

TTTC

Technologies, Inc.
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5’ position | Sequence (5’ to 3’ end) Comments Company

12(79] AAATTAAGTTGACCATTAGATACTTTTG Integrated DNA
CG Technologies, Inc.

8[271] AATAGCTATCAATAGAAAATTCAACATT Integrated DNA
CA Technologies, Inc.

15[192] TCAAATATAACCTCCGGCTTAGGTAACA Integrated DNA
N ATTT Technologies, Inc.

21(96] AGCAAGCGTAGGGTTGAGTGTTGTAGGG Integrated DNA
AGCC Technologies, Inc.

20[239] ATTTTAAAATCAAAATTATTTGCACGGA Integrated DNA
’ TTCG Technologies, Inc.

7[224] AACGCAAAGATAGCCGAACAAACCCTG Integrated DNA
AAC Technologies, Inc.

22[239] TTAACACCAGCACTAACAACTAATCGTT Integrated DNA
’ ATTA Technologies, Inc.

18[111] TCTTCGCTGCACCGCTTCTGGTGCGGCCT Integrated DNA
TCC Technologies, Inc.

17[32] TGCATCTTTCCCAGTCACGACGGCCTGC Integrated DNA
. AG Technologies, Inc.

4[175] CACCAGAAAGGTTGAGGCAGGTCATGA Integrated DNA
- AAG Technologies. Inc.

100175 TTAACGTCTAACATAAAAACAGGTAACG Integrated DNA
L173] GA Technologies, Inc.

21256] GCCGTCAAAAAACAGAGGTGAGGCCTAT Integrated DNA
TAGT Technologies, Inc.

4[47] GACCAACTAATGCCACTACGAAGGGGGT Integrated DNA
AGCA Technologies, Inc.

6[239] GAAATTATTGCCTTTAGCGTCAGACCGG Integrated DNA
: AACC Technologies, Inc.

181271 CTTTTACAAAATCGTCGCTATTAGCGAT Integrated DNA
[271] AG Technologies. Inc.

14[79] GCTATCAGAAATGCAATGCCTGAATTAG Integrated DNA
CA Technologies, Inc.

2047 ACGGCTACAAAAGGAGCCTTTAATGTGA Integrated DNA
GAAT Technologies, Inc.
CG Technologies, Inc.

221175 ACCTTGCTTGGTCAGTTGGCAAAGAGCG Integrated DNA
[173] GA Technologies, Inc.

8[47] ATCCCCCTATACCACATTCAACTAGAAA Integrated DNA

AATC

Technologies, Inc.
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5’ position | Sequence (5’ to 3’ end) Comments Company

1164] TTTATCAGGACAGCATCGGAACGACACC Integrated DNA
AACCTAAAACGA Technologies, Inc.

17]224] CATAAATCTTTGAATACCAAGTGTTAGA Integrated DNA
AC Technologies, Inc.

16[143] GCCATCAAGCTCATTTTTTAACCACAAA Integrated DNA
N TCCA Technologies, Inc.

4[207] CCACCCTCTATTCACAAACAAATACCTG Integrated DNA
CCTA Technologies, Inc.

2[79] CAGCGAAACTTGCTTTCGAGGTGTTGCT Integrated DNA
AA Technologies, Inc.

19[128] CACAACAGGTGCCTAATGAGTGCCCAGC Integrated DNA
AG Technologies, Inc.

19[192] ATTATACTAAGAAACCACCAGAAGTCAA Integrated DNA
CAGT Technologies, Inc.

16[239] GAATTTATTTAATGGTTTGAAATATTCTT Integrated DNA
ACC Technologies, Inc.

2[111] GCCCGAGAGTCCACGCTGGTTTGCAGCT Integrated DNA
AACT Technologies, Inc.

6[207] TCACCGACGCACCGTAATCAGTAGCAGA Integrated DNA
ACCG Technologies. Inc.

13[224] ACAACATGCCAACGCTCAACAGTCTTCT Integrated DNA
’ GA Technologies, Inc.

20175 ATTATCATTCAATATAATCCTGACAATTA Integrated DNA
C Technologies, Inc.

18[207] CGCGCAGATTACCTTTTTTAATGGGAGA Integrated DNA
GACT Technologies, Inc.

10[207] ATCCCAATGAGAATTAACTGAACAGTTA Integrated DNA
CCAG Technologies, Inc.

141207 AATTGAGAATTCTGTCCAGACGACTAAA Integrated DNA
[207] CCAA Technologies, Inc.

13164 TATATTTTGTCATTGCCTGAGAGTGGAA Integrated DNA
(64] GATTGTATAAGC Technologies, Inc.

2396] CCCGATTTAGAGCTTGACGGGGAAAAAG Integrated DNA
AATA Technologies, Inc.

3[192] GGCCTTGAAGAGCCACCACCCTCAGAAA Integrated DNA
. CCAT Technologies, Inc.

4179 GCGCAGACAAGAGGCAAAAGAATCCCT Integrated DNA
[79] CAG Technologies, Inc.

15[160] ATCGCAAGTATGTAAATGCTGATGATAG Integrated DNA

GAAC

Technologies, Inc.
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5’ position | Sequence (5’ to 3’ end) Comments Company

5196 TCATTCAGATGCGATTTTAAGAACAGGC Integrated DNA
3196] ATAG Technologies, Inc.

18[143] CAACTGTTGCGCCATTCGCCATTCAAAC Integrated DNA
N ATCA Technologies, Inc.

20[271] CTCGTATTAGAAATTGCGTAGATACAGT Integrated DNA
AC Technologies, Inc.

11256] CAGGAGGTGGGGTCAGTGCCTTGAGTCT Integrated DNA
- CTGAATTTACCG Technologies. Inc.

13[160] GTAATAAGTTAGGCAGAGGCATTTATGA Integrated DNA
i TATT Technologies, Inc.

11224] GTATAGCAAACAGTTAATGCCCAATCCT Integrated DNA
CA Technologies, Inc.

5[192] CGATAGCATTGAGCCATTTGGGAACGTA Integrated DNA
GAAA Technologies, Inc.

7192] ATACATACCGAGGAAACGCAATAAGAA Integrated DNA
GCGCATTAGACGG Technologies, Inc.

10[111] TTGCTCCTTTCAAATATCGCGTTTGAGGG Integrated DNA
GGT Technologies, Inc.

131256 GTTTATCAATATGCGTTATACAAACCGA Integrated DNA
312361 CCGTGTGATAAA Technologies. Inc.

6147 TACGTTAAAGTAATCTTGACAAGAACCG Integrated DNA
1471 AACT Technologies, Inc.

16[79] GCGAGTAAAAATATTTAAATTGTTACAA Integrated DNA
AG Technologies, Inc.

23[256] CTTTAATGCGCGAACTGATAGCCCCACC Integrated DNA
AG Technologies, Inc.

23[224] GCACAGACAATATTTTTGAATGGGGTCA Integrated DNA
GTA Technologies, Inc.

10179 GATGGCTTATCAAAAAGATTAAGAGCGT Integrated DNA
(791 cc Technologies. Inc.

0147 AGAAAGGAACAACTAAAGGAATTCAAA Integrated DNA
47] AAAA Technologies, Inc.

10[271) ACGCTAACACCCACAAGAATTGAAAATA Integrated DNA
GC Technologies, Inc.

2[271] GTTTTAACTTAGTACCGCCACCCAGAGC Integrated DNA
CA Technologies, Inc.

141271 TTAGTATCACAATAGATAAGTCCACGAG Integrated DNA
[271] CA Technologies, Inc.

9[160] AGAGAGAAAAAAATGAAAATAGCAAGC Integrated DNA

AAACT

Technologies, Inc.
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5’ position | Sequence (5’ to 3’ end) Comments Company

121271 TGTAGAAATCAAGATTAGTTGCTCTTAC Tntegrated DNA
CA Technologies, Inc.

23(160] TAAAAGGGACATTCTGGCCAACAAAGCA Integrated DNA
TC Technologies, Inc.

19[160] GCAATTCACATATTCCTGATTATCAAAG Integrated DNA
TGTA Technologies, Inc.

10[143] CCAACAGGAGCGAACCAGACCGGAGCC Integrated DNA
N TTTAC Technologies. Inc.

23[32] CAAATCAAGTTTTTTGGGGTCGAAACGT Integrated DNA
o GGA Technologies, Inc.

22[143] TCGGCAAATCCTGTTTGATGGTGGACCC Integrated DNA
’ TCAA Technologies, Inc.

0[175] TCCACAGACAGCCCTCATAGTTAGCGTA Integrated DNA
. ACGA Technologies, Inc.

0[143] TCTAAAGTTTTGTCGTCTTTCCAGCCGAC Integrated DNA
AA Technologies, Inc.

20143 AAGCCTGGTACGAGCCGGAAGCATAGAT Integrated DNA
i GATG Technologies, Inc.

2[239] GCCCGTATCCGGAATAGGTGTATCAGCC Integrated DNA
’ CAAT Technologies. Inc.

7132 TTTAGGACAAATGCTTTAAACAATCAGG Integrated DNA
132] TC Technologies, Inc.

23[128] AACGTGGCGAGAAAGGAAGGGAAACCA Integrated DNA
GTAA Technologies, Inc.

21[32] TTTTCACTCAAAGGGCGAAAAACCATCA Integrated DNA
. cC Technologies, Inc.

13[32) AACGCAAAATCGATGAACGGTACCGGTT Integrated DNA
g GA Technologies, Inc.

0271 CCACCCTCATTTTCAGGGATAGCAACCG Integrated DNA
[271] TACT Technologies, Inc.

91256 GAGAGATAGAGCGTCTTTCCAGAGGTTT Integrated DNA
12561 TGAA Technologies, Inc.

11[256] GCCTTAAACCAATCAATAATCGGCACGC Integrated DNA
GCCT Technologies, Inc.

0[239] AGGAACCCATGTACCGTAACACTTGATA Integrated DNA
TAA Technologies, Inc.

9132 TTTACCCCAACATGTTTTAAATTTCCATA Integrated DNA

T

Technologies, Inc.

11[32]

AACAGTTTTGTACCAAAAACATTTTATTT
C

Integrated DNA

Technologies, Inc.
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5’ position | Sequence (5° to 3’ end) Comments Company
2047] CTCCAACGCAGTGAGACGGGCAACCAGC Integrated DNA
TGCA Technologies, Inc.
19 GTCGACTTCGGCCAACGCGCGGGGTTTT Integrated DNA
(21 | g :
C Technologies, Inc.
TAAATCATATAACCTGTTTAGCTAACCTT Integrated DNA
12[111] .
TAA Technologies, Inc.
11]64] GATTTAGTCAATAAAGCCTCAGAGAACC Integrated DNA
CTCA Technologies. Inc.
9[64] CGGATTGCAGAGCTTAATTGCTGAAACG Integrated DNA
AGTA Technologies, Inc.

The chemical structure for both sensors designs Leash Az and Leash Carbiz as well as the one
for the ATTO647N membrane anchor is shown in Figure S2.
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Figure S2. Chemical structures of sensor. The inset in the left shows the chemical structures of the
Leash A; and the Leash Carb)», whereas the inset on the right presents the chemical structure of the

ATTO647N

anchor.
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Additional Data from Measurements on TIRF Microscope

All smFRET distributions are shown from which the mean PR is determined. Figure S3 presents
the data for the Leash Az sensor with differently charged LUVs and Figure S4 the one for the
Leash Carbi2 sensor.
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Figure S3. PR distributions of all Leash A» samplcs measured on TIRF microscope. In pink, the Gauss
fit for the LUV-unbound sample/population is shown and in cyan the LUV-bound with the resulting
mean PR and the standard error of the mean for sample (a) without LUVs, (b) with 0% DOPG LUVs,
(c) 20% DOPG LUVs, (d) 40% DOPG LUVs, (e) 60% DOPG LUVs and (f) 80% DOPG LUV'S. Nolcoutes
for Leash A; with 0%, 20%, 40%, 60% and 80% DOPG LUVs, respectively: 150, 200, 150, 150, 238.
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Figure S4. PR distributions of all Leash Carb;> samples measured on TIRF microscope. In pink, the
Gauss fit for the LUV-unbound sample/population is shown and in cyan the LUV-bound with the
resulting mean PR and the standard crror of the mean for sample (a) without LUVs, (b) with 0% DOPG
LUVs, (c) 20% DOPG LUVs, (d) 40% DOPG LUVs, (¢) 60% DOPG LUVs and (f) 80% DOPG LUVs.
Nmolecutes for Leash Carbiz with 0%, 20%, 40%, 60% and 80% DOPG LUVs, respectively: 156, 200, 200,
200, 230.

For Figure 4, a Gaussian error propagation is performed to determine the standard error of the
mean g, pg according to
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Detailed Information on Correlation Analysis
The following described analysis is published by Schréder ez al. !

Shrinking-gate fluorescence correlation spectroscopy (sg-FCS) analysis is performed with
home-written python scripts based on the correlation algorithm proposed by Laurence es af. 2
Stochastic switching between two intensity states shows in the g (Ar) auto correlation as
mono-exponential bunching amplitude,

gP(AT) =1+ A-exp (— A

TERT

) )

The correlation decays with a characteristic correlation relaxation time (CRT):

_ 1
T katkg

Terr ()
k, and kgrepresent the switching rates between the two intensity states !, and fp. Here,
I represents the bright state and I represents the quenched state.

The correlation amplitude A for a two intensity system is given as:>~

_ Ta—ts \2
A=K IA+K-IB) @

Here, K represents the equilibrium constant,

ke
K= o (%)
Equation (4) holds not a unique solution for K with Iy # 0. Therefore, we use microtime gating
to change the intensity contrast between [, and /g with different microtime thresholds t,. With
pulsed excitation the fluorescence intensity decays faster for Iy because in is subject to an
additional non-radiative rate kagt = Kprnigh FRET — KET 0w FRET TEsulting in a shorter

fluorescence lifetime and lower quantum yield.

e—["fr*’fnr)'tg

— [ —{ketkno)t —
IA(tg) = ftq e ( T nr) gfdtgl — P (6)
—(ker+knr+iapr)ty
— (0, —(krtknrtkapr )ty 747 _ &
Taltg) = J, ™ e - @

Here, k, and k. denote the radiative and non-radiative decay rates of the intensity state I
which includes possible energy transfer to an acceptor dye. Therefore, we can express the
microtime dependent A(t,) as:

(8

2
kr+kar -kaprtyg

177
— krtknr+kagr
A(EQ') =K (1+R’- kptkny
kptnr+kapr
With increasing intensity contrast for larger £, the equation saturates and K can be extracted.
To compensate the laser pulse arrival time, we introduce an offset f; which simplifies
equation (8) to:

(9)

S1s

2
—kapr(tg—to)
1—e~RaeTg—to
Alty) =K l————
4 1+k-e~RAET (tg—to)
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For analysis, sg-FCS is performed from t, = 0 ns to t, = 7 — 9 ns with a 0.1 ns step size.
Each microtime gated correlation g(z)(ﬂr, tg) is fitted with the mono-exponential model of
equation (2).

Ar

9@ (ar,t,) =1+ A(t,)e werr (10)

The extracted amplitudes A(t) are fitted with equation {(9) vielding K and kapggr. With K and
Terr the mean dwell times for each state intensity states are calculated.

hy=—m=— (1)

ty  Ters(K+1)

ky = — = —m— (12)

Fluorescence lifetime fitting

To extract the fluorescence lifetimes of the two FRET states from the photon arrival time
histogram / (tg), we use a reconvolution algorithm. To make the model more robust, we use
the equilibrium constant K and the additional non-radiative rate k,pr. The fluorescence lifetime
decay is fitted by a convolution of the instrument response function Iigr and the sum of two
fluorescence lifetime decays

K - Hltg—togs) K —(tkapr) (L g—tosp) .
I(tg) = ([[RF(tg) *A- ((1 *m) g Taoor +m' g Ta CETRETRO + Ihg(l-’)

Here, * denotes the convolution operator and t,g represents an offset of the decay function that
is introduced to compensate an intensity-dependent shift of Iipz. The fit routine iterates over a
range of IRF shifts and returns the fit attempt with the best reduced chi-squared test. A scales

. . K. . . .
the modle to the histogram heights. 1 ——— is the fraction of time the system spent in the
intensity state I, and % is the fraction of time the system spent in state I5. I,g denotes the

constant offset due to uncorrelated background. With this routine we can extract 1, which is
the fluorescence lifetime of state /4.

_ 1
T kptkar

T4 (14)

With the previous extracted k,pr we can calculate the flucrescence lifetime 75 of intensity state
Ig.

1 1

g = = 15
B 7 kptknrtkapr iﬂiaw (13
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Additional Data from Measurements on Confocal Microscope
In Figure 3 and 4, the PR is calculated for both states as

PRstate » = 1 — =222 (16)

To

Therefor Tsqte x 18 derived in the analysis for each molecule, whereas 7, remains the same. It
is determined by an analysis of the fluorescence lifetime in a custom-made LabVIEW software
(National Instruments). From the donor excitation-donor emission channel, data is selected after
acceptor bleaching and upon an increase in the donor excitation-donor emission channel. The
lifetime distribution plot is presented in Figure S5 with the determined mean of 7,=3.3 ns.

3.329 £ 0.005

28 o 32 34 36 38
Lifetime © [ns]
Figure S5. Distribution of the fluorescence lifetime 7, of the donor ATTO542 without transferring

energy. By Gauss fitting, the mean 7 with its standard error of the mean is derived and presented.
Nmolecules:282~
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9 Abbreviations

AOTF: Acousto-Optical Tunable Filter

CCD: Charge-Coupled Device

CMOS: Complementary Metal-Oxide-Semiconductor
dsDNA: double-stranded DNA

DOPC: 1,2-dioleoyl-sn-glycero-3-phosphocholine
DOPG: 1,2-dioleoyl-sn-glycero-3-phospho-(1'-rac-glycerol)
EDTA: Ethylenediaminetetraacetic acid

FCS: Fluorescence Correlation Spectroscopy

FRET: Forster Resonance Energy Transfer

GEVI: Genetically-Encoded Voltage Indicators

LOD: Limit of Detection

LSPR: Localized Surface Plasmon Resonance

LUV: Large Unilamellar Vesicle

MD: Molecular Dynamic

PCR: Polymerase Chain Reaction

PET: Photoinduced Electron Transfer

POC: Point-of-Care

ROXS: Reducing and Oxidizing System

TCSPC: Time-Correlated Single Photon Counting
TIRF: Total Internal Reflection Fluorescence

ssDNA: single-stranded DNA
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