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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 in 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 a dye in 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 

application in in vitro diagnostic 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 Förster Resonance Energy Transfer 

(FRET) signals. A rectangular DNA origami was used as an assembly platform with different 

optional modifications, i.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 in vivo voltage 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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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 16th century, a 

revolutionary step was made to overcome the resolution limit of the eye.1 Although microscopes 

were further improved, with the first fluorescence microscopes in the early 20th century, a new 

era began. Unlike simple light microscopy, fluorescence allowed for a more specific visualization 

of objects.2 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,3 and in 

1990, the fluorescence of a single molecule;4 the field of optical single-molecule spectroscopy 

was born. Soon, it was also applied in biological contexts5,6 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 limit7 which until then prevented scientist 

to resolve structures below the size of about half the wavelength used.8–10  

 

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 

dyes11,12 or on the manipulation of the blinking behavior,13 other approaches try to optimize the 

labeling strategy for increasing the specificity and decreasing the label size.14 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, etc.. 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 in 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 in 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.15 DNA nanotechnology is based on the 

hybridization of DNA strands programmed via their base sequence;16 only complementary bases 

can form hydrogen bonds17 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. Seeman18,19 – the founder of the DNA nanotechnology field. 

Nowadays, there are many different kinds of DNA nanostructures available, e.g. tile-based,20,21 

wireframe22 or DNA origami structures.23,24 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 oligonucleotides25,26 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. 

 

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 27. (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, e.g. in the form of aptamers.30,31 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 al.27 combined the specificity of aptamers with a DNA origami 

structure that consists of two levers connected by a hinge (Figure 2a).32,33 On each of the two 

levers, they positioned parts of a split aptamer for ATP.27 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.34,35 This approach was used for 

barcoding by combining dye labels with different colors and it was finally applied for diagnostic 

purposes (Figure 2b).28 Particularly, with dendritic signal amplification, single cancer cells were 

visualized with high specificity.36 A different strategy for signal amplification can be achieved 

with DNA walkers where a trigger DNA strand induces a cascade of DNA strand 

displacements.37 Either the release of fluorescent labels to the solution or the accumulation of 

fluorophores on the surface of a nanoparticle can occur.38,39 Different biosensors based on DNA 

walkers were introduced40 and for example applied for HIV biosensing as suggested by Zheng et 
al..41 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”.42 

Furthermore, DNA nanotechnology has proven to be a suitable method for in vivo applications. 

It is highly biocompatible and reasonably stable in cellular environments. Additionally, there are 

several strategies to increase the DNA nanostructure lifetime43 and prevent it from nuclease 

degradation including shielding of the structure,44–47 covalent helix crosslinking48,49 or specific 

structure designs where degradation is less likely.50 Accordingly, different in vivo DNA 

nanotechnology applications have been realized. For example, a high cellular uptake was 

achieved by coating structures with virus capsid proteins.47 Addressing specific cells was first 

demonstrated in 2012 by Douglas et al.,51 and inspired by that, Li et al. introduced a nanorobot 

targeting and acting in cancer tissue (Figure 2c).29 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..52 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 Förster 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, etc., 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 in vitro diagnostic assay and for 

membrane biosensors. 
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1.2 Optical Single-Molecule in 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, i.e. 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 State of the Art 
One direction of optical in vitro single-molecule biosensing is based on localized surface plasmon 

resonance (LSPR). Zijlstra et al. demonstrated how binding of a single target to the tip of a biotin-

functionalized nanorod influenced its plasmon resonance (Figure 3a).53 Based on this principle, 

the detection of single DNA molecules was shown.54 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.  

 

Figure 3. Single-molecule biosensing for in vitro diagnostic applications. (a) Plasmon resonance shift obtained due to 
hybridization of ssDNA to a DNA-functionalized nanorod. Reprinted with permission from 54. (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 55.  

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.55 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. To overcome 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.56 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. 

 

Figure 4. Optical nanoantennas. (a) Bowtie antenna consisting of two gold triangles and dyes (arrows). Reprinted with 
permission from 57. (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 
a target strand, in its opened form (bottom). Reprinted with permission from 58. 

Plasmonic fluorescence enhancement relies on the resonant illumination of metallic 

nanoparticles which leads to an electric field enhancement in close proximity to the particles.59,60 

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,56 e.g. the 

bowtie antenna by Kinkhabwala et al. (Figure 4a).57 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 



Introduction 

8 

 

to the metallic particles. Relying on diffusion, important parameters influencing the fluorescence 

enhancement, such as gap size, distance of the dye to the particles, etc., 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).42 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 µM dye solutions were realized and for low-

quantum yield dyes, a fluorescence enhancement of 5000-fold measured.61 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.62 Further, Vietz et al. proved that a dye’s fluorescence 

can be successfully quenched in the plasmonic hotspot in a contact or dynamic mode.58 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 in vitro Diagnostics” 

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 

a real time observation as in e.g. electron microscopy.  

 

Figure 5. Single-molecule in vivo biosensing. (a) Single-molecule FRET transient measured on a cell membrane. 
Reprinted with permission from 63. (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 64. 

For the measurement of biological parameters at lipid membranes, there have been a few 

fluorescence tools introduced enabling single-molecule resolution such as Förster Resonance 

Energy Transfer (FRET) where two components are labelled with a fluorescent tag.65,66 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).63 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.67  

Applying single-molecule FRET for biosening, Hou et al. 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-37.64 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 𝛥𝛹 results from a charge imbalance between the intra- 

and the extracellular compartments and measures around 𝛥𝛹 = −70 𝑚𝑉 for cells in a resting 

state.68 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 𝛥𝛹 ≈ 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.69 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.70 One class of probes are genetically-

encoded voltage indicators (GEVIs).71,72 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 duration is 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.73,74 

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.75,76 Although easily applied, the 

signal contrast was rather low. In this respect, González and Tsien made major contributions to 

the field with the introduction of FRET-based voltage indicators (Figure 6a).77,78 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.79 

 

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 80. 

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.81,82 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 et al. who introduced an in 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).80 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.83 Most of them belong to the class of phosphatidylserine (PS). 
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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.84 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.85 This enables the binding of cationic protein 

motifs and supports the negative curvature of the membrane.86,87 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.88 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.89,90 

 

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 
MA2 is bound to the negatively charged membrane (left) and unbound if uncharged (right). Thereby, the FRET 
efficiency varies. Reprinted with permission from 91. 

Visualizing membrane surface charges can report on changes that are involved in signaling 

processes – especially in the context of live cell imaging.92 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.93–

95 For example, the genetically-encoded sensor of Yeung et al. consisted of the cationic protein 

R-pre which was linked to a fluorescent protein.95 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 al. developed an R-pre-based sensor with 

FRET read-out (Figure 7).91 As FRET enables ratiometric measurements, with this sensor, a 

quantitative 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  

𝐸 =
ℎ𝑐

𝜆
       (1) 

with ℎ as the Planck constant, 𝑐 as the speed of light and 𝜆 as the wavelength. Certain molecules 

such as fluorophores can absorb photons and undergo transitions from the electronic singlet 

ground state S0 to an excited state such as S1, S2 or Sn.96 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 ν 

characterized by vibrational quantum numbers where ν=0 describes the vibrational ground 

state, ν=1 the first excited vibrational state, etc., 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;97–99 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.100   

 

Figure 8. Jablonski diagram. S describes the singlet states, T the triplet state and ν 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 Sn, the electron transitions to the lowest vibrational level within Sn via 

vibrational relaxation.101 For the depopulation back to the electronic ground state S0, different 

processes can take place as summarized in the Jablonski diagram in Figure 8.96 Basically, 

radiative and non-radiative processes are distinguished. From higher excited states Sn, the 

relaxation takes place non-radiatively via internal conversion into the lowest excited state S1. 

Also, from S1 to S0, 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.102 Analogous to the photon absorption, the fluorescence can also result in different 

vibrational levels of S0 leading to multiple emission bands and hence, a broad emission spectrum.  



Theoretical Background 

13 

 

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 S0 can take place non-radiative via 

internal conversion or radiative via phosphorescence. 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 𝛷 as 

𝛷 =
𝑘𝑟

𝑘𝑟+𝑘𝑛𝑟
       (2) 

where 𝑘𝑟  is the depopulation rate for all radiative processes and 𝑘𝑛𝑟 for all non-radiative 

processes. Accordingly, the fluorescence lifetime 𝜏 is defined as  

𝜏 =
1

𝑘𝑟+𝑘𝑛𝑟
       (3) 

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 
𝑑𝐼𝐹𝑙(𝑡)

𝑑𝑡
 can be 

described with 

𝑑𝐼𝐹𝑙(𝑡)

𝑑𝑡
= −(𝑘𝑟 + 𝑘𝑛𝑟)𝐼𝐹𝑙(𝑡).      (4) 

The integration of this term reveals an exponential fluorescence decay for multiple excitation-

emission cycles as 

𝐼𝐹𝑙(𝑡) = 𝐼𝐹𝑙
0 ∙ 𝑒−(𝑘𝑟+𝑘𝑛𝑟)𝑡 = 𝐼𝐹𝑙

0 ∙ 𝑒−
𝑡

𝜏     (5) 

with 𝐼𝐹𝑙
0  as the fluorescence intensity at 𝑡 = 0 and reveals the fluorescence lifetime 𝜏.  

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.103 Above 1 nm, other processes are 

predominant such as the FRET.104 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 𝜈′ = 0 in the excited state S1, 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 𝜈′ = 0, from which it can emit in the red spectral range and 

depopulate to the electric ground state S0. 
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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 r0 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 = ∫ 𝑓𝐷(𝜆)𝜀𝐴(𝜆)𝜆4𝑑𝜆      (6) 

with the emission spectrum of the donor 𝑓𝐷(𝜆), the absorption spectrum of the acceptor 𝜀𝐴(𝜆) 

and the wavelength 𝜆. 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 𝜅2 

describes the relative orientation of donor and acceptor to each other with 

𝜅2 = 𝑐𝑜𝑠𝜃𝐷𝐴 − 3𝑐𝑜𝑠𝜃𝐷 ∙ 𝑐𝑜𝑠𝜃𝐴.     (7) 

Here, 𝜃𝐷𝐴 is the angle between the donor and acceptor dipole moments, 𝜃𝐷 is the angle of the 

donor’s dipole moment and 𝜃𝐴 the angle of the acceptor’s dipole moment. 𝜅2 can take values from 

0 to 4, where 0 describes a perpendicular, 1 a parallel and 4 a collinear orientation of the donor 

and the acceptor. For freely rotating dyes, 𝜅2 =
2

3
 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−6 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 Förster radius 𝑟0 and is described with 

the following equation: 

𝑟0 = √
9𝛷𝐷𝑙𝑛 (10)𝜅2𝐽

128𝜋5𝑛4𝑁𝐴

6
      (8) 

Here, 𝛷𝐷 is the donor’s quantum efficiency, 𝑛 the refractive index and 𝑁𝐴  the Avogadro constant. 

The Förster radius 𝑟0 includes all parameters discussed above and is used to quantify the FRET 

efficiency 𝐸 as 

𝐸 =
𝑟0

6

𝑟0
6+𝑟6 .     (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.105,106 

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.107 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.108  

 

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).13 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 oxygen is lower. To further increase the photostability, oxygen can be removed from 

the system, e.g. enzymatically.109 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.110 

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.111–113 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 synchronization is 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.11 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.7 On the other hand, considering this limit, the sample 

density is essential.114 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 obtained112,113 which can be 

reached with e.g. widefield or confocal microscopes. 

 

Figure 11. Single-molecule microscopy techniques. (a) Sketch illustrating the concept of TIRF. An excitation laser beam 
(cyan) hits a glass surface (grey) at the critical angle αc 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.115 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. This is achieved if the light hits a surface between two materials with different refractive 

indices 𝑛1 and 𝑛2, respectively, below a critical angle 𝛼𝑐  defined as 

𝛼𝑐 = 𝑠𝑖𝑛−1 (
𝑛1

𝑛2
)      (10) 

where 𝑛1 < 𝑛2. For water and glass, this critical angle is approximately 𝛼𝑐 = 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.116,117 
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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.115 In the detection path, the emitted light from different z positions 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.118 Also, surface-based 

measurements can be performed. Therefor the surface is scanned in a raster 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).115 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. 

2.3 DNA Nanotechnology 
Deoxyribonucleic acid or DNA is the carrier of genetic information.16 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.17 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.18 In his approach, branched 

junctions were connected via sticky ends (Figure 12b) to form crystalline arrays although the 

yield of structures was relatively low.119,120 A revolutionary development in the field of DNA 

nanotechnology was made by Paul Rothemund in 2006 with the introduction of DNA origami.23 

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.24 

Besides the DNA origami technique, in recent years other methods have evolved yielding e.g. 
DNA wireframe22 or brick structures.21 
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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 via hydrogen 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 7000th 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,121,122 nanorobots,51,123 biosensors15 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.59 For nanoparticles that are much 

smaller than the wavelength of the incident light, a quasi-static dipole can be approximated60 as 

illustrated in Figure 13a. This phenomenon is called the localized surface plasmon resonance 

(LSPR). The resonance frequency 𝜔𝐿𝑆𝑃𝑅 is described by  

𝜔𝐿𝑆𝑃𝑅 = √
𝑁𝑒2

𝑚𝑒𝜀0(𝜀∞+𝜅𝜀𝑚)
       (11) 

where 𝑁 is the density of free electrons, 𝑒 the electron’s elementary charge, 𝑚𝑒  the electron 

mass, 𝜀0 the permittivity in free space, 𝜀∞ the permittivity of the induced polarization, 𝜅 a shape 

factor and 𝜀𝑚 the permittivity of the surrounding medium.124 Hence, the resonance frequency 
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depends on the material of the nanoparticle and different metals can interact with light at 

distinct wavelengths.  

The polarizability 𝛼(𝜔) at a certain frequency 𝜔 is estimated by the Clausius–Mossotti relation 

as 

𝛼(𝜔) = (1 + 𝜅)𝑉𝜀0 |
𝜀(𝜔)−𝜀𝑚

𝜀(𝜔)+𝜅𝜀𝑚
|.     (12) 

Here, 𝑉 is the volume of the nanoparticle and 𝜀(𝜔) the permittivity at a specific frequency. The 

volume in this equation implies a higher 𝛼(𝜔) for larger sizes of nanoparticles. In addition, the 

equation contains the shape factor 𝜅; the shape of the particle predetermines how well the 

electric field can be concentrated. With decreased symmetry, the local fields are increased, e.g. 
in a nanorod there is a dipole moment oscillating perpendicular and one oscillating parallel to the 

rod’s axis. The parallel dipole moment is concentrated at the tips125 (Figure 13b) unlike in a 

sphere where all around the nanoparticle the same electric field enhancement is observed 

(Figure 13c). For a spherical particle, 𝜅 = 2, whereas for a rod-like structure or a triangle, it is 

larger.124 

 

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|2/|E0|2 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 a quantum 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.126 Under this circumstance, additional to the electric field of the 

photon, the fluorophore is exposed to the electric field induced by the nanoparticle.127 This leads 

to an increased excitation rate 𝑘𝑒𝑥  of the fluorophore and thus, to an enhanced fluorescence 

intensity 𝐼𝐹𝑙  as 

𝐼𝐹𝑙 ∝ 𝑘𝑒𝑥𝛷.       (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 𝑘𝑁𝑃. Therefore, the rate 

summarizing all non-radiative processes 𝑘𝑛𝑟  as discussed is the chapter above is extended to 𝑘𝑛𝑟
𝑚 . 

Also, the rate for all radiative processes 𝑘𝑟  changes as the nanoparticle can release photons 

resulting in the extended rate for radiative processes 𝑘𝑟
𝑚. The fluorophore’s quantum yield 𝛷𝑚 

is defined as  

𝛷𝑚 =
𝑘𝑟

𝑚

𝑘𝑟
𝑚+𝑘𝑛𝑟

𝑚        (14) 

and is increased, if it is not around 1 without the proximity to a nanoparticle. With a higher 𝛷𝑚, 

the fluorescence intensity is additionally increased with respect to equation (5). Accordingly, the 

fluorescence lifetime changes to  
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𝜏𝑚 =
1

𝑘𝑟
𝑚+𝑘𝑛𝑟

𝑚        (15) 

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.56,128 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.57 However, the precise positioning of the fluorescing 

component is challenging. Other strategies involve functionalized nanoparticles,129 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.42 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 origins illustrated in Figure 14a. The transmembrane potential 𝛥𝛹 is induced by different 

ion concentration on both sides of the membrane and is described with 

𝛥𝛹 = 𝛹𝑖𝑛 − 𝛹𝑜𝑢𝑡     (16) 

where 𝛹𝑖𝑛 is the potential inside and 𝛹𝑜𝑢𝑡 is the potential outside.130 Each ion in the electrolyte 

solution around has an impact on the potential stated by Coulomb’s law as 

𝛹(𝑟) =
𝑞

4𝜋𝜀𝑎𝜀0𝑟
 .     (17) 

 

Figure 14. Electric potentials at lipid bilayers. (a) Sketch illustrating the potentials at a lipid membrane in cyan including 
the surface potential  Ψs, the transmembrane potential ΔΨ and the dipole potential Ψd. (b) Drop of the potential Ψ 
(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, 𝜀𝑎 is the dielectric constant of the 

medium and 𝜀0 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 equation68 as 

𝛥𝛹 =
𝑅𝑇

𝑍𝐹
𝑙𝑛 (

𝑐𝑜𝑢𝑡

𝑐𝑖𝑛
)     (18) 

where 𝑅 is the gas constant, 𝑇 the temperature, 𝑍 the charge of the ion, 𝐹 the Faraday constant 

and 𝑐𝑜𝑢𝑡 and 𝑐𝑖𝑛  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 e.g. 
neurons for signal transmission along the length of the cell.131 

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 

𝛹𝑠 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,132,133 the surface 

potential 𝛹𝑠 depends on the surface charge density σ and the Debye length 𝜅−1 by 

𝛹𝑠 =
𝜎

𝜀𝑎𝜀0𝜅
 .      (19) 

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.134 In a monovalent electrolyte solution, it is 

defined as  

𝜅−1 = √
𝜀𝑎𝜀0𝑘𝑏𝑇

2𝑁𝐴𝑒2𝑐
 .     (20) 

𝑘𝑏 is the Boltzmann constant, 𝑁𝐴  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 

𝛹(𝑥) = 𝛹𝑠 𝑒(−𝜅𝑥).     (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).135 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 activation84,89 and blood clotting,88 but also the charged surface 

offers binding sites for positively charged proteins.94,136,137 

The third potential at the lipid membrane is the dipole potential caused by the alignment of 

dipolar residues of the lipids and water molecules.138 It is located inside of the membrane’s lipid 

core and measures around 𝛹𝑑=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.139  
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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 60XO/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 µm 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 (τ-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 (PI) GmbH & Co. KG controlled by a 

piezo controller (E-727.3CDA, Physik Instrumente (PI) GmbH & Co. KG). The dichroic mirror 

separating the excitation from the emission light was the zt532/640rpc (Chroma), the 50 µm 

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 (SymPhoTime64, 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 60XO/ 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 III (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 sCMOS, Princeton Instruments). For data 

acquisition, the commercial software LightField (Princeton Instruments) was used. 
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3.3 DNA Origami Production 
Different DNA origami designs were used for the projects presented in this thesis. For the 

diagnostics-related topics, a DNA origami pillar61,62 was used whereas the membrane potential 

sensors were based on a flat rectangular plate.140,141 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 SI 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 MgCl2 for the pillar and 12.5 mM MgCl2 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 MgCl2 at 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 

MgCl2. 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 via a sulfide bridge. 

A volume of 2 mL of the nanoparticle dispersion (BBI Solutions) was heated to 40°C while stirring 

and 20 µL of a 20% Tween20 solution and 20 µL of a potassium phosphate buffer (4:5 mixture of 

1 M monobasic and dibasic potassium phosphate, P8709 buffer and P8709 buffer, Sigma 

Aldrich) was added as well as 10 µL 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 in a 1:1 ratio 

with 1xPBS, 10 mM NaCl, 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® II 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 MgCl2 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 µL 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.142 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.  
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4 DNA Origami for Single-Molecule in 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.42 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.58 

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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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.68 Based on the DNA origami technique,23,24 an optical 

biosensor was developed that sensed transmembrane potentials in liposomes and transduced it 

into optical single-molecule signals. 

 

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 d and 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 

on the other hand, it had to translate it into a fluorescence 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 reduction in 

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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5.2 Membrane Surface Charge Sensing 
Changes in the membrane surface charge are involved in different signaling pathways88–90 and 

visualizing these changes can help to better understand the underlying biological principles. To 

do so, in this work 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. 

 

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 145. 

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 via neutravidin-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 a membrane 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 ATTO542.146 It 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 in vivo applications as DNA origami 

structures are biocompatible and various strategies against DNase degradation have been 

demonstrated.51,147,148 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 in vitro and membrane biosensing applications. 

In chapter 4, an assay was presented for the diagnostic in vitro detection 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 

a low 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 issue40,61,62 except for a prior study with 

a hairpin assay.58 Likely, it came to steric hindrance and only one nanoparticle was capable of 

binding.  

 

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 149. 

These limitations have been recently addressed by Trofymchuk et al. by changing the DNA 

origami design to yield a cleared hotspot (Figure 18a).149 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.150 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..151 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 via cholesterol and surface immobilization via biotin. The sensing unit was placed in the 

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 a membrane 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,152 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,77,78 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 a distance 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.77,78 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 

quenched in hydrophobic environments such as the lipid core (Figure 19b). A possible dye for 

this application could be silicon rhodamine (SiR)153 or derivates154 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 al..91 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.147 There are different options available for stabilization, 

from covalent helix-crosslinking48 to non-covalent shielding44–47 to smart structure design.43 

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.29,51,80 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 in 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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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: Förster 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 
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TCSPC: Time-Correlated Single Photon Counting 
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