


Zusammenfassung

Unterstützte Lipid-Doppelschichten (SLBs) bieten eine modulare und laterale Mo-
dellplattform für die Präsentation von membrangebundenen Liganden in rekonstitu-
ierten T-Zell-Aktivierungsassays. In dieser Arbeit wurde die zeitliche Stabilität der
SLB-basierten Ligandenpräsentation für SLB-verankerte rechteckige DNA-Origami-
Plattformen sowie Peptid-MHC-Komplexe (pMHC) untersucht. Die Experimente
wurden bei 26 ◦C und 37 ◦C in durchgeführt.

Die zeitliche Stabilität wurde über Beobachtungsfenster von ca. 120–200 Minu-
ten nach dem Waschen der SLB-Wells analysiert, wobei in diesem Zeitraum drei bis
vier Messungen pro SLB durchgeführt wurden. Mithilfe der zeitaufgelösten TIRF-
Mikroskopie wurden (i) die laterale Diffusion mittels Einzelpartikelverfolgung und
(ii) die normalisierte Gesamtfluoreszenzintensität als Proxy für die Oberflächenbe-
deckung quantifiziert. Darüber hinaus diente die Helligkeit einzelner Moleküle als
Kontrollparameter für die Tracking-Qualität und potenzielle Aggregationseffekte.

Über alle Bedingungen hinweg blieben die Diffusionskoeffizienten innerhalb des
Beobachtungsfensters zeitlich stabil, was darauf hindeutet, dass die Ligandenmobi-
lität über die Zeit erhalten bleibt und dass auf experimentell relevanten Zeitskalen
keine fortschreitende Immobilisierung oder kein Verlust der Membranfluidität auf-
tritt. Die Gesamtfluoreszenzintensitäten waren entweder stabil oder zeigten nur
allmähliche, gut auflösbare Veränderungen, was eher mit einer insgesamt robusten
Oberflächenpräsentation als mit einem schnellen Ligandenverlust übereinstimmt.
Außerdem spricht das Fehlen ausgeprägter zeitabhängiger Helligkeitszunahmen ge-
gen erhebliche aggregationsbedingte Artefakte und für die Zuverlässigkeit der Mo-
bilitätsmessungen.

Zusammen zeigen diese Ergebnisse, dass die untersuchten SLB-basierten Mem-
bransysteme unter den getesteten Bedingungen eine ausreichend stabile und lateral
mobile Ligandenpräsentation über die für Folgeexperimente relevanten Zeitskalen
bieten. Diese zeitliche Robustheit untermauert ihre Eignung als standardisierte
Plattformen für T-Zell-Aktivierungsassays, bei denen kontrollierte Oberflächendich-
ten und anhaltende Ligandenmobilität unerlässlich sind, um Aktivierungsschwellen
und die Bildung immunologischer Synapsen unter physiologisch relevanten Bedin-
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gungen zu untersuchen.
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Abstract

Supported lipid bilayers (SLBs) provide a modular, laterally fluid biointerface for
presenting membrane-tethered ligands in reconstituted T cell activation assays. In
this thesis, the temporal stability of SLB-based ligand presentation was assessed for
SLB-anchored rectangular DNA origami platforms as well as peptide-MHC (pMHC)
complexes. Experiments were performed at 26 ◦C and 37 ◦C.

Temporal stability was analyzed over observation windows of approximately 120-
200 minutes following washing of SLB-wells, with typically three to four measure-
ments acquired per SLB during this time period. Time-resolved TIRF microscopy
was used to quantify (i) lateral diffusion via single-particle tracking and (ii) nor-
malized bulk fluorescence intensity as a proxy for surface coverage. In addition,
single-molecule brightness served as a control metric for tracking quality and poten-
tial aggregation effects.

Across conditions, diffusion coefficients remained temporally stable within the ob-
servation window, indicating that ligand mobility is preserved over time and that
no progressive immobilization or loss of membrane fluidity occurs on experimen-
tally relevant timescales. Bulk fluorescence intensities were either stable or showed
only gradual, well-resolved changes, consistent with overall robust surface presen-
tation rather than rapid ligand depletion. Importantly, the absence of pronounced
time-dependent brightness increases argues against substantial aggregation-driven
artifacts, supporting the reliability of the mobility measurements.

Together, these results demonstrate that the investigated SLB-based membrane
systems provide sufficiently stable and laterally mobile ligand presentation over the
timescales relevant for downstream experiments in tested conditions. This temporal
robustness supports their suitability as standardized platforms for T cell activation
assays, where controlled surface densities and sustained ligand mobility are essential
to probe activation thresholds and immunological synapse formation under physio-
logically relevant conditions.
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1. Introduction

The human body protects itself against harmful pathogens such as viruses and
bacteria through a complex collection of cells and proteins working together, the
immune system [1]. Specificity to an antigen in the adaptive immune system is
provided by lymphocytes expressing a highly diverse set of antigen receptors that
enable recognition of a broad range of pathogens [2]. T cells are a primary type of
lymphocyte and recognize antigens through their membrane-bound T cell receptor
(TCR) [3]. T cells are involved in most immune responses and their activation
therefore represents a critical step in adaptive immunity [3].

While numerous studies have examined the process of T cell activation, the molec-
ular mechanisms governing how T cells translate TCR engagement into activation
remain an area of ongoing investigation [4]. In order to study these mechanisms
under controlled conditions, several types of reconstituted model systems have been
developed. Among these are experimental systems based on SLBs, which mimic
essential physical characteristics of cell–cell interfaces and enable the presentation
of ligands in a membrane-tethered and laterally mobile configuration [5], [6], [7].

Within the broader project in which this thesis is embedded, model membranes
based on SLBs are used as modular biointerfaces on which different ligands can be
presented to support downstream T cell activation assays [5], [6]. In the experiments
considered here, SLBs consist of 98% POPC and 2% Ni-DGS-NTA lipids, provid-
ing a fluid membrane platform that allows membrane-tethered ligands to remain
laterally mobile. Peptide–major histocompatibility complex (pMHC) molecules are
attached to the bilayer via a polyhistidine tag that binds to Ni-DGS-NTA lipids. Be-
sides pMHC complexes as the cognate ligand for the T cell receptor, SLB-anchored
DNA origami nanostructures, which are tethered to the membrane through choles-
terol modifications, are employed within the same assay framework. In particular,
rectangular monovalently and bivalently fluorescently labeled DNA origami plat-
forms (called L1V and L2V in this thesis) are used to organize pMHC molecules
with nanoscale control on SLBs in T cell activation model systems [5], [6], [8].

For such experiments it is essential that the underlying membrane platform and
the attached ligand modules form a stable and reproducible test system, because
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the stability of the interface defines the baseline for interpreting ligand-density-
or spacing-dependent effects. Earlier work in the project relied on murine MHC
class II pMHC (I-Ek) variants [9]; in contrast, the present work uses human MHC
class I pMHC (HLA-A*02:01). This change motivates renewed validation that these
complexes can be incorporated into SLBs and presented reliably over experimentally
relevant time scales and under different temperature conditions.

In addition, the stability of SLB-anchored DNA origami–based interfaces has not
yet been systematically assessed in this experimental context. Since extended T cell
activation assays require stable ligand presentation over long observation periods
and may be performed at physiological temperature, it is necessary to verify that
both the membrane platform and the different ligand modules remain stable under
such conditions. In the present work, experiments are therefore conducted at 26 ◦C
and 37 ◦C in 1× DPBS buffer, or in 1× DPBS supplemented with 10mM MgCl2 for
DNA origami samples. Temporal stability is assessed over observation windows of
approximately 120-200 minutes following washing of the SLB, during which typically
three to four measurements are acquired per bilayer.

Accordingly, the present thesis focuses on establishing and validating the physical
performance and stability of SLB-based membrane systems under conditions rele-
vant for extended activation assays. Specifically, three systems are characterized as
baseline platforms: SLB+pMHC, SLB+L1V, and SLB+L2V.

The work addresses the following research questions:

1. Do SLB-based membrane systems maintain stable lateral diffusion of membrane-
tethered ligands over experimentally relevant timescales?

2. Does the ligand surface density remain stable over time under the investigated
experimental conditions?

By addressing these questions, this work provides a defined and reproducible
starting point for subsequent T cell activation studies, including assays that exploit
DNA origami platforms for nanoscale ligand organization.
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2. Theoretical Background

2.1. Model Systems for T cell activation

2.1.1. Membranes as model systems for ligand presentation
Biological membranes are essential for cellular life. They regulate the transport
of ions and molecules between the interior and exterior of the cell, the exchange
of information and participate in a wide range of cellular processes. Biological
membranes are highly fluid, complex and dynamic structures. A two-dimensional
matrix of lipid molecules, arranged in a continuous bilayer approximately 5 nm thick
and stabilized by hydrophobic interactions constitutes the scaffold of the membrane.
This lipid bilayer acts as an effective barrier to the passage of most water-soluble
molecules [3].

Cellular membranes contain a diverse set of proteins that mediate nearly all spe-
cific membrane functions in addition to lipids. They catalyze biochemical reactions,
facilitate selective transport across the lipid bilayer and enable cells to sense and
respond to stimuli. Membrane receptors in particular transmit information rather
than material across the membrane, allowing cells to adapt their behavior to changes
in their environment or signals from other cells [3]. The structure of a cell membrane
can be seen in Fig. 2.1.
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Figure 2.1.: Two views of a cell membrane. (A) An electron micrograph of a
segment of the plasma membrane of a human red blood cell seen in
cross section, showing its bilayer structure. (B) A three-dimensional
schematic view of a cell membrane and the general disposition of its
lipid and protein constituents. Adapted from [3].

Membranes are highly diverse in their composition, even within the same cell
and their structure is dynamically adaptable to support processes such as molec-
ular recognition, signaling and trafficking. Given their importance and their high
complexity, a wide variety of model membrane systems had been developed. These
model membrane systems aim to preserve the essential lipid-bilayer structure while
simplifying the overall system. This strategy enables the investigation of individual
components and the study of their organization and dynamics [10].

Model membrane systems span a broad design space that includes free-standing
lipid vesicles, membranes on solid supports, and free-standing membranes. By choos-
ing a specific architecture, different aspects of membrane structure and dynam-
ics can be probed under controlled experimental conditions [10]. Solid-supported
membranes in particular have attracted increasing interest, as they are compati-
ble with surface-sensitive characterization techniques, advanced surface patterning
approaches, and microfluidic liquid handling [11].

The investigation of membrane proteins function requires controlled model envi-
ronments, because the membrane context strongly influences their physical behavior
[12]. But not all protein classes can be used equally straight forward in every model
architecture. A major limitation of solid-supported planar bilayers is the incorpo-
ration of transmembrane proteins, as their embedding through the membrane can
lead to interactions with the underlying support, hindering lateral mobility and
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impairment of the function [10].

2.1.2. Peptide-MHC complexes in reconstituted T cell
activation assays

One use of these membrane model systems is to recreate the membrane interface of
antigen presenting cells (APCs), which in turn enables the study of subsequent T
cell activation in reconstituted assays [5], [6].

Peptide-MHC and T cell activation

Peptide-major histocompatibility complex (pMHC) molecules are membrane-bound
ligand complexes that enable T cells to detect antigens. T cells recognize short
antigenic peptide fragments displayed on MHC molecules on the surface of APCs.
These peptides can originate either from intracellular proteins (like pathogen-derived
proteins in infected cells) or from material that has been taken up by the APC from
the extracellular matrix. In particular dendritic cells, which constitute a specific
kind of APC, process such material and present peptide fragments at the plasma
membrane [3], [13]. The peptide forms a complex with major histocompatibility
complex (MHC) molecules, which are specialized host glycoproteins that transport
peptide fragments to the cell surface and present them for T cell inspection [13].

T cell recognition of pMHC is facilitated by the T cell receptor (TCR), a membrane-
spanning heterodimer composed of an α chain paired with a β chain in most T cells.
Extracellular variable and constant domains constitute each chain, hypervariable
complementarity determining regions (CDRs) form the antigen-binding site that
contacts the peptide-MHC complex [13]. Simultaneously, TCR co-receptors bind to
MHC. The two main types of co-receptors are called CD4 and CD8. CD4 is present
on both helper and regulatory T cells, while CD8 is present on cytotoxic T cells
[3]. In summary, pMHC is the membrane-presented ligand for the TCR, and T cell
recognition requires the formation of a ternary interface between MHC, peptide, and
TCR. pMHC and TCR binding is shown conceptually in Fig. 2.2.

Two main MHC classes can be classified based on the origin of presented peptides
and structure. As summarized in Fig. 2.3, class I MHC proteins predominantly
present endogenous peptides, interact with CD8 co-receptors and consist of a trans-
membrane α chain noncovalently associated with β2-microglobulin, whereas class II
MHC proteins present predominantly exogenous peptides, interact with CD4 co-
receptors and form heterodimers of a noncovalently associated α and β chain, each
contributing an extracellular domain to the peptide-binding groove [3]. In vivo,
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MHC molecules are therefore trans-membrane proteins, which poses a challenge
for incorporation into supported bilayers (as mentioned in 2.1.1). In this thesis,
pMHC class I complexes based on HLA-A*02:01 (MHC) loaded with the CMV
pp65-derived peptide were used as membrane-tethered ligands. To bypass the lim-
itations of the normally trans-membrane molecules, recombinant pMHC carrying a
C-terminal 12×His tag are used to enable reversible and oriented coupling to the
surface of Ni2+-NTA-functionalized supported lipid bilayers (SLBs) (see Sec. 2.2.1).

Figure 2.2.: Recognition by T cells of peptides bound to MHC proteins.
Cytotoxic T (TC) cells recognize foreign peptides in association with
class I MHC proteins, whereas helper T (TH) cells recognize foreign
peptides in association with class II MHC proteins; regulatory T cells
also recognize self or foreign peptides in association with class II MHC
proteins. In all cases, the T cell recognizes the peptide–MHC complexes
on the surface of an APC—either a dendritic cell or a target cell. Dif-
ferent types of dendritic cells activate naïve cytotoxic and helper T cells
(not shown). Adapted from [3]
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Figure 2.3.: Structural organization of MHC class I and class II molecules.
Class I MHC proteins comprise a transmembrane α chain associated
with β2-microglobulin, whereas class II MHC proteins are heterodimers
of an α and β chain that jointly form the peptide-binding groove. In this
thesis, pMHC complexes of the MHC class I type were used. Adapted
from [3].

Use in Immunological Assays

Membrane-presented MHC ligands on planar bilayers have been a widely used model
system in immune cell recognition research [14]. Planar bilayers simulate key as-
pects of membrane-based ligand presentation at cell-cell interfaces [14]. Early work
by Brian and McConnell demonstrated that supported planar membranes function-
alized with class I MHC (H-2Kk) can activate cytotoxic T lymphocytes in vitro
[15]. In this system, the amount of incorporated MHC could be tuned precisely via
the lipid-to-protein ratio during vesicle production, which are then in turn used for
forming planar bilayers [15].

Using SLBs as model for APC’s membrane have been particularly powerful for
studying T cell activation because they convert the inherently three-dimensional
interaction environment into a two-dimensional contact zone. This dimensional
reduction subsequently simplifies the detection of rapid, transient events, such as
TCR–pMHC interactions, that are difficult to capture in 3D contexts [4]. SLBs
provide experimental control over the surface density, identity, and mobility of
membrane-tethered ligands like pMHC, while preserving the stimulatory potency
of them [8], [16]. Imaging in two dimensions also enhances spatiotemporal reso-
lution, enabling noninvasive single-molecule visualization compared to imaging in
three dimensions [8]. These SLB-based model systems are highly compatible with
TIRF microscopy, which selectively excites fluorophores within a small area at an
interface (like glass slides), strongly reducing background noise [16], [17]. Impor-
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tantly, such SLB-based assays enable the study of key physical aspects of signaling
at cell-cell interfaces (2D presentation, lateral mobility, and emergent spatial orga-
nization), while reducing the native membrane complexity that can otherwise cloud
quantitative interpretation [16]. SLBs and TIRF will be discussed in more detail in
section 2.2.1 and 2.3 respectively.

DNA origami nanostructures provide an additional component to SLBs for pre-
senting pMHC ligands with defined nanoscale geometry. By acting as rigid, laterally
mobile scaffolds embedded in SLBs, DNA origami enables site-specific coupling of
pMHC complexes and enable the spacing between ligands to be set with nanome-
ter precision [8]. This makes it possible to directly relate the spatial position of
membrane-tethered pMHC to TCR coupling and downstream T cell activation in
reconstituted assays [8]. DNA origami will be further discussed in section 2.2.2.

2.2. Biointerface engineering: supported membranes
and DNA origami

2.2.1. Supported lipid bilayers
As mentioned previously, SLBs are among the most common types of membrane
systems that have been designed to model cellular membranes [11], [18].

SLBs consist of a complete phospholipid bilayer which is positioned onto the top of
a hydrophilic solid support; i.e., quartz, glass, or oxidized silicon. These structures
can mimic many of the properties of biologic membranes. For example, they can
present proteins on their surface, while keeping them laterally mobile in the liquid
bilayer. This lateral fluidity is facilitated by a 10-20 Å thick interstitial water layer
located between the lower leaflet of the bilayer and the solid substrate. SLBs serve
as a robust and modifiable platform for ligand presentation that may be analyzed
using a number of different surface-sensitive methodologies, including fluorescence
microscopy and atomic force microscopy [18], [19], [20]. The structural arrangement
of an SLB is depicted in Figure 2.4.
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Figure 2.4.: Schematic diagram of a solid supported phospholipid bilayer.
The membrane is separated from the substrate by a 10–20 Å thick layer
of water [18]. Figure taken from [18]

Bilayer Production

There are several methods for producing SLBs (Supported Lipid Bilayers) - one of
which includes transferring two monolayers of lipids sequentially onto a hydrophilic
substrate via vertical and horizontal deposition processes [19]. Alternately, SLBs
may also be prepared by spontaneous fusion of lipid vesicles that have been placed
on a solid substrate. The process of forming SLBs from vesicles involves applying
small unilamellar lipid vesicles to clean glass substrates in aqueous environments.
Once the vesicles contact the substrate they adsorb to the hydrophilic substrate, and
upon doing so they deform, rupture and spread across the surface of the substrate
to form a flat membrane [11], [15]. The process of vesicle rupture is visualized in
Figure 2.5.

9



Figure 2.5.: Mechanisms of vesicle rupture: (A) an isolated adsorbed vesicle
ruptures spontaneously, driven by its support-induced deformation; (B)
neighboring adsorbed vesicles fuse and eventually rupture; (C) the ac-
tive edge of a supported bilayer patch induces the rupture of a neigh-
boring vesicle; (D) the cooperative action of several neighboring vesicles
leads to the rupture of a first vesicle (at the critical vesicular coverage).
The active edge thereby exposed triggers the rupture of adjacent vesi-
cles [11]. Figure taken from [11]

Bilayer Composition

Phosphatidylcholines (PCs) represent the dominant lipid class in eukaryotic cell
membranes [21]. In investigations of T cell activation, 1-palmitoyl-2-oleoyl-sn-glycero-
3-phosphocholine (POPC) is frequently chosen as the principal lipid for generating
SLBs [6], [22]. The chemical structure of POPC can be seen in Figure 2.6 a). POPC
is a chemically well-defined member of the PC family and remains in a liquid phase
at ambient temperature [23], [24], a feature that is essential for allowing membrane-
associated proteins to diffuse laterally within the SLB. Such mobility is required for
diffusion-driven encounters between membrane components, including receptors and
intracellular signaling molecules [25]. In addition to phospholipids, cholesterol is a
central modulator of membrane properties and is present at high levels in eukaryotic
membranes, where it supports membrane stability [26]. The chemical structure of
cholesterol can be seen in Fig. 2.8. Another widely used lipid class comprises nickel-
chelating lipids, such as Ni-NTA-DGS, which enable the attachment of recombinant
proteins to the membrane surface [27]. The chemical structure of Ni-NTA-DGS can
be seen in Figure 2.6 b). The corresponding ligand-coupling strategy is outlined in
the section below.
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Figure 2.6.: Chemical structures of lipids commonly used for supported
lipid bilayers: a) POPC [23], b) Ni-NTA-DGS [28].

Ligand coupling to supported lipid bilayers

For the application of SLBs in immune assays, it is necessary to attach membrane-
anchored ligands like proteins to them, preferably with a defined orientation, and
with lateral fluidity preserved.

A practical challenge hereby is that the inclusion of transmembrane proteins in
SLBs directly may result in reduced mobility, or loss of function through interactions
with the substrate [10]. Therefore, transmembrane ligands like pMHC were used in
recombinant, soluble form and linked to the lipid bilayer using an affinity tag so
that the protein’s transmembrane region would not be embedded in the SLB, thus
allowing for a laterally mobile, membrane proximal display of the protein [9].

Histidine tagged proteins have been attached to fluid SLBs using nickel-chelating
lipids through reversible Ni2+/imidazole interactions [27]. The interactions between
Ni2+ and histidine occur through a Lewis acid-base interaction where the imidazole
ring of the histidine residue acts as the electron donor and the Ni2+ ion acts as
the electron pair acceptor [29], [30] as shown in Fig. 2.7. The same type of inter-
action is responsible for the immobilization of polyhistidine tagged proteins during
immobilized metal affinity chromatography (IMAC) [29], [30]. Pioneering work by
Hochuli et al. showed that the affinity of histidine tagged proteins for Ni2+ chelat-
ing agents increases significantly as the number of histidine residues increases [31],
thereby facilitating the widespread use of polyhistidine tags. The most commonly
used His-tags contain six consecutive histidine residues and can be placed at either
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the N- or C-terminal end of recombinant proteins [32]. Due to the rarity of long
oligohistidine regions in native proteins, His-tags are highly specific for binding to
Ni2+-chelating lipids [33].

In SLB-based assays, the coupling of ligands to histidine tags is most often
achieved by including a small amount of Ni2+-NTA (or similar chelating group)-
containing lipids into the bilayer, allowing for the histidine-tagged protein to as-
sociate in an oriented but laterally mobile manner [27], [29]. The Ni2+-NTA lipid
(i.e., Ni-NTA-DGS) can be added to membrane preparations as part of the mixed
bilayer or vesicles preparation process; the ratio of Ni2+-NTA lipids to the majority
phospholipid (e.g., POPC) is typically controlled [34].

Figure 2.7.: Complex formation of a poly-His tag with Ni-NTA. Adapted
from [35]

To attach DNA origami to SLBs, triethyleneglycol-cholesteryl have been used [5],
[36], [37].

Due to its bulk hydrophobic backbone, cholesterol is capable of spontaneous in-
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corporation into lipid bilayer matrices. This property is well utilized for anchor-
ing functional molecules to membranes. It was demonstrated by Lopez that DNA
oligonucleotides may be chemically modified using cholesterol at the terminal hy-
droxyl group resulting in cholesterol-DNA conjugates that will spontaneously in-
corporate into fluid phosphatidylcholine bilayer membranes [26]. One version that
is most often employed utilizes a cholesteryl-tri(ethylene glycol) (cholesteryl-TEG)
modification which is commercially available as modified nucleotides and has been
employed in model membrane systems (such as SLBs) [37], [38]. The chemical struc-
ture of this modification is shown in Fig. 2.8. Additionally, it should be noted that
the structural and dynamic characteristics of POPC bilayers are not significantly
altered by the use of cholesteryl-TEG anchors and unlike unmodified cholesterol, do
not cause lipid condensation when used in the conditions studied by Czogalla et al.
[37]. DNA strands tagged with cholesterol allow for the stable orientation of DNA
at membrane surface without relying on electrostatic attraction and also provide
lateral mobility in fluid membranes allowing for diffusion mediated hybridization
and programmable membrane modification [26].

Figure 2.8.: Chemical structures of cholesteryl-TEG and cholesterol. Figure
adapted from [38]

2.2.2. DNA origami platforms for nanoscale ligand presentation
DNA nanotechnology

Deoxyribonucleic acid (DNA) is an attractive nanoscale building material because
Watson-Crick base pairing enables predictable, sequence-programmed self-assembly
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[39]. In DNA nanotechnology, this programmability is exploited to construct defined
nanostructures by mixing designed strands. A prominent approach is DNA origami,
introduced by Rothemund, in which a long single-stranded scaffold is folded into a
prescribed shape by many short staple strands [40]. This self-assembly is illustrated
in Fig. 2.9. Subsequent work extended DNA origami from two-dimensional to three-
dimensional architectures [41], [42]. Importantly, addressable sites on DNA origami
enable site-specific attachment of functional components, allowing proteins to be
positioned with nanometer precision [43].

Figure 2.9.: Self assembly of DNA origami. A long singular scaffold strand is
forced into a predesigned shape by small staple strands. Figure adapted
from [36].

DNA origami in immune assays

Despite the low affinity of many physiological TCR-pMHC interactions, T cells
can detect very small numbers of agonist pMHC molecules on APCs, motivating
the question whether nanoscale receptor-ligand organization contributes to early
signaling [6].

To address spatial effects in a defined and systematic manner, Hellmeier et al.
developed an APC-mimicking biointerface in which rectangular DNA origami plat-
forms are anchored to fluid-phase planar SLBs and functionalized with pMHC [5],
[6]. An exempelary platform-geometry can be seen as a 3D rendering in Figure
2.10. The DNA origami served a dual purpose: it generated steric exclusion zones
around individual ligands to isolate them as they cluster during T cell activation,
and it permitted the directed preorganization of ligands with nanometer precision
[5]. Monovalent platforms contained a single ligand modification site placed approx-
imately at the center of the tile, whereas divalent platforms provided two ligand
attachment sites with defined spacings of 10, 20, or 30 nm [5]. These geometries can
be seen in Fig. 2.11.
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Figure 2.10.: DNA origami platform 3D rendering. Platform with a modifi-
cation site allowing the addition of functional modifications like fluo-
rophores, ligands, etc. Image taken from [5].

Figure 2.11.: DNA origami layouts for nanoscale ligand presentation.
Schematic overview of the DNA origami platform designs and nomen-
clature used by Hellmeier et al. Platforms of different sizes (S, M, L)
provide either one central ligand attachment site (monovalent) or two
attachment sites (divalent) with defined spacings of 10, 20, or 30 nm.
Distances are given in nm. Adapted from [5].
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2.3. Total Internal Reflection Fluorescence
Microscopy

2.3.1. Principle and surface selectivity
Total internal reflection fluorescence (TIRF) microscopy is an optical imaging tech-
nique that enables the selective excitation of fluorescent probes positioned in close
proximity to a solid–liquid interface. Under TIRF illumination, fluorophores are ex-
cited exclusively within a very thin layer next to a solid surface, typically extending
less than 100 nm. This spatial restriction of excitation arises from an evanescent
electromagnetic field that develops when incident light undergoes total internal re-
flection at the interface. Consequently, fluorescence originating from regions farther
away from the surface is largely suppressed. TIRF images therefore display sub-
stantially reduced background intensity, an absence of detectable out-of-focus fluo-
rescence, and minimal photonic exposure of sample regions outside the illuminated
plane [17].

The physical origin of total internal reflection lies in the refraction behavior of
light at the boundary between two media with different refractive indices. When
a light beam propagating in a medium with higher refractive index n2 (e.g. glass)
impinges on an interface with a medium of lower refractive index n1 (e.g. water),
total internal reflection occurs if the angle of incidence θ, measured with respect to
the surface normal, exceeds a material-specific critical angle θc. This critical angle
is given by

θc = sin−1

n1

n2


, (2.1)

where the ratio n1/n2 must be smaller than unity for total internal reflection to
occur [17]. For incidence angles θ < θc, the excitation light is partially transmitted
into the lower-index medium according to Snell’s law, whereas for θ > θc, the incident
beam is completely reflected back into the higher-index medium.

A schematic illustration of the optical geometry underlying total internal reflection
and the formation of the evanescent field is shown in Figure 2.12.
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Figure 2.12.: Schematic representation of total internal reflection fluores-
cence (TIRF) microscopy. An excitation laser beam propagates
within the glass substrate (n2) and impinges on the glass-aqueous in-
terface at an incidence angle θ exceeding the critical angle θc. Under
this condition, the light is totally internally reflected, giving rise to
an evanescent electromagnetic field that penetrates only a short dis-
tance into the aqueous medium (n1). This evanescent field decays
exponentially with distance from the interface and selectively excites
fluorophores located within a few tens of nanometers above the sur-
face, while fluorophores farther away remain unexcited [17]. Image
taken from [44]

Although no propagating light enters the lower-index medium under total inter-
nal reflection, the electromagnetic field does not vanish abruptly at the interface.
Instead, a non-propagating evanescent field is formed, which penetrates into the
adjacent medium and decays exponentially with increasing distance from the sur-
face. For a plane wave incident on an ideal planar interface, the intensity of this
evanescent field as a function of the distance z normal to the interface is described
by

I(z) = I(0) e−z/d, (2.2)

where I(0) denotes the intensity at the interface and d is the characteristic penetra-
tion depth of the evanescent field. The penetration depth is given by

d = λ0

4π
�
n2

2 sin2 θ − n2
1

, (2.3)

with λ0 being the wavelength of the incident light in vacuum [17].
As the incidence angle θ is increased, the evanescent field penetration depth d

correspondingly diminishes and typically remains comparable to, or smaller than,
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the excitation wavelength, except in the immediate vicinity of the critical angle
where d increases substantially. Consequently, fluorescence excitation is effectively
confined to molecules located within several tens of nanometers from the interface,
while fluorophores situated at larger distances experience negligible excitation. This
spatial confinement of the excitation field constitutes the fundamental origin of the
pronounced surface sensitivity of TIRF microscopy, enabling high-contrast imag-
ing of structures associated with interfaces under conditions of minimal background
signal. Given that SLBs have a thickness of only a few nanometers, they are en-
tirely encompassed by the evanescent field, allowing fluorophores embedded within
or attached to the bilayer to be selectively and efficiently excited [11].

2.3.2. Single Particle Tracking
Single Particle Tracking is a method to track trajectories of individual fluorophores
in cell membranes or model systems of such [45]. Compared to other techniques
like fluorescence recovery after photobleaching (FRAP) it does not rely on average
motion of large ensembles of molecules, but determines motion of individual particles
with nanometer-scale precision [45].

SPT relies on determining the positions of fluorophores in the x-/y-plane for each
acquired image frame. The localizations obtained in individual frames are then con-
nected to those in adjacent frames using a nearest-neighbor algorithm, which yields
a for each fluorophore. Based on these trajectories, the mean square displacement
(MSD) is calculated for a specified time lag t. The MSD can subsequently be used
to estimate the diffusion coefficient D [45].

2.4. Biophysical readouts of SLB-based biointerfaces
In order to assess the physical performance and stability of SLB-based biointerfaces,
this section introduces the two key experimental readouts used throughout this
thesis: lateral diffusion of membrane-tethered objects and fluorescence intensity as
a proxy for surface density.

2.4.1. Lateral diffusion of membrane-tethered objects
Like lipids, membrane proteins can diffuse laterally within the plane of the lipid
bilayer—an essential dynamic feature for cellular signaling [3]. Measurements of
membrane protein mobility provide important insights into membrane structure
and the interactions between its components [25]. In two-dimensional membranes,
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diffusion markedly increases the encounter frequency between ligands and recep-
tors compared with freely diffusing ligands in solution, thereby promoting efficient
initiation of signaling [25].

In the context of T cell activation, the lateral mobility of membrane-anchored
pMHC and TCR is associated with higher apparent affinities and more rapid bind-
ing kinetics than those observed for their soluble forms, in better agreement with
functional immune outcomes [46]. Additionally, diffusion supports the dynamic
assembly of microclusters and their spatial reorganization into the immunological
synapse, enabling sustained signal transduction [47].

Within this work, lateral diffusion serves as a key indicator for the functional
integrity of the model membrane. A sufficiently high mobility over time indicates the
absence of ligand immobilization or lateral aggregation (e.g., clustering or trapping
in membrane domains or defects), both of which could impair T cell activation.

To assess lateral mobility in this study, single particle tracking (SPT) is employed
(see section 2.3.2). From the acquired trajectories, diffusion coefficients can be
derived and potential immobilization or clustering events identified.

2.4.2. Fluorescence intensity as a proxy for surface density and
binding persistence

In SLB-based systems, fluorescence intensity provides an indirect but effective read-
out for assessing the density and binding persistence of membrane-tethered ligands.
This approach can be used in experimental setups where surface-bound molecules
are fluorescently labeled and can therefore be quantitatively monitored over time.

Fluorescence measurements allow estimation of ligand surface coverage, either
through calibration against supported bilayer standards or via relative comparisons
under consistent imaging conditions. SLBs offer a uniform, laterally fluid platform
well suited for quantitative fluorescence analysis, enabling the mapping of measured
intensity to molecular surface density across a wide range of fluorophore concentra-
tions [48].

In the context of this work, fluorescence intensity is used to monitor ligand
loss or redistribution, which may indicate instability of the SLB or detachment of
membrane-tethered proteins. For example, imaging of fluorescently labeled proteins
can reveal “black holes” in the fluorescence signal that indicate membrane defects
[7]. Moreover, SLBs are commonly functionalized with fluorescently labeled ligands,
and ligand redistribution can be quantified via an accumulation or depletion of signal
within a defined area [49]. Importantly, when ligands are attached via polyhistidine
tags to Ni2+-chelating lipids, the interaction can be weak enough that bound pro-
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teins detach during an experiment [49], leading to a decrease in fluorescence intensity
over time.

Thus, fluorescence intensity serves as a complementary readout to diffusion mea-
surements, providing information about the functional persistence of membrane-
decorated ligands in SLB-based immune assay platforms.

2.4.3. Determinants and temperature dependence
In this thesis, temperature effects are evaluated with respect to the key readouts:
lateral diffusion and fluorescence intensity. While previous T cell activation assays
using the presented SLB-based system were performed at room temperature, fu-
ture experiments should be conducted at 37 ◦C to more closely mimic physiological
conditions.

According to the Saffman–Delbrück model, the lateral diffusion coefficient D of
membrane-tethered molecules increases linearly with temperature:

D ∝ T

ηm

(2.4)

where T is the absolute temperature and ηm the membrane viscosity [50]. Thus,
higher temperatures are expected to accelerate diffusion, potentially enhancing re-
ceptor–ligand encounter rates and facilitating immunological synapse formation.

However, elevated temperatures may also compromise system stability. In par-
ticular, the non-covalent interaction between polyhistidine tags and Ni-DGS-NTA
lipids becomes less stable at higher temperatures, increasing the likelihood of ligand
desorption from the membrane. This effect was observed for the murine pMHC
molecule I-EK bearing two His-tags using HBSS as an imaging buffer, which showed
substantially higher dissociation rates from SLBs at 37 ◦C compared to room tem-
perature [9]. Although these higher dissociation rates are suspected to be caused by
HBSS buffer. That is why the temperature-dependent detachment should be inves-
tigated for human HLA-A*02:01 pMHC complexes as well as for the DNA origami
platforms without changing to HBSS buffer for imaging.

Consequently, both diffusion and fluorescence intensity measurements are required
to assess whether the system retains sufficient molecular mobility and ligand density
at 37 ◦C for effective T cell stimulation.
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3. Material and Methods

3.1. DNA Origami
For the subsequent experiments, DNA origami platforms were prepared based on a
previously established design by Hellmeier [5]. Two distinct platform geometries
were employed in this work, both with lateral dimensions of 70×100 nm and hereafter
referred to as L-platforms. The DNA origami structures were designed using the
M13mp18 scaffold strand [40] and assembled from a corresponding set of staple
strands.

At predefined sites intended for ligand attachment on the top side of the platforms,
selected staple strands were extended at their 3′-ends with single-stranded overhangs
serving as binding sites. These overhangs included a short poly-thymidine linker
proximal to the origami surface to provide spatial flexibility. Two platform variants
were used: the L1V-platform, containing a single V' binding site (which is a oligonu-
cleotide with the sequence GTGGAGTAGTGTCATGT), and the L2V-platform,
containing two V' binding sites. Fluorophores used in this study, specifically Alexa
Fluor 647, were functionalized with complementary V-tag oligonucleotides (with the
sequence ACATGACACTACTCCAC), enabling sequence-specific hybridization to
the V' sites on the platforms.

For membrane attachment, staple strands located at the bottom face of the
origami structures were elongated with single-stranded extensions called Z' designed
to hybridize with complementary cholesteryl-TEG-modified oligonucleotides incor-
porated into the SLB. These Z' strands have a sequence of 5' AGA GTC CTA GCA
TAT TTA GCC 3' and attach to the complimentary strands of the cholesteryl-TEG-
modified oligonucleotides, which have a sequence 5' -cholesterol-TEG- GGC TAA
ATA TGC TAG GAC TCT 3'. There are eight such Z' single-strand extensions per
platform, to enable stable binding to the cholesteryl-TEG. Following folding and
purification, the DNA origami platforms were subsequently used to seed the SLBs.
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3.1.1. DNA Origami Folding
DNA origami platforms were assembled in a single, one-pot folding reaction per-
formed in a polymerase chain reaction (PCR) tube (Bio-Rad Laboratories). Each
tube contained a DNA origami mixture composed of the ssDNA scaffold p7249
(tilibit nanosystems GmbH) and a pool of single-stranded staple oligonucleotides
(Microsynth AG), supplemented with 10µl folding buffer (FoB) (50 mM Tris (Ther-
moFisher ScientificTM), 500 mM NaCl (ThermoFisher ScientificTM), 10 mM EDTA
(ThermoFisher ScientificTM)), 12.5 mM MgCl2, and fluorophore-labeled strands
(Integrated DNA Technologies). Detailed compositions of the origami mixtures are
listed in Tables A.8 and A.7.

3.1.2. DNA Origami Purification
The samples were purified to remove excess staple strands. For purification, Ultra-
filtration was used.

100 kDa Amicon® Ultra 0.5mL centrifugal filters (Merck) were pre-rinsed by load-
ing each unit with 500µL purification buffer (PuB) (5mM Tris, 50mM NaCl, 1mM
EDTA, 10mM MgCl2) and centrifuging at 5000× g for 5min at room temperature.
The flow-through was discarded, the filters were loaded with the sample, and, if re-
quired, topped up to 500µL with PuB. For purification, the 100 kDa Amicon® Ultra
filters were centrifuged at 7000 × g for 5min at room temperature. After removing
the flow-through, the filters were again filled with PuB and centrifuged. In total,
the sample underwent three purification cycles using this procedure. For recovery,
the filters were inverted into a new tube containing 20µL PuB and centrifuged at
5000 × g for 4min at room temperature. Platform concentrations were determined
using a microplate reader. The sample was subsequently transferred to a 1.5mL
Eppendorf Biopur® tube and stored at −20 ◦C.

3.2. pMHC complex
The peptide-MHC (pMHC) complex used in this work was based on the human MHC
class I allele HLA-A*02:01 and loaded with the CMV pp65-derived peptide NLVP-
MVATV. The recombinant construct carried a C-terminal 12× His tag. pMHC
complex was fluorescently labeled with Alexa Fluor 647 using NHS-ester labeling
chemistry. The protein was expressed in E. coli and purified by Vanessa Mühlgrab-
ner (Medical University of Vienna).
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3.3. Supported Lipid Bilayer Formation

3.3.1. Vesicle Formation
Lipid vesicles were generated from a defined mixture of phospholipids consisting of
POPC and DGS-NTA(Ni) (Avanti® Polar Lipids, Inc.). The lipids were combined
at a molar ratio of 98% POPC to 2% DGS-NTA(Ni). For the preparation of a
1× vesicle stock solution, lipids were transferred to a final concentration of 125µM
into a glass vial and dried under a continuous nitrogen stream for 20min to ensure
complete removal of chloroform residues. The resulting lipid film was rehydrated
with 1mL of 10× Dulbecco’s phosphate-buffered saline (DPBS) (Sigma-Aldrich) and
thoroughly mixed using a vortex mixer (IKA Labortechnik). After sealing the vial
with Parafilm® (Amcor Limited), vesicle formation was induced by bath sonication
(Emmi®D40, EMAG Technologies®) for 10min at room temperature. To obtain
a homogeneous vesicle population, the vesicle suspension was subsequently filtered
through a 0.22µm filter (Whatman Puradisc™ 13mm from cytiva).

3.3.2. Bilayer Formation
SLBs were assembled in a Nunc™ Lab-Tek 8-well chamber (LTC) (Thermo Scien-
tific™) using a glass coverslip as substrate. Prior to assembly, the coverslip was
treated in a plasma cleaner (Harrick Plasma) for 2min at room temperature to ren-
der the surface hydrophilic. The original glass bottom of the chamber was removed,
and the plasma-cleaned coverslip was subsequently attached to the chamber using
an addition-curing silicone adhesive (eco-sil extrahart, Picodent). After curing of
the adhesive for about 10min at room temperature, ensuring the adhesive dried
completely, 200µL of the 1× vesicle suspension were added to each well.

Following the addition of 200µL of vesicle suspension to each well, the samples
were incubated for 20min at room temperature to allow bilayer formation. Subse-
quently, each well was thoroughly washed with DPBS to remove excess vesicles.

3.4. SLB Functionalization

3.4.1. Functionalization of SLBs with pMHC Molecules
For functionalization with pMHC molecules, each well was washed with 15mL of
DPBS. Thereafter, 430µL of buffer were removed from each well to adjust the
volume to remaining 350µL. Subsequently, 100µL of pMHC solution at the desired
concentrations of 20ng/well for bulk fluorescence measurements or 10ng/well for
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single molecule localization and subsequent tracking or single molecule brightness
analysis were added. The samples were incubated for 60min at room temperature
to allow binding of the His-tagged pMHC molecules to the Ni-NTA-functionalized
SLBs. Finally, each well was washed again with 15 mL of 1×DPBS to remove
unbound pMHC. Subsequently removing 430µL of supernatant to leave 350µL in
each well.

3.4.2. Functionalization of SLBs with DNA origami Platforms
Each well was then washed with 15mL of 1× DPBS supplemented with 0.1% bovine
serum albumin (BSA) to passivate the SLB. Subsequently, the liquid meniscus as
well as 430µL of buffer were carefully removed. To incubate the BSA, it was left
for 30min at room temperature.

To enable membrane anchoring of the DNA origami platforms, 100µM cholesteryl-
TEG-Z (biomers.net), complementary to the oligonucleotide sequences located at
the bottom of the origami structures, diluted in 99.5µL of 1× DPBS, were added to
each well and incubated for 15min at room temperature before washing each well
thoroughly with 15mL of 1× DPBS containing 10mM MgCl2.

DNA origami platforms at the desired concentrations, diluted in 1× DPBS, were
subsequently added to each well. The Lab-Tek chamber was covered with aluminium
foil to protect the samples from light and incubated for 60min at room temperature.
Finally, each well was washed again with 15mL of 1× DPBS supplemented with
10mMMgCl2 to remove unbound origami structures. Subsequently removing 430µL
of supernatant to leave 350µL in each well.

3.5. Single-Molecule TIRF Imaging
Single-molecule total internal reflection fluorescence (TIRF) microscopy was used
to image membrane-associated DNA origami platforms and pMHC molecules under
controlled temperature conditions. This approach enabled the selective excitation
of fluorophores located in close proximity to the SLB, thereby allowing both single-
molecule tracking and bulk fluorescence measurements.

For each measurement time point, image series were acquired at ten spatially
distinct positions within each well to account for potential lateral heterogeneity of
the SLB. This sampling strategy ensured robust averaging within individual wells.
Images were acquired with an exposure time of 3 ms. Accounting for an additional
camera readout delay of 7 ms between frames, this resulted in an effective frame
rate of 100 Hz.
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Measurements were performed on a custom-built optical setup based on an Axio
Observer 7 microscope (Zeiss), equipped with an α Plan-Apochromat oil-immersion
objective (100×, numerical aperture 1.46, DIC, UV/VIS/IR compatible). Excitation
was provided by a 642 nm laser source (Coherent® Obis™ Galaxy Laser 1236445).
Separation of excitation and emission light was achieved using a multiband dichroic
mirror (Di01-R405/488/532/635-25x36, Semrock).

Fluorescence signals were detected using an electron-multiplying CCD camera
(EMCCD, Andor iXon Ultra) with an effective pixel size of 160 nm in the object
plane, operated at a sensor temperature of −60 ◦C. Instrument control, including
laser selection, laser power settings, and imaging parameters, was performed using
the LabVIEW-based software SDT-Control. Laser power was attenuated to 20% for
measurements of L2V platforms and pMHC. For measurements of L1V platforms
at 37 ◦C the laserpower was attenuated to 40% (on 02.12.2025) and for 26 ◦C it
was at 100% (on 04.12.2025). Laserpower was only measured for L1V experiments
on the 02.12. (37 ◦C) and 04.12. (26 ◦C), before and after imaging each. The
laserpower on the 02.12. ranged from 0.485 − 0.468 kW/cm2 (values at 100%,
see Figure A.3) with an attenuation of 40% this resulted in an effective laserpower
ranging from 0.194 − 0.187 kW/cm2. The laserpower on the 04.12. ranged from
0.577 − 0.636 kW/cm2 (see Figure A.4). The incidence angle required for TIRF
illumination was adjusted using the LabVIEW program Servotisch and optimized
individually for each measurement series.

Temperature control during imaging was achieved using a stage-top incubator
system (ToKai HIT), allowing stable measurements at defined temperatures over
extended acquisition periods.

Prior to imaging, both the objective lens and the glass bottom of the Lab-Tek
chamber were cleaned with ethanol. A droplet of immersion oil (Carl Zeiss™ Im-
mersol™ 518) was applied to the objective before mounting the sample.

3.6. Experimental design and statistical units
All quantitative analyses of the acquired image data were performed on a per-well
basis. Each well of the Lab-Tek chamber was treated as an independent experimental
unit, within which repeated measurements were acquired at multiple time points.
Temporal trends were quantified separately for each well using linear regression
models.

Two temperature conditions were investigated, 26 ◦C and 37 ◦C. Measurements
were performed using defined amounts of molecules added per well, specified as
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the total mass added per well (ng), rather than controlled surface densities. As a
consequence, absolute surface coverage could vary between wells, and quantitative
comparisons focused on relative temporal changes within individual wells.

For single-molecule tracking and the corresponding diffusion analysis, L1V and
L2V DNA origami platforms were applied at a concentration of 20 ng per well.
For pMHC molecules, diffusion measurements were carried out at concentrations of
20 ng and 10 ng per well. Wells prepared at these lower seeding concentrations will
hereafter be referred to as single-molecule wells. Diffusion analyses were performed
separately for each molecular system and concentration.

In addition, single-molecule brightness was analyzed over time as a quality-control
readout to assess potential unresolved multi-emitter events (e.g., fluorophore ag-
gregation) that could bias localization-based quantification. Mean single-molecule
brightness was therefore evaluated per well and time point and summarized as well-
wise temporal slopes. Brightness-coded scatter plots of individual diffusion coeffi-
cients (e.g., D versus track length) were generated for each well and time point and
are provided in the Appendix as diagnostic visualizations.

For measurements of fluorescence intensity, we employed higher seeding concentra-
tions to achieve adequate signal strength. Specifically, L1V and L2V DNA origami
platforms were seeded at 400 ng per well, and pMHC molecules at 20 ng per well.
In the context of this thesis, wells prepared with these elevated concentrations are
termed bulk wells. Bulk intensity and diffusion measurements were considered as
separate experimental readouts and were analyzed independently.

For bulk fluorescence wells, an initial surface density estimate ρ(t0) was derived
from bulk intensity and single-molecule brightness (Eq. 3.4).

For L2V DNA origami platforms and pMHC molecules, measurements were con-
ducted on two independent experimental days per temperature condition. On each
day, two wells were analyzed per concentration, resulting in four wells per tempera-
ture and measurement type. For L1V DNA origami platforms, measurements were
performed on a single experimental day per temperature condition, with two wells
analyzed per concentration and temperature. All wells and seeding densities are
summarized in Tabs. 3.1 and 3.2.

Temperature-dependent effects were assessed by comparing the distributions of
well-wise regression slopes between conditions. This approach ensured that temporal
changes within individual wells were quantified independently of absolute signal
levels and enabled robust comparison between temperature conditions.
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Date T Construct Seeding (ng/well) Readout Wells Notes

02.10. 26 ◦C L2V 20 SPT / diffusion SLB1, SLB2 single-molecule wells
02.10. 26 ◦C L2V 400 bulk intensity SLB1, SLB2 bulk wells
02.10. 26 ◦C pMHC 20 SPT / diffusion / bulk intensity SLB1, SLB2 single-molecule wells / bulk wells

09.10. 26 ◦C L2V 20 SPT / diffusion SLB1, SLB2 single-molecule wells
09.10. 26 ◦C L2V 400 bulk intensity SLB1, SLB2 bulk wells
09.10. 26 ◦C pMHC 10 SPT / diffusion SLB1, SLB2 single-molecule wells
09.10. 26 ◦C pMHC 20 bulk intensity SLB1, SLB2 bulk wells

03.10. 37 ◦C L2V 20 SPT / diffusion SLB1, SLB2 single-molecule wells
03.10. 37 ◦C L2V 400 bulk intensity SLB1, SLB2 bulk wells
03.10. 37 ◦C pMHC 10 SPT / diffusion SLB1, SLB2 single-molecule wells
03.10. 37 ◦C pMHC 20 bulk intensity SLB1, SLB2 bulk wells

10.10. 37 ◦C L2V 20 SPT / diffusion SLB1, SLB2 single-molecule wells
10.10. 37 ◦C L2V 400 bulk intensity SLB1, SLB2 bulk wells
10.10. 37 ◦C pMHC 10 SPT / diffusion SLB1, SLB2 single-molecule wells
10.10. 37 ◦C pMHC 20 bulk intensity SLB1, SLB2 bulk wells

Table 3.1.: Overview of measurement days and well allocation for L2V
and pMHC. Each condition comprised two wells (SLB1 and SLB2).
“SPT/diffusion” denotes single-molecule wells; “bulk intensity” denotes
bulk wells.

Date T Construct Seeding (ng/well) Readout Wells Notes

04.12. 26 ◦C L1V 20 SPT / diffusion SLB1, SLB2 single-molecule wells
04.12. 26 ◦C L1V 400 bulk intensity SLB1, SLB2 bulk wells

02.12. 37 ◦C L1V 20 SPT / diffusion SLB1, SLB2 single-molecule wells
02.12. 37 ◦C L1V 400 bulk intensity SLB1, SLB2 bulk wells

Table 3.2.: Overview of measurement days and well allocation for L1V.
Each condition comprised two wells (SLB1 and SLB2). “SPT/diffusion”
denotes single-molecule wells; “bulk intensity” denotes bulk wells.

3.6.1. Single molecule localization and quantification of
single-molecule brightness

Single-molecule brightness values were determined for each model system. These
values were used (i) to estimate the seeded surface density at t0 from bulk intensity
measurements and (ii) as a quality-control readout to probe potential unresolved
multi-emitter events (e.g., fluorophore aggregation) over time.

Individual molecule localizations were obtained using the sdt-python package
developed by Schrangl [51], which implements the 3D-DAOSTORM algorithm [52].
For each localization, the extracted parameters included the spatial coordinates
(x, y), frame index, spot size (Gaussian standard deviation), peak amplitude, local
background, and the background-corrected integrated intensity.
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To obtain a robust estimate of single-fluorophore brightness ISM for density cal-
culations, brightness was quantified from the last frames of L2V and pMHC image
acquisitions (frames 90-99), where photo bleaching increases the fraction of single-
emitter events. Originally only L2V platforms were used for the experiments, but
single molecule brightness turned out to be hard to determine for L2V platforms, as
each platform carries two fluorophores, while incomplete labeling results in a mix-
ture of platforms with zero, one, or two fluorophores. This leads to different single
molecule brightnesses for each individual localization, as it is not guaranteed, that
only one fluorophore is localized. By using only last frames for analysis, the amount
of doubly labeled platforms should be minimized to estimate single fluorophore-
brightness. This problem motivated the use of single labeled platforms L1V, as they
either present one or no fluorophore (which would not be localized), which leads to
reliable single fluorophore brightness. For L1V frames 0-99 were used, as there was
a low abundance of fluorophores in general visible, and last frames did occasionally
not show any fluorophores.

For time-resolved assessment of aggregation-related brightness changes, mean
single-molecule brightness was computed per well and time point of the corre-
sponding acquisitions using an identical analysis pipeline across all time points.
Brightness-coded diagnostic plots of individual diffusion coefficients (e.g., D ver-
sus track length) were generated per well and time point and are provided in the
Appendix.

3.6.2. Quantification of Fluorophore Diffusion Changes
Because lateral mobility is a functional requirement of APC-mimicking SLBs, diffu-
sion was quantified as a readout of whether membrane-tethered ligands remain dy-
namically accessible over time; in this context, a systematic decrease in D(t) would
be consistent with increasing immobilization (e.g., trapping/aggregation), whereas
stable D(t) indicates preserved mobility over the measurement window.

The acquired single-molecule localizations were linked into trajectories, from which
diffusion coefficients were extracted. Diffusion analysis was performed on the tra-
jectory level, and two complementary readouts were derived: (i) a position-wise
mean diffusion coefficient used for well-wise D(t) traces and regressions, and (ii)
trajectory-pooled mobility-class fractions used for diffusion population trend plots.

The diffusion coefficient for individual trajectories was obtained from mean squared
displacement (MSD) analysis under the assumption of two-dimensional Brownian
motion. For each trajectory, the MSD was calculated as a function of the time lag
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t according to

MSD(t) = ⟨[x(t+∆t) − x(t)]2 + [y(t+∆t) − y(t)]2⟩, (3.1)

where the angular brackets denote averaging over all displacement steps within a
trajectory. The diffusion coefficient D was determined from the initial linear regime
of the MSD curve using the relation

MSD(t) = 4Dt+ 4σxy, (3.2)

where σxy accounts for the localization precision in the lateral plane. To minimize
the influence of localization noise and deviations from ideal Brownian behavior at
longer time lags, D was extracted exclusively from the first two MSD points of each
trajectory. Only trajectories with a minimum track length of three localizations
were included.

Particle linking between consecutive frames was performed using a nearest-neighbor
approach with a maximum allowed displacement (search range) defined in units of
pixels, following standard feature-linking concepts commonly used in particle track-
ing workflows [53]. For DNA origami platforms (L1V and L2V), a search range of
2.5 pixels was used, whereas for pMHC molecules a larger search range of four pixels
was applied to account for their higher lateral mobility.

Trajectory extraction was not performed on the full set of recorded frames. In the
initial frames of each image series, fluorophore surface density was frequently too
high to reliably resolve individual molecules, leading to ambiguous localizations and
trajectory overlap. As fluorophore photobleaching progressively reduced the number
of visible emitters, localization and tracking reliability improved in later frames.
To ensure robust single-molecule tracking, only subsets of frames were therefore
included in the analysis. For DNA origami platforms, trajectories were extracted
starting from frame 10, whereas for pMHC molecules tracking was initiated from
frame 50. These frame-selection criteria were applied consistently across all wells
and measurement time points.

For the well-wise diffusion time traces, trajectories were first grouped by imaged
position within a well at each measurement time point. For each position, a mean
diffusion coefficient was computed by averaging trajectory-wise D values, and the
reported diffusion value D(t) corresponds to the average of these position-wise mean
diffusion coefficients within the well.

In addition, diffusion population trends were quantified by pooling all trajectories
across all imaged positions within a well at a given time point and classifying each
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trajectory into mobility classes based on its diffusion coefficient. For DNA origami
platforms, the class boundaries were defined as D < 0.05 (immobile), 0.05 ≤ D <

0.10, 0.10 ≤ D < 0.20, 0.20 ≤ D < 0.30, 0.30 ≤ D < 0.50, and D ≥ 0.50µm2 s−1

(fast). For pMHC molecules, wider boundaries were used (D < 0.05 (immobile),
0.05 ≤ D < 0.5, 0.5 ≤ D < 1.0, 1.0 ≤ D < 1.5, 1.5 ≤ D < 2.5, and D ≥ 2.5µm2 s−1

(fast)). For each time point, the fraction of trajectories in each mobility class was
computed and its temporal trend was summarized by the slope of a linear regression
(in % per minute).

3.6.3. Quantification of Temporal Fluorescence Intensity
Changes

Because bulk fluorescence intensity scales with the amount of fluorophore present
in the imaging plane, temporal intensity changes were used as a practical proxy
for changes in ligand surface coverage and SLB integrity: under constant acquisi-
tion settings, stable intensity is expected for stable coverage, whereas systematic
decreases are consistent with ligand loss and/or defect formation.

Temporal changes in fluorophore abundance were assessed by analyzing the mean
fluorescence intensity within a bulk region of interest (ROI) as a function of time.
For each image series, a spatially fixed ROI covering the illuminated field of view
was defined. Mean pixel intensities were extracted on a frame-by-frame basis and
subsequently averaged across all frames and imaged positions within a well to obtain
a single mean intensity value per measurement time point.

To account for well-to-well variations in absolute signal levels, fluorescence inten-
sities were normalized to the initial measurement time point according to

Irel(t) =
I(t)
I(t0)

, (3.3)

where I(t) denotes the mean ROI intensity at time t and t0 the first acquired time
point. Each well was treated as an independent experimental unit.

For bulk fluorescence wells, the initial surface density at t0 was estimated from the
bulk intensity and the single-molecule brightness at t0. Specifically, the background-
corrected mean ROI intensity at t0 (denoted Icorr in units of counts per pixel) was
divided by the single-molecule brightness ISMI (counts per signal) and converted
using the pixel area. The resulting surface density ρ was calculated as

ρ


signals
µm2

�
=

Icorr
�

counts
px

�
ISMI

�
counts
signal

�
· 0.162

�
µm2

px

� . (3.4)
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For each well, a linear regression of Irel(t) as a function of time was performed,
and the resulting slope was used as a per-well measure of temporal intensity change.
Temperature-dependent effects were assessed by comparing the distributions of well-
wise regression slopes between conditions using an unpaired two-sided statistical
test.

31



4. Results

This chapter summarizes time-resolved TIRF microscopy measurements of single
fluorescently and double fluorescently labeled membrane-associated DNA origami
platforms (L1V and L2V) and pMHC molecules under 26 ◦C and 37 ◦C. The Results
are organized by readout: (i) lateral mobility from single-molecule tracking (diffusion
coefficients), (ii) bulk fluorescence intensity as a proxy for molecular abundance
and (iii) single-molecule brightness as a quality-control metric to assess potential
unresolved multi-emitter events.

4.1. Temperature dependence of lateral diffusion
Lateral mobility was quantified using diffusion coefficients obtained from single-
molecule tracking. Two complementary diffusion readouts were analyzed: (i) well-
wise mean diffusion coefficients D(t) derived from averages of position-wise mean
trajectory diffusion coefficients, and (ii) trajectory-level diffusion population trends
that report the fraction of trajectories in predefined mobility classes over time. For
each well, temporal trends in D(t) were summarized by the slope of a linear re-
gression against elapsed measurement time. Temperature effects were assessed by
comparing the distributions of well-wise slopes between 26 ◦C and 37 ◦C. Diffusion
results are reported for L2V, L1V, and pMHC in turn.

4.1.1. L2V
Figure 4.1 shows D(t) traces and well-wise regressions for L2V platforms.

At 26 ◦C, diffusion coefficients were stable over time across wells (Fig. 4.1a).
Time-averaged well-wise diffusion values (mean over time points) spanned D ≈ 0.21-
0.26µm2 s−1. Slopes were weakly positive on average (m̄ = 1.27×10−4 µm2 s−1 min−1,
mean, n = 4) and did not differ significantly from zero (t-test: p = 0.110).

At 37 ◦C, diffusion coefficients were higher overall (Fig. 4.1b), with time-averaged
well-wise values (mean over time points) spanning D ≈ 0.34-0.47µm2 s−1. Slopes
were centered near zero (m̄ = 1.83 × 10−5 µm2 s−1 min−1, mean, n = 4, t-test:
p = 0.920), indicating no systematic temporal drift.
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Slope distributions did not differ significantly between temperatures (Welch’s t-
test: p = 0.573). Thus, L2V exhibited higher absolute diffusion at 37 ◦C while
remaining temporally stable at both temperatures.

Mobility-class population trends (Fig. 4.2, Fig. 4.3) showed that the immobile and
fast fractions remained within comparatively narrow ranges but with pronounced
SLB-to-SLB variability. At 26 ◦C, the immobile fraction at t0 ranged from roughly
∼ 8-17% depending on the SLB and exhibited both slight increases and decreases
over time (e.g., m = −0.018± 0.01 to m = 0.024± 0.04%/min, mean ± SEM). The
fast fraction was generally smaller at t0 but could increase substantially in some
wells (e.g., up to m = 0.057±0.03%/min, mean ± SEM). At 37 ◦C, the fast fraction
constituted a substantial part of the trajectory population already at t0 (typically
∼ 17-29%) and showed bilayer-dependent increases or decreases over time (e.g.,
m = −0.058±0.001 tom = 0.10±0.03%/min, mean ± SEM). The immobile fraction
remained comparatively small (approximately ∼ 5-9%) and likewise displayed SLB-
dependent temporal trends. Overall, while mean D(t) was stable, trajectory-level
mobility composition could shift substantially in a bilayer-dependent manner.

(a) 26 ◦C (b) 37 ◦C

Figure 4.1.: Absolute diffusion coefficients D(t) for L2V DNA origami plat-
forms at 26 ◦C and 37 ◦C. Solid lines indicate well-wise linear regres-
sions.
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(a) SLB 1, 02/10 (b) SLB 2, 02/10

(c) SLB 1, 09/10 (d) SLB 2, 09/10

Figure 4.2.: Trajectory-level mobility-class population fractions for L2V at
26 ◦C across all supported lipid bilayers. Fractions were computed
from all trajectories (all positions) at each measurement time point.
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(a) SLB 1, 03/10 (b) SLB 2, 03/10

(c) SLB 1, 10/10 (d) SLB 2, 10/10

Figure 4.3.: Trajectory-level mobility-class population fractions for L2V at
37 ◦C across all supported lipid bilayers. Fractions were computed
from all trajectories (all positions) at each measurement time point.

4.1.2. L1V
Figure 4.4 shows D(t) traces and well-wise regressions for L1V platforms.

At 26 ◦C, diffusion coefficients showed a small but consistent increase over time
(Fig. 4.4a). Time-averaged well-wise diffusion values (mean ± SEM over time
points) were D = 0.440 ± 0.016 and 0.431 ± 0.022µm2 s−1 (overall mean = 0.435 ±
0.005µm2 s−1). The mean well-wise slope was m̄ = 4.09 × 10−4 µm2 s−1 min−1 and
differed significantly from zero (t-test: p = 0.013, n = 2).

At 37 ◦C, diffusion coefficients were more heterogeneous across wells (Fig. 4.4b).
Time-averaged well-wise diffusion values (mean ± SEM over time points) were D =
0.398 ± 0.014 and 0.553 ± 0.131µm2 s−1 (overall mean = 0.476 ± 0.077µm2 s−1).
Slopes were positive on average (m̄ = 1.38 × 10−3 µm2 s−1 min−1) but did not differ
significantly from zero (p = 0.507, n = 2).

Well-wise slope distributions did not differ significantly between temperatures
(Welch’s t-test: p = 0.616). Thus, absolute diffusion was comparable across temper-
atures, while temporal changes in mean D(t) remained weak overall, with increased
well-to-well variability at 37 ◦C.
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Mobility-class population trends (Fig. 4.5, Fig. 4.6) showed that the immobile
fraction (D < 0.05µm2 s−1) was low at both temperatures (on the order of a few
percent). At 26 ◦C, the immobile fraction decreased slightly over time in both SLBs
(SLB1: m = −0.0082 ± 0.005; SLB2: m = −0.0074 ± 0.008%/min, mean ± SEM),
while the fast fraction (D > 0.50µm2 s−1) increased in both SLBs (SLB1: m =
0.055 ± 0.03; SLB2: m = 0.072 ± 0.03%/min, mean ± SEM). At 37 ◦C, population
trends diverged between SLBs: in SLB1, both immobile and fast fractions changed
only weakly (immobile: m = 0.0084 ± 0.03; fast: m = 0.0045 ± 0.05%/min, mean
± SEM), whereas in SLB2 the immobile fraction decreased (SLB2: m = −0.027 ±
0.01%/min) and the fast fraction increased strongly (SLB2: m = 0.13± 0.2%/min).
Overall, population-level mobility composition revealed higher well-to-well variabil-
ity at 37 ◦C, ranging from nearly stable immobile/fast fractions (SLB1) to a pro-
nounced shift towards the fast fraction (SLB2).

(a) 26 ◦C (b) 37 ◦C

Figure 4.4.: Absolute diffusion coefficients D(t) for L1V DNA origami plat-
forms at 26 ◦C and 37 ◦C. Solid lines indicate well-wise linear regres-
sions.

(a) SLB 1, 04/12 (b) SLB 2, 04/12

Figure 4.5.: Diffusion population trends of L1V at 26 ◦C across all supported lipid
bilayers.
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(a) SLB 1, 02/12 (b) SLB 2, 02/12

Figure 4.6.: Diffusion population trends of L1V at 37 ◦C across all supported lipid
bilayers.

4.1.3. pMHC
Figure 4.7 shows D(t) traces and well-wise regressions for pMHC.

At 26 ◦C, diffusion coefficients were stable over time and narrowly distributed
across wells (Fig. 4.7a). Mean well-wise diffusion values ranged from 1.23 to 1.31µm2 s−1

(overall mean ±SEM = 1.27 ± 0.02µm2 s−1). Slopes were small and positive on
average (m̄ = 3.64 × 10−4 µm2 s−1 min−1) and not significantly different from zero
(p = 0.313, n = 4).

At 37 ◦C, diffusion coefficients were higher (Fig. 4.7b), with mean well-wise values
around 1.77-1.78µm2 s−1 (overall mean ±SEM = 1.78± 0.01µm2 s−1). Slopes were
centered near zero (m̄ = 1.43 × 10−4 µm2 s−1 min−1, p = 0.911, n = 4), indicating
no systematic temporal drift.

Slope distributions did not differ significantly between temperatures (Welch’s t-
test: p = 0.865). Thus, pMHC exhibited consistently higher absolute diffusion at
37 ◦C while remaining temporally stable at both temperatures.

Mobility-class population trends (Fig. 4.8, Fig. 4.9) showed that the immobile
fraction was consistently small across all wells (roughly ∼ 1-4%). At 26 ◦C, immobile
trajectories were mostly stable to slightly increasing (e.g., m = 0.00077 ± 0.004 to
0.017 ± 0.01%/min), while the fast fraction remained low (typically ∼ 3-7%) and
changed only weakly, with one well showing a decrease (m = −0.014± 0.01%/min).
At 37 ◦C, the immobile fraction remained comparably small but exhibited both
weak increases and decreases depending on the well (e.g., m = −0.013 ± 0.002 to
0.017± 0.007%/min). In contrast, the fast fraction was substantially larger at 37 ◦C
(roughly ∼ 8-21%) and showed pronounced well-to-well variability, including clear
increases in some wells (m = 0.027 ± 0.02 and 0.074 ± 0.001%/min) and decreases
in others (m = −0.053 ± 0.07 and −0.048%/min).
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(a) 26 ◦C (b) 37 ◦C

Figure 4.7.: Absolute diffusion coefficients D(t) for pMHC molecules at
26 ◦C and 37 ◦C. Solid lines indicate well-wise linear regressions.

(a) SLB 1, 02/10 (b) SLB 2, 02/10

(c) SLB 1, 09/10 (d) SLB 2, 09/10

Figure 4.8.: Diffusion population trends of pMHC at 26 ◦C across all supported lipid
bilayers.
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(a) SLB 1, 03/10 (b) SLB 2, 03/10

(c) SLB 1, 10/10 (d) SLB 2, 10/10

Figure 4.9.: Diffusion population trends of pMHC at 37 ◦C across all supported lipid
bilayers.

4.2. Temporal stability of intensity
Temporal stability of membrane-associated fluorophores was assessed from mean
bulk fluorescence intensities. Intensities were normalized to the initial time point,
and temporal trends were summarized per well by the slope of a linear regression of
Irel(t) versus elapsed measurement time. To relate bulk signals to approximate sur-
face coverage, an initial surface density estimate ρ(t0) was calculated for each well
from the ratio of background-corrected bulk intensity at t0 to the corresponding
single-molecule brightness (Eq. 3.4). Temperature effects were evaluated by com-
paring the distributions of well-wise slopes between 26 ◦C and 37 ◦C (Welch’s t-test).
Exemplary fluorescence microscopy images are shown in Fig. 4.10.
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(a) 60 min after washing (t0) (b) 130 min after washing (t1)

(c) 180 min after washing (t2) (d) 240 min after washing (t3)

Figure 4.10.: Pictures of SLB2 seeded with 400 ng L2V at 37 ◦C over time
on 10.10.2025. Each panel shows the first frame of position 1 in the
well. Brightness and contrast were adjusted identically across panels
for visualization only; quantitative intensity analysis was performed on
unadjusted pixel values within the defined ROI.

4.2.1. L2V
Figure 4.11 shows Irel(t) and well-wise regressions for L2V platforms.

At 26 ◦C, initial seeded surface densities ranged from 22.0 to 64.0molecules/µm2,
with ρ̄(t0) = 43.1 ± 8.64molecules/µm2 (mean ± SEM, n = 4). Normalized in-
tensity decreased consistently across wells (Fig. 4.11a), yielding a mean slope of
m̄ = −1.40 × 10−3 min−1 that differed from zero (p = 0.017).
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At 37 ◦C, initial densities showed a broader spread (14.2-55.8molecules/µm2;
ρ̄(t0) = 36.5 ± 9.2molecules/µm2, n = 4). Intensity traces exhibited a negative
trend on average but varied substantially between wells (Fig. 4.11b); accordingly,
the mean slope (m̄ = −1.18 × 10−3 min−1) was not significantly different from zero
(p = 0.369).

Well-wise slopes did not differ significantly between temperatures (Welch’s t-test:
p = 0.863). Thus, while intensity loss was robust at 26 ◦C, the data do not indicate
a clear temperature dependence of the decay rate.

(a) 26 ◦C (b) 37 ◦C

Figure 4.11.: Normalized bulk fluorescence intensity Irel(t) for L2V DNA
origami platforms at 26 ◦C and 37 ◦C. Dashed lines indicate the
mean well-wise regression slope per temperature condition.

4.2.2. L1V
Figure 4.12 summarizes Irel(t) traces for L1V platforms.

At 26 ◦C, initial seeded surface densities ranged from 19.7 to 22.5molecules/µm2,
yielding ρ̄(t0) = 21.1 ± 1.4molecules/µm2 (mean ± SEM, n = 2). Normalized
intensity showed only a weak negative trend (Fig. 4.12a), with a mean slope of
m̄ = −3.35 × 10−4 min−1 that did not differ from zero (p = 0.51).

At 37 ◦C, initial densities ranged from 13.5 to 24.6molecules/µm2, with ρ̄(t0) =
19.1 ± 5.6molecules/µm2 (n = 2). No consistent temporal trend was observed
across wells (Fig. 4.12b); the mean slope was m̄ = −8.30 × 10−4 min−1 and was not
significant (p = 0.65).

Slope distributions did not differ significantly between temperatures (Welch’s t-
test: p = 0.78). Overall, L1V bulk fluorescence remained stable within the measure-
ment variability and sample size.
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(a) 26 ◦C (b) 37 ◦C

Figure 4.12.: Normalized bulk fluorescence intensity Irel(t) for L1V DNA
origami platforms at 26 ◦C and 37 ◦C. Dashed lines indicate the
mean well-wise regression slope per temperature condition.

4.2.3. pMHC
Figure 4.13 shows Irel(t) traces and well-wise regressions for pMHC.

At 26 ◦C, initial seeded surface densities ranged from 6.1 to 84.1molecules/µm2,
with ρ̄(t0) = 31.4 ± 18.1molecules/µm2 (mean ± SEM, n = 4). Normalized in-
tensity decreased consistently across wells (Fig. 4.13a), yielding a mean slope of
m̄ = −1.15 × 10−3 min−1 that differed from zero (p = 0.015).

At 37 ◦C, initial surface densities ranged from 2.6 to 22.2molecules/µm2, with
ρ̄(t0) = 11.6 ± 4.9molecules/µm2 (n = 4). A negative trend was observed on
average but varied between wells (Fig. 4.13b); correspondingly, the mean slope (m̄ =
−8.73 × 10−4 min−1) was not significant (p = 0.193).

Slope distributions did not differ significantly between temperatures (Welch’s
t-test: p = 0.653). Thus, while pMHC intensity loss was robust at 26 ◦C, a
temperature-dependent difference in decay rate was not supported by the data.
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(a) 26 ◦C (b) 37 ◦C

Figure 4.13.: Normalized bulk fluorescence intensity Irel(t) for pMHC
molecules at 26 ◦C and 37 ◦C. Dashed lines indicate the correspond-
ing well-wise linear regression.

4.3. Temporal trends in single-molecule brightness
Single-molecule (SM) brightness was used as a quality-control readout to probe po-
tential unresolved multi-emitter contributions in the localization data. Mean SM
brightness ISM was evaluated per well and time point from localization intensi-
ties, and temporal trends were summarized by well-wise linear regression slopes.
Temperature-dependent effects were assessed by comparing slope distributions be-
tween 26 ◦C and 37 ◦C. Results are reported for L2V, L1V, and pMHC in turn, while
detailed brightness-coded diagnostic plots are provided in the Appendix. Exemplary
fluorescence microscopy images are shown in Fig. 4.14.
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(a) 40 min after washing (t0) (b) 110 min after washing (t1)

(c) 180 min after washing (t2) (d) 250 min after washing (t3)

Figure 4.14.: Pictures of SLB1 seeded with 20 ng L2V at 26 ◦C over time
on 09.10.2025. Each panel shows the first frame of position 1 in the
well. Brightness and contrast were adjusted identically across panels
for visualization only; quantitative intensity analysis was performed on
unadjusted pixel values within the defined ROI.

4.3.1. L2V
Figure 4.15 shows the temporal evolution of mean single-molecule brightness ISM for
L2V platforms at 26 ◦C and 37 ◦C together with well-wise linear regressions. In Tab.
A.1 and Tab. A.4 mean single-molecule brightness values for each timepoint can be
seen.

At 26 ◦C, absolute mean brightness levels differed substantially between wells
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(Fig. 4.15a). However, the well-wise temporal slopes were small, with the ex-
ception of SLB1 at the 9.10.2025, which had a highly negative slope of m =
−8.759 a.u.min−1, and individual mean brightnesses ranging from 4176.45−8969.88 a.u.
(see Tab. A.1). The timecourse can be seen in Figure 4.15a. Individual slopes
ranged from m = −8.759 to 2.126 a.u.min−1 (mean m̄ = −1.925305 a.u.min−1).

At 37 ◦C, mean brightness values were overall lower than at 26 ◦C (Fig. 4.15b)
and well-wise slopes were mixed but centered near zero, ranging from m = −10.37
to 3.71 a.u.min−1 (mean m̄ = −4.20 a.u.min−1).

Overall, L2V measurements showed no systematic increase in mean SM brightness
over time at either temperature.

(a) 26 ◦C (b) 37 ◦C

Figure 4.15.: Mean single molecule brightness ISM of L2V DNA origami
platforms at 26 ◦C and 37 ◦C. Solid lines indicate well-wise linear
regressions.

4.3.2. L1V
Figure 4.16 shows the temporal evolution of mean single-molecule brightness ISM for
L1V platforms at 26 ◦C and 37 ◦C together with well-wise linear regressions. In Tab.
A.2 and Tab. A.5 mean single-molecule brightness values for each timepoint can be
seen.

At 26 ◦C, mean SM brightness values were in the range of ∼ 8× 103-1.1× 104 a.u.
and showed a slight increase over time in both wells (see table A.2 and Fig. 4.16a).
The corresponding well-wise slopes were ranging from m = 0.23 to 0.97 a.u.min−1

(mean m̄ = 0.60 a.u.min−1).
At 37 ◦C, mean SM brightness values were markedly lower (approximately ∼ 1.5×

103-2.2×103 a.u.; table A.5) and remained stable over time (see Fig. 4.16b). Well-
wise slopes were close to zero, ranging from m = −1.34 to 0.059 a.u.min−1 (mean
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m̄ = −0.64 a.u.min−1).
Overall, L1V platforms showed no systematic increase in mean SM brightness

over time at either temperature.

(a) 26 ◦C (b) 37 ◦C

Figure 4.16.: Mean single molecule brightness ISM of L1V DNA origami
platforms at 26 ◦C and 37 ◦C. Solid lines indicate well-wise linear
regressions.

4.3.3. pMHC
Figure 4.17 shows the temporal evolution of mean single-molecule brightness ISM for
pMHC at 26 ◦C and 37 ◦C together with well-wise linear regressions.

At 26 ◦C, mean SM brightness values were in the range of approximately ∼ 3.6×
103-5.5 × 103 a.u. (Fig. 4.17a). Well-wise slopes were small and not consistently
positive, ranging from m = −2.27 to 2.95 a.u.min−1 (mean m̄ = 0.05 a.u.min−1).
Within this dataset, the two 20 ng wells (02/10) showed weakly negative slopes,
whereas the two 10 ng wells (09/10) showed weakly positive slopes.

At 37 ◦C, mean SM brightness values spanned approximately ∼ 2.1 × 103-4.7 ×
103 a.u. (Fig. 4.17b) and temporal slopes were mixed with larger magnitude. Slopes
ranged from m = −12.21 to 11.03 a.u.min−1 (mean m̄ = 1.26 a.u.min−1). Thus,
while individual wells exhibited noticeable increases or decreases in ISM at 37 ◦C, no
consistent upward trend was observed across wells.

Overall, pMHC measurements showed no systematic increase in mean SM bright-
ness over time at either temperature.
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(a) 26 ◦C (b) 37 ◦C

Figure 4.17.: Mean single molecule brightness ISM of pMHC at 26 ◦C and
37 ◦C. Solid lines indicate well-wise linear regressions.
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5. Discussion

SLB-based, APC-mimicking membrane model systems were examined with respect
to their stability over time and as a function of temperature. Since these models
are intended for studying T cell activation, they must remain stable and be able to
present membrane tethered ligands with sufficient mobility throughout extended ex-
periments conducted at physiological temperatures. The objective of this thesis was
to assess bilayer stability under two distinct temperature conditions and temporal
mobility of various ligands used to functionalize the SLBs.

5.1. Surface Density of Ligands
Because downstream T cell activation assays rely on defined ligand surface densi-
ties, it is important to assess how stable membrane-decorated SLBs remain over the
relevant experimental timescales [5]. In this study, stability of surface presentation
was evaluated by monitoring fluorescently labeled ligands on SLBs over time under
constant acquisition settings. Bulk fluorescence intensity was used as a practical
proxy for ligand surface coverage: stable intensities indicate preserved ligand den-
sity, whereas systematic changes are consistent with ligand loss, defect formation
that reduces the fluorescent area, and/or redistribution within the analyzed region.
Intensity trends are therefore interpreted as readouts of functional ligand persistence
and are considered alongside diffusion measurements.

5.1.1. L2V
At 26 ◦C, L2V platforms showed a small but consistent decay in bulk fluorescence
intensity over time (Section 4.2.1), compatible with gradual ligand loss and/or minor
defect formation that reduces the fluorescent area. At 37 ◦C, intensity trends were
more heterogeneous and did not indicate a systematic acceleration of ligand detach-
ment or bilayer destabilization. Overall, the absence of a clear temperature depen-
dence together with pronounced well-to-well variability suggests that preparation-
specific factors can dominate the bulk intensity readout.
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5.1.2. L1V
At 26 ◦C, L1V platforms exhibited stable bulk fluorescence intensity over time (Sec-
tion 4.2.2), consistent with preserved ligand surface coverage and no substantial
defect formation within the observation window. At 37 ◦C, wells showed opposing
intensity trends, resulting in no consistent group-level change. Similar to L2V, this
pattern argues against a robust temperature-driven increase in ligand loss between
26 ◦C and 37 ◦C and highlights the contribution of well-specific variability.

5.1.3. pMHC
At 26 ◦C, pMHC-coated SLBs displayed a consistent decrease in bulk fluorescence
intensity over time (Section 4.2.3), indicating a small net loss of surface-associated
fluorescence within the measurement window. At 37 ◦C, intensity trends were hetero-
geneous across wells and did not reveal a systematic temperature-dependent change
in mean intensity behavior. Thus, the present data do not support a temperature-
driven acceleration of pMHC detachment or defect formation between 26 ◦C and
37 ◦C, while emphasizing preparation-dependent variability at elevated temperature.

A stronger temperature dependence has been reported for I-Ek pMHC, with faster
density loss at 37 ◦C than at 21 ◦C in HBSS imaging buffer [9]. Differences in pMHC
construct, anchoring strategy, buffer composition, and the smaller temperature in-
terval tested here provide plausible explanations for the differing sensitivity and un-
derline the importance of standardized conditions when comparing stability across
studies.

5.2. Lateral mobility and functional presentation
Besides stable ligand surface densities, SLBs must preserve lateral mobility to re-
main functionally relevant for T cell activation assays. As outlined in Section 3.6.2,
diffusion facilitates receptor-ligand encounters and supports dynamic reorganization
during synapse formation [25], [46], [47]. In the broader project context, SPT-derived
diffusion coefficients therefore serve as a practical readout of whether ligands are
presented in a mobile, APC-mimicking manner and are interpreted alongside the
intensity-based stability analysis (Section 5.1).

5.2.1. L2V
L2V platforms remained laterally mobile at both temperatures and showed the ex-
pected increase in absolute diffusion at 37 ◦C (Fig. 4.1). Mean D(t) exhibited no
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systematic temporal drift, arguing against progressive immobilization within the
observation window. At the population level, however, the relative abundance of
immobile and fast trajectories varied substantially between SLBs (Figs. 4.2 and 4.3),
indicating bilayer- and day-dependent redistribution of mobility states. Overall,
temperature primarily shifted absolute mobility, whereas the mobility-class compo-
sition was dominated by preparation-specific variability.

5.2.2. L1V
L1V platforms exhibited robust mobility under both temperature conditions (Fig. 4.4)
without evidence for time-dependent immobilization. At 26 ◦C, diffusion increased
slightly over time, consistent with a modest redistribution towards faster trajectories
while the immobile fraction remained low. At 37 ◦C, absolute diffusion was com-
parable overall but showed pronounced well-to-well variability, ranging from largely
stable mobility-class fractions to a strong shift towards fast trajectories (Fig. 4.6).
Thus, as for L2V, preparation-specific factors can strongly affect population-level
mobility features, particularly at elevated temperature.

5.2.3. pMHC
pMHC molecules displayed high mobility and temporal stability at both temper-
atures, with consistently higher absolute diffusion at 37 ◦C (Fig. 4.7). Mean D(t)
showed no systematic drift, and the immobile fraction remained small across condi-
tions, indicating predominantly mobile presentation over the investigated timescales.
At 37 ◦C, the fast fraction was larger but varied between SLBs, again highlighting
preparation-dependent redistribution of mobility states. In contrast to the observa-
tions reported by Gaugutz, no pronounced time-dependent increase of an immobile
pMHC fraction consistent with substantial aggregation was detected within the sen-
sitivity of the present analysis [9].

5.3. Integrated interpretation of surface presentation
and mobility

Taken together, the intensity- and diffusion-based readouts suggest that, within the
investigated time window, the dominant stability limitation is not a progressive loss
of lateral mobility but rather preparation-dependent changes in effective surface
coverage. For L2V and pMHC, diffusion remained stable while bulk fluorescence
intensity decreased at 26 ◦C, which is more consistent with net ligand loss and/or
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defect-related loss of fluorescent area than with gradual immobilization. L1V showed
stable intensity and robust mobility, indicating a comparatively resilient presentation
under the tested conditions. Across all ligand types, the increased heterogeneity at
37 ◦C points to well- and day-specific factors as major contributors, emphasizing the
need for standardized preparation and sufficient replicate numbers when relating
SLB readouts to downstream activation thresholds.

5.4. Methodological considerations and quality
control

5.4.1. Quality control: single-molecule brightness
Single-molecule brightness was evaluated as a quality-control metric to assess whether
unresolved multi-emitter contributions could systematically bias the localization-
based analysis. Across L2V, pMHC, no condition showed a consistent time-dependent
increase in mean single-molecule brightness across all wells at either 26 ◦C or 37 ◦C
(Section 4.3). L1V platforms showed a minimal increase in single molecule bright-
ness over time at 26 ◦C, which is more likely explained by fluctuations than actual
aggregation of molecules and was not visible at 37 ◦C. This argues against a dom-
inant temperature-driven aggregation process that would manifest as progressively
increasing apparent per-localization brightness. Accordingly, the diffusion and inten-
sity trends are interpreted primarily in terms of changes in lateral dynamics and/or
ligand surface coverage rather than systematic fluorophore clustering effects.

In practice, mean single-molecule brightness fluctuated noticeably in several data-
sets (see Section A.3), most prominently for L2V at 26 ◦C (Tab. A.1). For L2V,
construct-specific factors can additionally contribute to apparent brightness vari-
ability: platforms nominally carry two fluorophores, and despite using late frames
to bias toward single-emitter conditions (Section 3.6.1), residual multi-emitter con-
tributions cannot be excluded in all datasets. Because the fluorophores are in close
proximity, two remaining emitters can contribute within one diffraction-limited spot
and be recorded as a single localization with elevated apparent brightness.

5.4.2. Excitation stability and normalization of intensity trends
A key technical contributor to brightness and bulk-intensity variability is fluctua-
tion of the effective excitation power density at the sample plane. In fluorescence
microscopy, measured signal levels depend directly on illumination conditions; thus,
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changes in excitation power can translate into changes in measured fluorescence in-
tensity [54]. Day-to-day differences in absolute single-molecule brightness despite
identical nominal laser attenuation (e.g., L2V at 26 ◦C; Tab. A.1) are consistent
with variations in effective excitation conditions (e.g., coupling/alignment or opti-
cal stability), which were not systematically monitored for all datasets. Measuring
laser power (or power density at the sample) before and after each imaging run
would therefore be preferable to document drift; in the present work, this was only
implemented for the L1V measurements.

To reduce sensitivity to session-to-session fluctuations in absolute fluorescence
levels and enable comparison across different days, bulk fluorescence time courses
were analyzed in normalized form, Irel(t) = I(t)/I(t0), i.e., normalized to the initial
value at t0. This approach emphasizes relative temporal changes within each mea-
surement series that are more plausibly attributable to ligand loss, defect formation,
or redistribution.

5.4.3. Determination of ligand surface densities
In principle, ligand surface densities can be inferred from quantitative fluorescence
microscopy by mapping measured intensities to fluorophore densities under con-
sistent acquisition settings and by comparison to appropriate standards [48]. In
this work, surface densities at a given time point could be estimated by divid-
ing background-corrected bulk fluorescence intensities by the corresponding single-
molecule brightness according to Eq. 3.4. However, because single-molecule bright-
ness varied substantially over time and between sessions (Section 5.4.1)-and because
residual multi-emitter contributions cannot be fully excluded for L2V-density time
courses, surface densities (ρ(t)) would be sensitive to fluctuations in the brightness
scale and could not be interpreted unambiguously as true ligand loss. Therefore, the
stability analysis focuses on normalized bulk intensity trends as a practical proxy
for relative changes in ligand surface coverage.

5.4.4. Verification of sample temperature
Because temperature is a key control parameter in this study, the effective sam-
ple temperature was monitored during imaging and is reported in the Appendix
(Fig. A.1 and Fig. A.2). For the L2V and pMHC experiments, the temperature
on 02.10. remained close to 26 ◦C throughout the measurement (aside from a brief
deviation), whereas on 09.10. the sample was effectively closer to 27 ◦C with small
fluctuations. Likewise, on 03.10. and 10.10. the effective high-temperature condition
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was closer to 38 ◦C rather than 37 ◦C. For the L1V experiments, manually recorded
checkpoints indicated temperatures of approximately 26 ◦C on 04.12. and around
36 ◦C on 02.12.

Transient deviations can arise from sample handling (e.g., during reapplication
of immersion oil and subsequent mounting) and during the initial warm-up and
equilibration phase after placing the sample on the microscope. Moreover, precise
temperature control with the Tokai-HIT setup was practically challenging because
the sample temperature depends on several individual heating elements that must be
tuned jointly; even after setting the controller, the system required additional time to
reach a stable equilibrium at the sample plane. Therefore, small deviations between
nominal setpoints and effective sample temperatures cannot be fully excluded and
may contribute to variability, particularly when interpreting subtle temperature-
dependent effects.
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6. Conclusion & Outlook

6.1. Conclusion
This thesis evaluated SLB-based, APC-mimicking membrane model systems with
respect to their suitability for extended T cell activation assays, focusing on the
functional persistence of ligand presentation over time and under elevated temper-
ature conditions. The investigated membrane systems consisted of supported lipid
bilayers composed of 98% POPC and 2% Ni-DGS-NTA lipids, which enable the at-
tachment of membrane-tethered ligands while preserving lateral membrane fluidity.
In this framework, pMHC molecules were anchored to the bilayer via a polyhistidine
tag interacting with Ni-DGS-NTA lipids, whereas DNA origami nanostructures were
tethered through cholesterol modifications.

Experiments were performed at 26 ◦C and 37 ◦C in 1× DPBS buffer, or in 1×
DPBS supplemented with 10mM MgCl2 for DNA origami samples. Temporal sta-
bility was assessed over observation windows of approximately 120-200 minutes fol-
lowing washing of the SLBs, during which typically three to four measurements were
acquired per bilayer.

Across the investigated test systems (L2V and L1V DNA origami platforms, and
pMHC), the combined readouts indicate that ligand presentation remains largely
stable over the relevant experimental timescales. Bulk fluorescence intensities did
not show evidence for rapid or systematic loss of surface coverage, indicating that lig-
and densities remained largely preserved during the observation period. At the same
time, single-particle tracking analysis demonstrated that diffusion coefficients re-
mained stable over time, confirming sustained lateral mobility of membrane-tethered
ligands without signs of progressive immobilization. In addition, the single-molecule
brightness analysis did not reveal consistent time-dependent increases across wells
or temperatures, providing no indication for a systematic build-up of aggregated or
unresolved multi-emitter populations within the sensitivity of the present approach.

Conceptually, these findings support the use of the tested SLB-functionalization
strategies as stable and mobile ligand display modules in longer-duration assays. The
preservation of ligand mobility and the absence of rapid loss of surface coverage indi-
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cate that the investigated SLB-based membrane systems provide sufficiently robust
and temporally stable ligand presentation over experimentally relevant timescales.
This temporal robustness supports their suitability as standardized platforms for T
cell activation assays, where controlled surface densities and sustained lateral mo-
bility are essential for probing activation thresholds and the dynamic organization
of receptor–ligand interactions at the T cell interface.

6.2. Outlook
While the overall picture is consistent with stable and mobile ligand presentation,
three limitations constrain the interpretation of subtle temperature-dependent ef-
fects in the present dataset. First, effective sample temperatures deviated from
nominal setpoints on some measurement days and can fluctuate during handling
and equilibration, complicating a strict comparison between “26 ◦C” and “37 ◦C”
conditions. Second, day-to-day variability in excitation conditions can affect abso-
lute fluorescence and brightness levels even under identical nominal settings, moti-
vating normalized analysis of fluorescence time courses and emphasizing the value
of routine laser power measurements at the sample plane. Third, replicate num-
bers were limited for some conditions, increasing sensitivity to preparation-specific
outliers and reducing statistical power to detect small systematic trends.

Future work should therefore focus on increasing replicate numbers and strength-
ening experimental control and documentation of key boundary conditions. In par-
ticular, continuous temperature logging across all datasets and pre-/post-imaging
laser power measurements would improve comparability between sessions and tem-
perature conditions. With these controls in place, follow-up experiments could more
sensitively test for small temperature effects on ligand persistence, and refine assay
workflows to maximize reproducibility of ligand surface densities and mobility for
physiological-temperature T cell activation studies.
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A. Supplementary Material

A.1. Temperature Plots

(a) (b)

(c) (d)

Figure A.1.: Sample temperatures measured for the experiments with L2V
and pMHC. Temperatures were measured every five seconds by Tokai-
HIT.
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(a) (b)

Figure A.2.: Sample temperatures measured for the experiments with L1V.
Temperatures were manually measured before every imaging datapoint.

A.2. Laser Power Plots

(a) (b)

Figure A.3.: Surface power density of laser light in relation to the attenuation at the
02.12.2025.
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(a) (b)

Figure A.4.: Surface power density of laser light in relation to the attenuation at the
04.12.2025.

A.3. Mean Single-Molecule Brightness Tables

A.3.1. 26 Degrees
L2V

Date Frames imaged positions Well Seeding tn
∆t

(min)

Mean
brightness

(a.u.)

SEM
(a.u.)

Mean
background

(a.u.)

02.10 90-99 10 SLB1 20ng t0 120 3530.36 216.46 258.89
02.10 90-99 10 SLB1 20ng t1 190 2921.92 124.24 257.77
02.10 90-99 10 SLB1 20ng t2 250 3543.02 671.43 254.36
02.10 90-99 10 SLB2 20ng t0 120 3526.22 185.61 261.54
02.10 90-99 10 SLB2 20ng t1 190 2948.98 108.68 264.85
02.10 90-99 10 SLB2 20ng t2 250 3840.80 97.63 263.73
09.10 90-99 10 SLB1 20ng t0 40 7642.22 1078.36 290.10
09.10 90-99 10 SLB1 20ng t1 110 4703.53 1075.29 274.35
09.10 90-99 10 SLB1 20ng t2 180 8969.88 478.51 268.18
09.10 90-99 10 SLB1 20ng t3 250 4176.45 1399.36 291.71
09.10 90-99 10 SLB2 20ng t0 50 7329.93 874.97 288.01
09.10 90-99 10 SLB2 20ng t1 110 6469.31 523.51 287.64
09.10 90-99 10 SLB2 20ng t2 180 7401.35 615.69 284.34
09.10 90-99 10 SLB2 20ng t3 250 6789.89 891.80 288.60

Table A.1.: Mean single-molecule brightness values for L2V at 26 ◦C. Values
are reported as mean ± SEM across localizations per time point. ∆t
is reported since last wash. Background denotes the mean local back-
ground intensity extracted per localization.
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L1V

Date Frames imaged positions Well Seeding tn
∆t

(min)

Mean
brightness

(a.u.)

SEM
(a.u.)

Mean
background

(a.u.)

04.12 0-99 10 SLB1 20ng t0 100 10701.10 320.94 316.24
04.12 0-99 10 SLB1 20ng t1 160 9757.14 209.85 319.34
04.12 0-99 10 SLB1 20ng t2 220 8074.19 72.37 327.04
04.12 0-99 10 SLB1 20ng t3 280 11456.81 170.16 296.94
04.12 0-99 10 SLB2 20ng t0 100 8512.36 198.89 328.73
04.12 0-99 10 SLB2 20ng t1 170 11300.72 396.42 300.10
04.12 0-99 10 SLB2 20ng t2 220 9765.63 111.46 313.93
04.12 0-99 10 SLB2 20ng t3 280 8881.86 473.90 323.17

Table A.2.: Mean single-molecule brightness values for L1V at 26 ◦C. Values
are reported as mean ± SEM across localizations per time point. ∆t
is reported since last wash. Background denotes the mean local back-
ground intensity extracted per localization.

pMHC

Date Frames imaged positions Well Seeding tn
∆t

(min)

Mean
brightness

(a.u.)

SEM
(a.u.)

Mean
background

(a.u.)

02.10 90-99 10 SLB1 20ng t0 130 3829.88 78.31 277.74
02.10 90-99 10 SLB1 20ng t1 210 3656.29 64.36 273.92
02.10 90-99 10 SLB1 20ng t2 260 3727.77 242.14 276.31
02.10 90-99 10 SLB2 20ng t0 130 4115.98 125.85 271.31
02.10 90-99 10 SLB2 20ng t1 210 3622.79 121.87 270.26
02.10 90-99 10 SLB2 20ng t2 260 3872.92 70.60 266.23
09.10 90-99 10 SLB1 10ng t0 60 4286.73 710.17 287.21
09.10 90-99 10 SLB1 10ng t1 120 5199.05 736.03 278.04
09.10 90-99 10 SLB1 10ng t2 190 4246.61 413.69 281.28
09.10 90-99 10 SLB1 10ng t3 260 5280.72 528.81 281.78
09.10 90-99 10 SLB2 10ng t0 60 4550.64 458.51 288.99
09.10 90-99 10 SLB2 10ng t1 120 5473.61 383.34 283.61
09.10 90-99 10 SLB2 10ng t2 190 5444.89 503.71 280.98
09.10 90-99 10 SLB2 10ng t3 270 4738.71 344.02 292.36

Table A.3.: Mean single-molecule brightness values for pMHC at 26 ◦C. Val-
ues are reported as mean ± SEM across localizations per time point. ∆t
is reported since last wash. Background denotes the mean local back-
ground intensity extracted per localization.
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A.3.2. 37 Degrees
L2V

Date Frames imaged positions Well Seeding tn
∆t

(min)

Mean
brightness

(a.u.)

SEM
(a.u.)

Mean
background

(a.u.)

03.10 90-99 10 SLB1 20ng t0 50 2592.00 191.72 257.28
03.10 90-99 10 SLB1 20ng t1 100 2669.05 178.09 260.51
03.10 90-99 10 SLB1 20ng t2 160 1787.34 83.07 259.13
03.10 90-99 10 SLB2 20ng t0 50 3146.22 286.74 257.95
03.10 90-99 10 SLB2 20ng t1 100 2843.45 98.06 257.64
03.10 90-99 10 SLB2 20ng t2 160 2018.27 79.00 257.75
10.10 90-99 10 SLB1 20ng t0 70 2636.43 544.49 274.05
10.10 90-99 10 SLB1 20ng t1 130 2358.89 281.84 271.88
10.10 90-99 10 SLB1 20ng t2 180 2711.14 624.66 267.02
10.10 90-99 10 SLB1 20ng t3 240 3217.28 1037.12 269.22
10.10 90-99 10 SLB2 20ng t0 80 2948.29 402.94 275.06
10.10 90-99 10 SLB2 20ng t1 130 2973.18 275.21 283.20
10.10 90-99 10 SLB2 20ng t2 180 4213.54 356.41 277.31
10.10 90-99 10 SLB2 20ng t3 240 2171.49 499.71 265.97

Table A.4.: Mean single-molecule brightness values for L2V at 37 ◦C. Values
are reported as mean ± SEM across localizations per time point. ∆t
is reported since last wash. Background denotes the mean local back-
ground intensity extracted per localization.

L1V

Date Frames imaged positions Well Seeding tn
∆t

(min)

Mean
brightness

(a.u.)

SEM
(a.u.)

Mean
background

(a.u.)

03.10 0-99 10 SLB1 20ng t0 170 1944.77 112.37 254.63
03.10 0-99 10 SLB1 20ng t1 250 2009.15 83.41 255.86
03.10 0-99 10 SLB1 20ng t2 280 2170.16 110.80 254.95
03.10 0-99 10 SLB1 20ng t3 320 1612.74 76.75 253.95
03.10 0-99 10 SLB2 20ng t0 180 2107.27 107.42 246.47
03.10 0-99 10 SLB2 20ng t1 250 1492.14 106.93 243.68
03.10 0-99 10 SLB2 20ng t2 280 2182.63 243.94 247.89
03.10 0-99 10 SLB2 20ng t3 350 1995.70 433.88 240.75

Table A.5.: Mean single-molecule brightness values for L1V at 37 ◦C. Values
are reported as mean ± SEM across localizations per time point. ∆t
is reported since last wash. Background denotes the mean local back-
ground intensity extracted per localization.
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pMHC

Date Frames imaged positions Well Seeding tn
∆t

(min)

Mean
brightness

(a.u.)

SEM
(a.u.)

Mean
background

(a.u.)

03.10 90-99 10 SLB1 10ng t0 50 2943.20 229.98 261.34
03.10 90-99 10 SLB1 10ng t1 180 2992.60 222.22 261.48
03.10 90-99 10 SLB2 10ng t0 60 2168.27 80.70 261.52
03.10 90-99 10 SLB2 10ng t1 140 3006.40 164.11 258.24
03.10 90-99 10 SLB2 10ng t2 180 2774.44 320.82 256.24
10.10 90-99 10 SLB1 10ng t0 100 2533.16 230.76 281.48
10.10 90-99 10 SLB1 10ng t1 150 2196.88 421.20 269.49
10.10 90-99 10 SLB1 10ng t2 190 3200.93 309.97 276.57
10.10 90-99 10 SLB1 10ng t3 260 4093.96 550.14 271.56
10.10 90-99 10 SLB2 10ng t0 110 4737.54 470.75 276.50
10.10 90-99 10 SLB2 10ng t1 150 2747.12 546.67 271.31
10.10 90-99 10 SLB2 10ng t2 200 2561.65 525.96 279.28
10.10 90-99 10 SLB2 10ng t3 260 2612.05 416.58 269.24

Table A.6.: Mean single-molecule brightness values for pMHC at 37 ◦C. Val-
ues are reported as mean ± SEM across localizations per time point. ∆t
is reported since last wash. Background denotes the mean local back-
ground intensity extracted per localization.

A.4. DNA Origami Mixing Tables

A.4.1. L2V

Table A.7.: DNA origami mixing platform L2V
Components DNA strands Amount [µL] Final concentration
Scaffold – 30 30 nM
FoB – 10 1x
MgCl2 – 1.25 12.5 mM
Mastemix 134 40.2 300 nM/strand
Top mix - L2 34 10,2 300 nM/strand
X’ mix 6 1.8 300 nM/strand
Z’ mix 8 2.4 300 nM/strand
V ′V ′_L2(#17,#19) 2 0.6 300 nM/strand
V_AF647 2 1.5 750 nM/strand
UP H2O – 2.05
Total volume – 100
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A.4.2. L1V

Table A.8.: DNA origami mixing platform L1V
Components DNA strands Amount [µL] Final concentration
Scaffold – 30 30 nM
FoB – 10 1x
MgCl2 – 1.25 12.5 mM
Mastemix 134 40.2 100 nM/strand
Top mix - L1 35 10,5 300 nM/strand
X’ mix 6 1.8 300 nM/strand
Z’ mix 8 2.4 300 nM/strand
V ′V ′_L1(#25) 1 0.3 300 nM/strand
V_AF647 1 0.75 750 nM/strand
UP H2O – 2.8
Total volume – 100
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A.5. Surface Density Plots at t(0)

A.5.1. 26 Degrees
L2V

(a) SLB 1, 02/10. t0 at 110min (b) SLB 2, 02/10. t0 at 110min

(c) SLB 1, 09/10. t0 at 40min (d) SLB 2, 09/10. t0 at 40min

Figure A.5.: Estimated initial surface density ρ(t0) for L2V bulk fluores-
cence wells at 26 ◦C across imaged positions.Surface densities were
calculated from the background-corrected bulk intensity at t0 divided
by the corresponding single-molecule brightness at t0 (Eq. 3.4).

70



L1V

(a) SLB 1, 02/12. t0 at 110min (b) SLB 2, 02/12. t0 at 110min

Figure A.6.: Estimated initial surface density ρ(t0) for L1V bulk fluores-
cence wells at 26 ◦C across imaged positions. Surface densities
were calculated from the background-corrected bulk intensity at t0 di-
vided by the corresponding single-molecule brightness at t0 (Eq. 3.4).
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pMHC

(a) SLB 1, 02/10. t0 at 130min (b) SLB 2, 02/10. t0 at 130min

(c) SLB 1, 09/10. t0 at 50min (d) SLB 2, 09/10. t0 at 60min

Figure A.7.: Estimated initial surface density ρ(t0) for pMHC bulk fluores-
cence wells at 26 ◦C across imaged positions. Surface densities
were calculated from the background-corrected bulk intensity at t0 di-
vided by the corresponding single-molecule brightness at t0 (Eq. 3.4).
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A.5.2. 37 Degrees
L2V

(a) SLB 1, 03/10. t0 at 30min (b) SLB 2, 03/10. t0 at 40min

(c) SLB 1, 10/10. t0 at 60min (d) SLB 2, 10/10. t0 at 60min

Figure A.8.: Estimated initial surface density ρ(t0) for L2V bulk fluores-
cence wells at 37 ◦C across imaged positions. Surface densities
were calculated from the background-corrected bulk intensity at t0 di-
vided by the corresponding single-molecule brightness at t0 (Eq. 3.4).
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L1V

(a) SLB 1, 02/12. t0 at 180min (b) SLB 2, 02/12. t0 at 190min

Figure A.9.: Estimated initial surface density ρ(t0) for L1V bulk fluores-
cence wells at 37 ◦C across imaged positions. Surface densities
were calculated from the background-corrected bulk intensity at t0 di-
vided by the corresponding single-molecule brightness at t0 (Eq. 3.4).
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A.5.3. pMHC

(a) SLB 1, 03/10. t0 at 50min (b) SLB 2, 03/10. t0 at 50min

(c) SLB 1, 10/10. t0 at 80min (d) SLB 2, 10/10. t0 at 80min

Figure A.10.: Estimated initial surface density ρ(t0) for pMHC bulk fluo-
rescence wells at 37 ◦C across imaged positions.Surface densities
were calculated from the background-corrected bulk intensity at t0 di-
vided by the corresponding single-molecule brightness at t0 (Eq. 3.4).
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B. Use of AI

During the preparation of this thesis, generative artificial intelligence (in particular
ChatGPT 5.2) tools were used as a writing aid to improve the linguistic quality
of the manuscript. In particular, AI was employed to rephrase sentences, reduce
redundancy, and enhance coherence and readability across paragraphs and sections.
The scientific content, interpretation of results, selection of literature, and all con-
clusions were developed by the author. AI assistance was not used to generate or
manipulate experimental data, nor to produce figures or statistical analyses. All
text suggestions produced with AI were reviewed, edited, and verified by the author
before inclusion in the final manuscript.
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