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Abstract

Biological membranes constitute highly dynamic two-dimensional systems in which di�u-

sion, intermolecular interactions, and external forces jointly determine molecular transport

and spatial organization. While these processes are central to many cellular functions,

their quantitative description remains challenging due to the complexity of biological en-

vironments. This work approaches this problem from a physical perspective by combining

simpli�ed model systems with advanced microscopy and quantitative image analysis.

Supported lipid bilayers are employed as controllable model membranes that retain es-

sential features such as lateral �uidity while allowing systematic variation of experimental

parameters. A central methodological aspect of this dissertation is the development and

application of analysis strategies that convert �uorescence microscopy data into measur-

able quantities, including di�usion coe�cients, molecular densities, transport velocities,

and spatial organization metrics. To enable reproducible and scalable data analysis, dedi-

cated image analysis software was developed. In this way, the work establishes a direct link

between experimentally accessible imaging data and the underlying physical mechanisms

governing membrane dynamics.

The results demonstrate that membrane behavior can be consistently described in

terms of a small set of quantitative observables. It is shown that the presence of mo-

bile and immobile obstacles leads to pronounced deviations from ideal Brownian motion.

These �ndings highlight the strong in�uence of spatial heterogeneity and con�nement on

transport processes in two-dimensional systems. By applying externally controllable forces

mediated by magnetic nanoparticles, complex spatial patterns of biomolecules in and on

membranes can be generated and stabilized in a controlled manner. This establishes a

new experimental approach for magnetic molecular pattern formation and demonstrates

for the �rst time that externally applied forces mediated by magnetic nanoparticles can

be used to generate and stabilize complex molecular patterns of biomolecules in and on

membranes, revealing how the interplay between intrinsic membrane properties and exter-

nal driving forces can give rise to tunable non-equilibrium organization. The quantitative

analysis of receptor organization at cell�membrane interfaces shows that complex molec-

ular pattern formation emerges when cells adhere to biomimetic membrane interfaces.

Using the medically relevant example of the immunological synapse, it is demonstrated

that molecular phase separation and clustering within the adhesion zone are not only in-

�uenced by active cellular processes, but are also signi�cantly shaped by passive molecular

dynamics on the interacting cell and model membrane interfaces as well as by molecular

concentration. This re�ects collective behavior of biomolecules in the form of emergent,

phase-separated organization. In this work, a detailed quantitative analysis of chimeric

antigen receptor engineered natural killer cell synapse organization is presented, provid-

ing one of the �rst systematic insights into their structural organization at the nanoscale.
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In particular, spatial synapse formation and synapse size, rather than absolute receptor

concentrations, are strongly in�uenced by externally de�ned ligand conditions. Further-

more, even non-signaling chimeric antigen receptors co-localize within the immunological

synapse, indicating that receptor organization can arise from physical membrane processes

independently of any cellular active process.

Taken together, these results show that di�usion, active transport, and receptor or-

ganization can be understood as interconnected manifestations of membrane dynamics

governed by physical principles. The work emphasizes that quantitative image analysis is

essential for transforming microscopy from a descriptive tool into a method for extract-

ing reproducible physical observables and for developing and testing theoretical models.

By combining controlled model systems with rigorous data analysis, this dissertation

contributes to a uni�ed physical framework for describing transport and organization in

two-dimensional and non-equilibrium membrane systems.
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Chapter 1. Introduction

Chapter 1

Introduction

1.1 Motivation

Cells constitute the fundamental units of life. Their interior is formed by cytoplasm, in

which numerous organelles are spatially organized and enclosed by the plasma membrane.

Far from acting as a passive boundary, the cell membrane is a highly dynamic and func-

tional structure that plays a central role in communication with the environment and

interactions with neighboring cells [1][2][3]. Many essential processes take place within

or at the membrane, including lateral di�usion, molecular transport, spacial organiza-

tion and speci�c intermolecular interactions, which can give rise to collective behavior in

the form of phase separation and clustering [1][2][4]. These processes ultimately regulate

cellular behavior and signaling pathways [5][6]. Understanding how such complex behav-

ior emerges from comparatively simple physical interactions remains one of the central

challenges of modern membrane biophysics.

While the biological interpretation of membrane-associated phenomena belongs to

biology and life science, physics contributes by identifying, de�ning and quantitatively

measuring observables that describe the underlying mechanism. Gaining insights into the

principles governing transport, organization and interactions in low-dimensional systems

is a central topic of modern physics, particularly in membrane-biophysics and soft matter

physics. Two-dimensional �uid systems provide a unique platform in which fundamental

processes such as di�usion and force-driven transport can be studied under controlled

and experimentally accessible conditions [7][8]. They, therefore, o�er the possibility to

connect biological function with universal physical principles.

By reducing the structural and biochemical complexity of native three-dimensional

cell membranes to a quasi-two-dimensional system, supported lipid bilayers (SLBs) o�er

excellent accessibility for optical microscopy and enable the isolation of individual physi-

cal mechanisms that are often di�cult to disentangle in living cells [7][9][10]. At the same

time, they preserve key membrane properties such as lateral �uidity and molecular mobil-
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Chapter 1. Introduction

ity [11][12]. As such, SLBs serve as an ideal model system for investigating fundamental

questions of transport and organization in two-dimensional systems [7][8]. This reduction

of complexity is not merely a technical simpli�cation, but a prerequisite for quantitative

insight.

Optical �uorescence microscopy has become an indispensable tool for probing dynamic

processes in membranes [13]. A variety of complementary techniques are available to ex-

tract quantitative information on molecular dynamics. Lateral di�usion, a key parameter

in membrane systems, can be characterized using methods such as �uorescence correlation

spectroscopy (FCS) or continuous photobleaching (CPB) [14][15][16]. In addition, �uo-

rescence time-laps microscopy enables the direct observation of dynamic reorganization

processes over time [13], while total internal re�ection �uorescence (TIRF) microscopy

selectively illuminates the contact interface between two membranes and is thus particu-

larly suited for studying interfacial interactions [17]. The combination of these methods

enables membrane dynamics to be addressed across spatial and temporal scales.

Beyond passive di�usion, force-driven transport represents another fundamental pro-

cess in membrane systems. In living cells, receptor motion and membrane reorganization

are often actively controlled by biochemical forces generated through the cytoskeleton or

molecular motors [18][19]. In model systems, magnetic manipulation o�ers an attractive

physical alternative for exerting controlled forces on membrane components. Magnetic

�elds are non-invasive, penetrate biological tissue e�ciently and can be applied with high

spatial and temporal control [20][21]. The development of highly biocompatible magnetic

nanoparticles (MNPs), which can be coupled to speci�c proteins or ligands, enables tar-

geted forces to be applied to membrane constituents and allows the active organization

of membranes under well-de�ned conditions [21][22][23]. This creates a powerful route to

study non-equilibrium membrane phenomena under externally tunable conditions.

Such active and passive membrane processes are particularly relevant in the context of

membrane self-organization during cellular communication. A prominent example is the

immunological synapse [18][24]. These systems exhibit collective behaviour manifested

as phase separation and nanoscale clustering of receptors at the cell�membrane inter-

face, which determines synapse organization. Here the spatiotemporal arrangement of

receptors and ligands controls signaling between immune cells and their targets. Despite

major progress, important di�erences between natural immunological synapses and engi-

neered chimeric antigen receptor (CAR)-mediated immune synapses remain incompletely

understood [25][26][27]. This highlights the need for well-controlled model systems in

which individual parameters can be tuned independently, which SLBs successfully pro-

vide [28][10]. In combination with quantitative �uorescence microscopy, they enable direct

links between externally de�ned molecular conditions and emergent receptor organization.

Finally, the increasing amount and complexity of microscopy data require robust

strategies for quantitative evaluation. A central challenge is to extract meaningful physi-
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1.1 Motivation

cal observables from seemingly simple image data in a reliable and reproducible manner.

Quantitative image analysis, which utilizes computational methods to extract quantitative

information from microscopy data, provides the tools to convert large sets of microscopy

images and time series into measurable parameters such as di�usion coe�cients, absolute

molecular densities, transport velocities or spatial correlation metrics. In this way, mod-

ern microscopy combined with quantitative image analysis enables visual information to

be transformed into rigorous physical insights into membrane dynamics and organization.

Without such quantitative analysis, advanced imaging remains descriptive rather than

analytical [29].

This dissertation addresses the question of how optical measurement techniques can

be employed to extract quantitative physical observables that characterize membrane-

associated processes. The central objective is to develop and apply experimental ap-

proaches that translate dynamic �uorescence microscopy data into measurable parame-

ters, thereby enabling a quantitative description of molecular motion, force-induced re-

arrangements, emergent spatial organization and collective behavior of biomolecules in

membrane systems.

A particular focus lies on combining complementary optical methods to access di�erent

aspects of membrane dynamics across spatial and temporal scales. By using techniques

sensitive to molecular mobility, local concentrations, transport behavior, and collective

pattern formation, this work aims to establish a comprehensive experimental framework

for investigating two-dimensional membrane systems under controlled conditions. In this

way, the dissertation pursues not a single isolated measurement problem, but a broader

strategy for quantitatively characterizing complex membrane dynamics.

Rather than focusing primarily on biological complexity itself, this dissertation uses

biologically inspired model membranes as simpli�ed and tunable platforms to study gen-

eral physical mechanisms. SLBs allow individual parameters to be varied independently,

making it possible to isolate the contributions of di�usion, intermolecular interactions,

con�nement, and externally applied forces.

In this way, the present work is positioned at the interface of physics and biology:

biological systems provide the motivation and relevant phenomena, while the scienti�c

approach is rooted in quantitative physical analysis. Consequently, the results contribute

not only to the understanding of membrane-associated processes, but more broadly to

the fundamental question of how transport, interactions, and external driving forces give

rise to structured organization in low-dimensional and non-equilibrium systems. This

combination of biological relevance and physical generality forms the central motivation

of the present dissertation.
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Chapter 1. Introduction

1.2 Outline

This dissertation is structured as follows: It begins with a chapter on the biophysical

foundations relevant to the work presented. This part establishes the theoretical and

methodological background required for the subsequent studies and introduces the physi-

cal concepts underlying transport, interactions, and organization in membrane-associated

systems.

Section 2.1 presents the principal optical techniques used to investigate membrane

processes. Particular emphasis is placed on �uorescence-based microscopy methods that

enable the quantitative observation of molecular mobility, transport dynamics, and spa-

tial organization in two-dimensional membrane environments. These methods form the

experimental basis for all studies presented in this dissertation.

Section 2.2 focuses on transport and organization in two-dimensional membranes, with

particular relevance to Publication I. In this study, lateral di�usion in SLBs is systemati-

cally investigated using quantitative �uorescence microscopy. Special attention is given to

the in�uence of mobile and immobile obstacles, providing insights into how heterogeneities

lead to deviations from ideal Brownian motion. The results contribute to a broader un-

derstanding of di�usion in crowded and structurally complex membrane systems.

Section 2.3 addresses active transport and pattern formation on membrane surfaces.

Introducing controlled external forces enables not only the manipulation of individual

membrane-associated components, but also the generation of collective spatial organiza-

tion. In Publication II, this concept is explored by combining SLBs with superparamag-

netic nanoparticles, thereby enabling force-driven transport within a two-dimensional �uid

environment. External magnetic �eld gradients induce directed motion and controlled

particle accumulation, resulting in tunable spatial patterns. Importantly, the interplay

between external driving forces and intrinsic membrane properties, such as lipid phase

behavior, provides an additional level of control over the dynamics and stability of these

patterns. This establishes a model framework for studying non-equilibrium organization

in membrane systems.

Section 2.4 is concerned with active cellular membrane interfaces and receptor orga-

nization. Such interfaces are central to many biological communication processes, where

receptor distributions and local molecular organization determine signaling outcomes, in

particular the immunological synapse. In Publication III, these phenomena are investi-

gated using SLBs with controlled ligand densities as model target membranes. Quanti-

tative �uorescence microscopy is employed to determine absolute receptor concentrations

and to analyze the formation of spatial patterns and receptor clusters. This enables

a direct connection between externally de�ned boundary conditions and the emergent

organization at the cell�membrane interface. Publication IV extends this approach to

multicomponent receptor systems, in which distinct receptor species are simultaneously
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1.2 Outline

recruited to the interface, allowing more complex interaction scenarios to be examined.

Section 2.5 focuses on the quantitative image analysis performed to determine quanti-

tative physical observables from �uorescence image data. Di�erent fully or half automated

analysis pipelines are introduced to gather reliable and reproducible membrane-associated

parameters.

Following the introductory and fundamentals chapters, the four publications that form

the core of this cumulative dissertation are presented in full. For each publication, the

individual contributions of the author are explicitly stated.

The dissertation concludes with a general conclusion and outlook. In the �nal chap-

ter, the interrelations between the individual studies are examined and their combined

Publication III

Controlled molecular

organization

Receptor organization

on de�ned

ligand landscapes

di�usion coe�cients

drift velocity

cluster organization

receptor recruitment

Publication IV

Multi-component

receptor organization

Multi-species

receptor dynamics

at cell interfaces

Publication II

Externally controlled

transport

Magnetic �eld-driven

transport in SLBs

Publication I

Passive transport

in 2D membranes

Lateral di�usion

on SLBs

Advanced �uorescence

microscopy

Quantitative

image analysis

controllable

model membranes

hybrid

systems

cell

interfaces

Quantitative extraction of physical observables from microscopy data

absolute receptor density

Figure 1.1: Conceptual overview of the dissertation. Controlled SLBs serve as tunable
two-dimensional model systems to investigate membrane-associated processes using ad-
vanced �uorescence microscopy. Quantitative image analysis enables the extraction of
physical observables such as di�usion coe�cients, drift velocities, receptor densities, and
spatial organization metrics from microscopy data. The four publications address increas-
ing levels of complexity, ranging from passive di�usion and force-driven transport in model
membranes to receptor organization at biologically relevant cell�membrane interfaces.
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Chapter 1. Introduction

contribution to a common physical framework is discussed, allowing broader insights to

be drawn. Future perspectives for the quantitative investigation of membrane-associated

systems are also outlined.

1.3 Scienti�c Results

1.3.1 Articles

The work presented focuses on the development of quantitative measurement approaches

based on advanced �uorescence microscopy to characterize dynamic membrane-associated

processes such as di�usion, active transport and spatial organization. This research has

resulted in four publication, comprising two accepted article, one submitted manuscripts

and one manuscript in preparation (see �gure 1.1).

Article Mobile and Immobile Obstacles in Supported Lipid Bilayer

Systems and Their E�ect on Lipid Mobility

Luisa Coen, Daniel Alexander Kuckla, Andreas Neusch and

Cornelia Monzel

Colloids and Interfaces (2024), Volume 8, Issue 5

Status | Published

https://doi.org/10.3390/colloids8050054

Article Superpramagnetic Biomembranes for Dynamic Nanoparticle

and Molecular Patterning

Luisa Coen, Jan Lange, Andreas Neusch, Thomas Heinzel and

Cornelia Monzel

Nano Letters (2026)

Status | Accepted

https://doi.org/10.1021/acs.nanolett.6c00639

Article Ligand-De�ned Phase Space Predicts CAR-NK Synapse Ar-

chitecture and Cytotoxic Organization.

Luisa Coen, Miriam N. Tappel, Lara Hölzle, Maren Soldierer,

Nicole Sander, Conztanze Wiek, Helmut Hanenberg, Cornelia

Monzel

Nature Communications

Status | In Preparation
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1.3 Scienti�c Results

Article Co-expression of Non-Signaling CARs Enhances/Boosts

EGFRvIII-Speci�c CAR-T Cell Cytotoxicity Against Head

and Neck Squamous Cell Carcinoma

Kathleen Grueter, Nicole Sander, Luisa Coen, Saskia Hüsken,

Eileen Kleinfelder, Corinna Haist, Franziska Blaeschke,

Kathrin Scheckenbach, Cornalia Monzel, Helmut Hanenberg,

Constanze Wiek

BMC Cancer

Status | Submitted

1.3.2 Presentations

In addition, parts of this work were presented at national and international conferences

in the form of contributed talks and poster presentations.

Flash Talk & Poster Towards Understanding the Molecular Composition of the Im-

munological Synapse in CAR-NK Cells,

Lara Hölzle, Michael-Nicholas Reifenscheid, Luisa Coen, Con-

stanze Wiek, Maren Soldierer, Helmut Hanenberg and Cor-

nelia Monzel

From Single Molecules to Cell Function in Biomembranes

Symposium (2025), HHU Düsseldorf

Flash Talk & Poster Dynamically tunable Pattern of Magnetic Nanoparticles on a

Supported Lipid Bilayer

Luisa Coen, Jan Lange, Thomas Heinzel and Cornelia Monzel

Emerging Trends in Physics of the Cell (2025), TU Munich

7



Chapter 1. Introduction

8



Chapter 2. Fundamentals

Chapter 2

Fundamentals: Physical Framework for

Molecular Dynamics on Membrane

Surfaces

Here the physical and methodological foundations required for the interpretation of the

experimental results are provided. The systems investigated here, ranging from SLBs and

synthetic model interfaces to active immunological synapses formed by CAR-engineered

e�ector cells, are governed by a combination of membrane physics, molecular transport

processes, receptor�ligand interactions, and force-driven non-equilibrium dynamics. A

quantitative understanding of these systems therefore requires a uni�ed framework that

connects optical observables obtained from �uorescence microscopy with the underlying

physical parameters of molecular motion and organization.

To this end, the following sections introduce the essential concepts and experimental

techniques used throughout this work. First, the optical microscopy methods employed

for probing molecular dynamics and interactions are discussed, including FCS, CPB, and

TIRF microscopy. These techniques yield complementary access to di�usion, molecular

densities, and interfacial processes at membrane surfaces.

Subsequently, the physical properties of lipid bilayers and their usage as model systems

for biological membranes are outlined, together with the fundamental principles governing

two-dimensional di�usion, membrane hydrodynamics, and anomalous transport behavior.

Building on this, the role of external forces and active manipulation, particularly magnetic

�eld-driven transport using superparamagnetic nanoparticles, is introduced as a means to

control and probe non-equilibrium pattern formation in membrane systems.

The fourth section extends these concepts to active cellular interfaces, where recep-

tor�ligand interactions, adhesion processes, and cytoskeletal coupling give rise to spatial

organization, clustering, and dynamic remodeling of the immunological synapse. In this

context, quantitative �uorescence measurements serve as a direct link between molecular-
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Chapter 2. Fundamentals

scale processes and experimentally accessible observables such as receptor densities and

spatial distributions.

Finally, the methodological framework of quantitative image analysis is presented.

This includes the conversion of �uorescence intensity into physical quantities, the correc-

tion of imaging artifacts, the extraction of spatial organization and transport dynamics,

and the computational implementation of the analysis pipelines. Together, these com-

ponents establish the basis for translating �uorescence microscopy data into physically

meaningful descriptions of molecular organization and dynamics on membrane surfaces.

2.1 Optical Microscopy for Molecular Interaction and

Dynamic Analysis

Optical Microscopy constitutes a central methodological pillar for inquiring molecular

organization, transport processes and interaction dynamics in biomimetic membrane sys-

tems. In contrast to purely structural techniques, �uorescence-based microscopy provides

simultaneous spatial and temporal access to membrane-associated processes under phys-

iologically relevant conditions. This is particularly important for SLBs, where the lateral

mobility of lipids, proteins and ligand-functionalized MNPs determines both equilibrium

organization and externally induced non-equilibrium pattern formation.

By selective �uorescent labeling of membrane constituents, optical microscopy enables

quantitative observation of di�usion, clustering, recruitment and interface formation over

length scales ranging from nanometers to entire cell-surface contact zones. Depending

on the imaging modality, di�erent aspects of membrane behavior can be resolved. Time-

resolved approaches are especially valuable for extracting dynamic parameters such as

di�usion coe�cients, whereas high-contrast surface-sensitive methods permit direct visu-

alization of membrane interfaces and cell synapses.

In the context of this dissertation, several complementary �uorescence techniques were

employed (see �gure 2.1). CPB was used to quantify lateral di�usion over large membrane

areas on SLB model systems. FCS provided access to molecular mobility inside the cell,

by discriminate between di�erent di�usion species. TIRF microscopy allows selective

imaging of processes occurring in close proximity to the SLB, particularly during cell-

membrane interactions. In addition, wide�eld, epi�uorscence, and confocal imaging were

applied for structural characterization, overview imaging, large time scale experiments

and three-dimensional visualization.

Together, these methods establish a versatile toolbox for linking molecular-scale di�u-

sion and transport processes with macroscopic membrane organization and cellular func-

tion.
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Chapter 2. Fundamentals

molecules within this area. Experimentally, this ROI can be de�ned by partially closing

the �eld diaphragm of the microscope, thereby restricting the illuminated region to a

fraction of the total �eld of view [16][Publication I].

Fluorophores located inside the ROI gradually lose their �uorescence due to continuous

excitation and photobleaching. In the central region of the illuminated area, molecules

are exposed longest and the �uorescence intensity decreases strongly, ideally approaching

background level. At the same time, unbleached molecules from the surrounding, not

illuminated membrane regions laterally di�use into the illuminated region and replace

bleached molecules, while bleached molecules di�use outwards. This continuous exchange

generates a stationary non-equilibrium concentration pro�le governed by the balance be-

tween bleaching and di�usion [16][Publication I].

As a consequence, the �uorescence signal is typically lowest in the center of the ROI

and increases toward its boundary, where replacement of bleached molecules is highest.

The resulting radial intensity pro�le contains direct information about the di�usion coef-

�cient: faster di�usion replenishes bleached regions more e�ciently and leads to shallower

gradients, whereas slower di�usion produces steeper spatial decay [16][Publication I].

Two complementary observables are commonly analyzed. First, the temporal �uores-

cence decay at the center of the ROI is recorded during illumination. This intensity trace

primarily re�ects the local bleaching kinetics and can be approximated by an exponential

decay toward a background o�set:

I(t) = I0e
−Bt + IBg ,

where I0 is the initial �uorescence intensity, B is the e�ective bleaching rate constant, t

the time and IBg is the background intensity [16][Publication I].

Second, after reaching steady state, the spatial �uorescence pro�le from the ROI

boundary toward the center is evaluated. Here, the intensity follows:

I(x) = I0e
−x
√

B
D + IBg ,

where x donates the distance from the edge of the illuminated region, D is the lateral

di�usion coe�cient and B the bleaching rate determined from the temporal �t. Since the

bleaching rate is known independently, the di�usion coe�cient can be extracted directly

from the spatial decay pro�le [16][Publication I].

To improve robustness, experimental studies often rely on averaging procedures. For

example, the temporal trace may be obtained from a pixel region in the center of the

ROI, instead of a single pixel and several line pro�les from the steady state are examined.

Independent �ts of multiple pro�les allow calculation of mean di�usion coe�cients and

associated statistical uncertainties [Publication I].

Compared with FRAP, CPB o�ers several practical advantages. Since bleaching is
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continuous rather than brief, the method is less sensitive to imperfect bleaching be-

havior. It also samples di�usion over a larger e�ective area, which reduces sensitivity

to local membrane heterogeneity. Thus CPB is particularly valuable for characterizing

phase-dependent lipid and protein di�usion in SLBs [16]. The method therefore provides

an important quantitative bridge between �uorescence imaging and membrane di�usion

physics. In the context of this dissertation CPB was employed to quantify how lipid

composition, phase state and obstacle occurrence a�ect the lateral mobility of membrane

components [Publication I].

2.1.2 Fluorescence Correlation Spectroscopy

FCS (see �gure 2.1) is a �uctuation-based single-molecule sensitive method that enables

quantitative analysis of molecular di�usion, concentration, and photophysical state dy-

namics from spontaneous �uorescence intensity variations within a small observation vol-

ume. In contrast to image-based approaches, FCS does not primarily rely on spatially

resolved pictures, but on the temporal analysis of �uorescence signals originating from a

statistically small ensemble of molecules. This method is thus especially powerful for prob-

ing transport processes in living cells and biomimetic membrane systems at nanomolar

concentrations and on microsecond-to-second timescales [30][31][32].

The physical basis of FCS is straightforward: �uorescent labeled molecules continu-

ously enter and leave the illuminated detection region due to Brownian motion. Since

the number of emitters inside this region changes over time, the measured �uorescence

intensity F (t) exhibits stochastic �uctuations around its mean value ⟨F ⟩. The character-
istic amplitude and temporal persistence of these �uctuations contain direct information

about molecular concentration and mobility. Fast di�usion generates rapidly decaying

�uctuations, whereas slow di�usion leads to longer correlation times [30][32].

To extract this information quantitatively, the normalized (converges to 0) temporal

autocorrelation function is calculated:

G(τ) =
⟨δF (t) δF (t+ τ)⟩

⟨F (t)⟩2 ,

with

δF (t) = F (t)− ⟨F (t)⟩ .

The autocorrelation function measures how strongly the �uorescence signal at time t re-

sembles the signal after a delay τ . At short lag times, molecules have not yet signi�cantly

redistributed and the correlation is high. At long lag times, positional memory is lost, as

di�usive motion randomizes molecular positions over length scales exceeding the observa-

tion volume, and the correlation decays toward zero. The shape of this decay de�nes the

characteristic di�usion time through the detection region [32].
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Confocal Observation Volume and E�ective Detection Area

For most biological applications, FCS is implemented on a confocal microscope. A fo-

cused laser beam excites �uorescence only in a di�raction-limited region, while a pinhole

suppresses out-of-focus emission. The resulting detection pro�le can be approximated by

a three-dimensional Gaussian function W (r, z). This de�nes the confocal observation vol-

ume, typically in the femtoliter range, which is su�cient small that only a few �uorescent

molecules are present simultaneously [30].

The detection volume is commonly parameterized by a lateral beam waist w0 and an

axial radius z0:

W (r, z) = exp

(
−2r2

w2
0

)
exp

(
−2z2

z20

)
.

The ratio

κ =
z0
w0

describes the structural parameter of the confocal volume and is typically determined by

calibration with reference dyes of known di�usion coe�cient [30].

For membrane measurements, the relevant geometry changes fundamentally. If the

focal plane intersects a thin plasma membrane or SLB, �uorophores are e�ectively re-

stricted to a two-dimensional plane whose thickness is negligible compared with the axial

extent of the confocal volume. In that case, di�usion occurs within the e�ective confocal

ground area rather than throughout the full three-dimensional volume. The relevant area

is approximately

Aeff = πw2
0 .

Thus, membrane FCS converts the confocal volume into a laterally con�ned sampling area,

while cytoplasmic �uorophores continue to di�use in the full three dimension geometry.

This distinction is highly relevant for the experiments presented here. When the con-

focal focus is positioned at the plasma membrane of a cell, the measured signal generally

contains two contributions:

1. a membrane-associated fraction, di�using laterally in two dimensions, and

2. a cytoplasmic fraction, di�using in three dimensions through the convocal volume

above the membrane plane.

Consequently the measured autocorrelation function in membrane-focused FCS contains

at least two di�usion components that can be separated by appropriate model �tting.

FCS Di�usion Models for Two and Three Dimensions

For freely di�using species in solution or cytoplasm, the standard confocal FCS model

assumes three-dimensional Brownian motion through a Gaussian detection volume. The
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corresponding correlation function is:

G3D(τ) =
1

N

(
1 +

τ

τD

)−1(
1 +

τ

κ2τD

)−1/2

,

where N is the average number of �uorescent particles in the observation volume and τD

is the characteristic correlation time due to di�usion. The di�usion coe�cient follows as:

D =
w2

0

4τD
.

This model explicitly describes normal Brownian motion, whereas in intracellular, cy-

toplasmic measurements molecules have to di�use through a crowded three-dimensional

environment. For live-cell data, extended formulations that include triplet-state kinet-

ics or slow intensity drifts are often preferable [32][30]. This corresponds to the Triplet

Extended (3D) model [14] frequently used in commercial �tting software.

For membrane-bound molecules, di�usion is laterally con�ned to a plane. Thus the

autocorrelation function can be simpli�ed to the two-dimensional form [30]:

G2D(τ) =
1

N

(
1 +

τ

τD

)−1

.

This description forms the basis of the Triplet Extended (2D) approach[15] used for

�uorophores di�using in arti�cial or cellular membranes.

Triplet-State Extension and Photophysics

Many �uorophores transiently enter non-emissive dark states, as the triplet-state. These

fast blinking events generate additional short-time correlations unrelated to translational

di�usion. To account for this, a multiplicative triplet term is introduced:

GT (τ) = 1 +
T

1− T
exp

(
− τ

τT

)
,

where T is the triplet fraction and τT the corresponding relaxation time. The full model

is then given by:

G(τ) = Gdiff(τ)GT (τ) .

Including this corrections substantially improves �ts for organic dyes and �uorescent pro-

teins, especially at microsecond lag times [32].

Separation of Membrane and Cytoplasmic Contributions

A central application of FCS in this work is the quantitative separation of mixed �uo-

rescence signals when the confocal focus is positioned at the plasma membrane. In this
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measurement geometry, the detection volume intersects both the membrane plane and the

adjacent cytoplasmic region. Consequently, �uorescence �uctuations originate from two

physically distinct molecular populations: a membrane-associated fraction undergoing

lateral two-dimensional di�usion and a cytoplasmic fraction di�using three-dimensional

through the confocal volume [Publication III].

As both populations contribute simultaneously to the measured intensity trace, the

resulting autocorrelation curve contains overlapping dynamic components with di�erent

characteristic timescales. In general, the total correlation function can be described as

the superposition of a membrane-related two-dimensional contribution and a cytoplasmic

three-dimensional contribution:

G(τ) = aG2D(τ) + bG3D(τ) ,

where a and b represent the relative amplitudes of the two populations [Publication III].

To obtain robust membrane di�usion parameters, a sequential �tting strategy was

employed. First, measurements were performed exclusively in the cytoplasm, away from

the membrane interface. These data were analyzed using the triplet-extended three di-

mensions di�usion model, yielding the characteristic cytoplasmic di�usion time and cor-

responding photophysical parameters of the freely di�using intracellular fraction [Publi-

cation III].

Second, measurements acquired with the focus positioned on the plasma membrane

were analyzed using a two-component model. Here, the cytoplasmic three-dimensional

component was kept �xed at the previously determined value, while only the membrane-

associated di�usion time and the relative amplitudes of both components were �tted. This

procedure substantially reduces parameter covariance and improves the reliability of the

extracted cellular di�usion coe�cients [Publication III].

Physically, the membrane-associated component generally exhibits longer correlation

times due to reduced mobility in the viscous two-dimensional membrane environment,

additional crowding e�ects, and possible transient interactions with other membrane con-

stituents. In contrast, cytoplasmic molecules usually display faster di�usion unless incor-

porated into larger complexes or hindered by intracellular crowding [Publication III].

This sequential decomposition strategy is particularly valuable for transmembrane

receptor systems that are dynamically transported from intracellular compartments to

the plasma membrane. Beyond the determination of di�usion coe�cients, it enables

quantitative extraction of the relative fractions of membrane-associated and cytoplasmic

populations. This provides direct information on receptor localization, membrane re-

cruitment, and redistribution dynamics, while simultaneously resolving the mobility of

the biologically active surface-associated fraction [Publication III].
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Relevance for the Dissertation

Within this dissertation, FCS serves primarily as a quantitative tool to distinguish membrane-

associated �uorescence from cytoplasmic background contributions in confocal measure-

ments of living cells. When the focal plane is positioned at the plasma membrane, a

substantial fraction of the detected signal may still originate from �uorescent molecules

di�using in the adjacent cytoplasm. Without correction, this overlap would lead to sys-

tematic overestimation of membrane-localized receptor densities.

By separating the two-dimensional membrane component from the three-dimensional

cytoplasmic component, FCS enables determination of the relative membrane fraction

of the total detected �uorescence signal. This information is essential for all subsequent

confocal measurements aimed at absolute concentration quanti�cation, as it de�nes which

proportion of the measured intensity truly arises from membrane-localized molecules and

should therefore be included in surface density calculations, and which proportion origi-

nates from the cytoplasmic pool and must be excluded.

In this way, FCS provides a critical calibration step linking �uorescence intensity

measurements to physically meaningful membrane concentrations. The simultaneously

obtained di�usion coe�cients of the membrane-bound and cytoplasmic fractions o�er ad-

ditional insight into molecular mobility and receptor dynamics, but represent a secondary

bene�t relative to the central objective of accurately quantifying membrane fractions.

2.1.3 Total Internal Re�ection Fluorescence Microscopy

TIRF microscopy (see �gure 2.1) is a surface-selective �uorescence imaging technique

that enables highly speci�c excitation of �uorophores located within a thin optical layer

adjacent to an interface between two media of di�erent refractive index. In contrast

to conventional epi�uorescence microscopy, where �uorophores throughout a substantial

sample depth are excited, TIRF restricts excitation to a nanometric region close to the

substrate. This strongly suppresses background �uorescence from the sample bulk and

provides excellent signal-to-noise ratio for membrane-associated processes. TIRF is there-

fore particularly well suited for studying SLBs, cell adhesion, receptor recruitment, and

contact interfaces between cells and functionalized surfaces [17].

In the present work, TIRF microscopy was employed to image the contact zone be-

tween living immune cells and SLBs formed on glass coverslips. In this geometry, total

internal re�ection occurs at the interface between the high-index glass substrate and the

thin aqueous layer underneath the supported membrane. The evanescent excitation �eld

selectively illuminates �uorophores located in the immediate vicinity of this interface, such

that the cell-SLB contact region can be visualized with high contrast, while �uorescence

from the upper cell body is mainly suppressed.
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Optical Principle and Snell's Law

The physical basis of TIRF is refraction at an interface between two media. When light

passes from a medium of refractive index n1 into a second medium of lower refractive

index n2, the propagation direction changes according to Snell's law:

n1 sin θ1 = n2 sin θ2 ,

where θ1 is the incident angle and θ2 the refracted angle, both measured relative to the

surface normal [17].

As the incident angle increases, the refracted beam bends progressively toward the

interface. At a speci�c limiting angle, the refracted beam propagates parallel to the

interface (θ2 = 90◦). This de�nes the critical angle for total internal re�ection:

sin θc =
n2

n1

,

and therefore

θc = arcsin

(
n2

n1

)
.

For incidence angles larger than θc, no propagating wave can enter the lower-index

medium, and the excitation beam is re�ected completely back into the glass [17].

Critical Angle in the Present Experimental System

For a typical glass coverslip or immersion oil objective system, the refractive index is

approximately

n1 ≈ 1.518 ,

whereas the aqueous bu�er below the SLB is approximately

n2 ≈ 1.333 .

Thus the theoretical critical angle is:

θc = arcsin

(
1.333

1.518

)
≈ 61.4◦ ,

con�rming that the chosen experimental angle (θ ≈ 64◦) ful�lls the total internal re�ec-

tion condition. This suggests that excitation does not arise from a propagating wave

penetrating the sample, but is instead governed by an evanescent �eld con�ned to the

membrane interface.
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Evanescent Wave and Exponential Decay

Although no propagating beam enters the aqueous phase above the critical angle, the

electromagnetic boundary conditions require continuity of the optical �eld across the

interface. As a result, a non-propagating near-�eld is generated in the low-index medium:

the evanescent wave [17].

This �eld propagates parallel to the interface but decays exponentially in the direction

normal to the surface:

I(z) = I0 exp

(
− z

dp

)
,

where I0 is the intensity directly at the interface and dp is the penetration depth.[17]

For an excitation wavelength λ, the penetration depth is given by [17]:

dp =
λ

4π
√

n2
1 sin

2 θ − n2
2

.

Using parameters representative of the used setup:

� λ = 488 nm

� n1 = 1.518 (glass/immersion oil objective)

� n2 = 1.333 (aqueous bu�er)

� θ = 64◦

the theoretical penetration depth is:

dp ≈ 134 nm . (2.1)

Thus, only �uorophores located within roughly the �rst 100 − 150 nm above the glass-

supported membrane are e�ciently excited. This shallow excitation layer is ideally suited

for imaging cell-SLB contact zones, because �uorescence from the cell interior is strongly

suppressed while signals originating from the membrane interface remain highly selective.

Objective Lens Method

In this dissertation, TIRF illumination was implemented using the objective lens method

(through-the-objective TIRF). In this con�guration, the excitation beam is introduced

through a high numerical aperture (NA) objective and focused o�-axis in the back focal

plane. This causes the beam to exit the front lens element at a highly oblique angle and

strike the glass sample interface above the critical angle [17].

The maximum achievable illumination angle is determined by the objective NA [17]:

NA = n1 sin θmax .
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For the oil immersion objective used in the context of this dissertation with

NA = 1.49 ,

the maximum theoretical angle is:

θmax = arcsin

(
1.49

1.518

)
≈ 79.9◦ .

Thus, the objective provides a su�ciently large angular range to exceed the critical angle

and to tune the penetration depth reproducible. High-NA objectives are essential for

objective-based TIRF, since lower NA optics may not reach the critical incidence angles

[17].

Advantages and Experimental Considerations

Compared with epi�uorescence illumination, TIRF o�ers greatly improved contrast for

surface-near processes. However, quantitative interpretation requires careful consideration

of several factors:

� the penetration depth depends sensitively on incidence angle and refractive indices,

� local refractive index variations near cells can modify the evanescent �eld,

� only �uorophores close to the interface are excited, meaning vertical cell movements

alter signal intensity,

� alignment of the o�-axis beam in the back focal plane is critical for stable TIRF

conditions.

Despite these considerations, TIRF remains one of the most powerful methods for analyz-

ing dynamic membrane interfaces with high temporal resolution and minimal background

�uorescence [17].

Relevance for Cell-SLB Contact Imaging

For the experiments described in this dissertation [Publication III], the most relevant

�uorescent structures are located at the interface between a cell membrane and a SLB.

This contact zone typically lies within less than a few ten nanometers of the glass surface

and is therefore ideally matched to the evanescent excitation �eld. As a consequence,

TIRF selectively visualizes:

� receptor accumulation at the cell-SLB contact site,

� ligand redistribution within the supported membrane,
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� formation of adhesion zones and immune synapse

� receptor clustering and membrane reorganization

At the same time, �uorescence from intracellular compartments deeper inside the cell

is strongly reduced. This is particularly advantageous for studies of CAR-immune cell

interactions with SLBs, where signaling and receptor reorganization occur predominantly

within the basal contact plane.

Relevance for the Dissertation

Within this dissertation, TIRF microscopy constitutes a key tool for directly observing

the active contact interface between cells and SLB. Its nanometric axial selectivity makes

it possible to isolate the biologically relevant interaction plane where receptor binding,

ligand redistribution, and synapse formation occur. TIRF therefore provides the essential

experimental link between membrane biophysics, molecular reorganization, and functional

cellular responses at engineered membrane surfaces [Publication III].

The experimental investigation of membrane systems requires quantitative imaging

techniques capable of resolving spatial and temporal variations in molecular distribu-

tions. In the following, the physical properties of two-dimensional lipid membranes and

their implementation as model systems are introduced, providing the basis for studying

transport and organization in con�ned membrane systems.

2.2 Transport and Organization in Two-Dimensional

Membranes

Two-dimensional lipid membranes constitute a class of soft matter systems in which

transport processes, interactions, and spatial organization can be investigated under well-

de�ned physical boundary conditions. Their quasi-two-dimensional geometry leads to

fundamentally di�erent transport behavior compared to bulk �uids, making them an im-

portant model system for studying di�usion and non-equilibrium transport phenomena.

From a physical perspective, lipid membranes can be described as viscous, ther-

mally �uctuating two-dimensional �uids embedded in a three-dimensional environment

[4]. Their behavior is governed by the interplay of thermal energy, hydrodynamic cou-

pling, intermolecular interactions, and structural heterogeneity. These properties make

them speci�cally suitable for studying how microscopic interactions give rise to emergent

spatial and dynamical organization.

In this context, SLB provide experimentally accessible realizations of such two-dimensional

systems. They combine lateral �uidity with mechanical stability and optical accessibility,
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enabling quantitative analysis of di�usion and transport processes at the molecular scale.

2.2.1 Physical Properties of Lipid Bilayers

Lipid bilayers are self-assembled structures formed by amphiphilic lipids that sponta-

neously organize in aqueous environments. This organization is driven by the hydrophobic

e�ect, which minimizes the free energy of the system by shielding hydrophobic lipid tails

from water while exposing hydrophilic head groups to the aqueous phase [1][2].

From a physical perspective, lipid bilayers represent nanometer-thick two-dimensional

�uids with �nite bending rigidity and lateral viscosity. Their mechanical and dynamical

properties are determined by lipid composition, temperature, molecular charge and struc-

ture. These parameters de�ne the e�ective elasticity, thickness, and transport properties

of the membrane [1][2][33].

The lateral mobility of membrane components is a central feature of lipid bilayers and

forms the basis for spatial reorganization processes such as clustering, phase separation,

and signal transduction in biological systems.

2.2.2 Supported Lipid Bilayers as Model Systems

SLB are arti�cial membrane systems formed on solid substrates such as glass or silica. A

thin hydration layer (∼ 1 nm) separates the bilayer from the substrate, allowing partial

decoupling of the membrane from the solid support (see �gure 2.2A).

This geometry provides two key advantages: mechanical stabilization and optical ac-

cessibility. At the same time, it introduces an additional physical parameter in the form

of substrate-induced friction, which can in�uence lateral transport, particularly in the

lower lea�et [34].

Several preparation methods exist for SLB formation, including vesicle fusion [35],

solvent-assisted bilayers [36], and Langmuir�Blodgett [37]/Langmuir�Schaefer [38] trans-

fer. Among these, the Langmuir-Blodgett/Langmuir-Schäfer method provides the highest

degree of control over lipid composition and lea�et asymmetry and was therefore used for

all SLBs in this work.

Formation Methods of SLBs

The vesicle fusion method relies on the adsorption and rupture of small unilamellar vesicles

on hydrophilic surfaces, leading to bilayer formation. While experimentally simple, this

approach o�ers limited control over lea�et composition and may result in structural defects

[35][39].

Solvent-assisted methods involve deposition of lipids from organic solvents followed by

gradual solvent exchange with water, enabling bilayer formation. Although this method
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Chapter 2. Fundamentals

�lm balance. Nevertheless, the advantages outweigh the additional time required. The

Langmuir-Blodgett/Langmuir-Schäfer transfer provides the best control over the mem-

brane structure, as lipid composition and density can be tuned with high precision. Ar-

bitrary lipid mixtures can be prepared prior to deposition, and the composition of the

spreading solution is reliably transferred to the monolayer, resulting in a direct one-to-

one transfer of the desired lipid ratios to the membrane. Furthermore, only this method

allows for the generation of di�erent lipid compositions in the upper and lower lipid layers

[37][38]. Owing to these advantages, all SLBs examined in the publications correspond-

ing to this dissertation were produced using the Langmuir-Blodgett/Langmuir-Schäfer

transfer.

Physical Advantages and Limitations

SLBs provide a highly controlled system for investigating two-dimensional transport pro-

cesses. Their planar geometry makes them ideally suited for �uorescence-based mi-

croscopy techniques such as epi�uorescence, TIRF, and confocal imaging [7].

Another major advantage of SLBs is the high level of control. SLBs o�er the possi-

bility to de�ne the exact lipid composition and speci�c amounts of, for example, proteins

or cholesterol, leading to an extremely high reproducibility. [41] Although the more time-

consuming Langmuir-Blodgett/Langmuir-Schäfer transfer was chosen for SLB prepara-

tion, the production of SLBs is relatively straightforward and compared to living systems,

faster, more �exible and more cost-e�ective

As already mentioned above, SLBs can mimic key properties of cell membranes, for

example the lateral mobility of lipids and proteins, allowing for examination of di�usion

and domain assembly. In addition, with the Langmuir-Blodgett/Langmuir-Schäfer trans-

fer, the asymmetry of cell membranes can be recreated. Furthermore, SLBs are highly

simpli�ed systems whose reduced complexity allows for the targeted investigation and

deeper understanding of individual mechanisms in cell membranes. They are therefore

particularly well-suited for fundamental research[16].

However, the coupling to the solid substrate introduces additional frictional interac-

tions that can modify di�usion behavior, particularly for membrane components in the

lower lea�et. These e�ects depend on substrate roughness, surface chemistry, and lipid

composition. Polymer cushions or thickness-corrected substrates can be used to reduce

these interactions [42][43].

It was further shown, that also the material of the substrate and the formation method

of the SLB in�uence the mobility. However, for glass substrates, using the Langmuir-

Blodgett deposition technique (as employed in the context of this work), both lea�ets of

the bilayer have the same dynamics [44].

Due to the absence of a cellular environment, membrane proteins often lose their

natural orientation and function. Furthermore, active processes such as metabolism, en-
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ergy supply and signaling cannot be replicated, which means that their in�uence on the

membrane is completely lost using SLBs as model systems. In contrast to biological

membranes, SLBs also lack natural membrane curvature. Consequently, processes such

as vesicle formation, endocytosis and membrane fusion cannot be studied or can only

be studied to a limited extent. In particular, when it comes to membrane curvature,

giant unilamellar vesicle provide more suitable model systems [45]. While SLBs represent

powerful and well-controlled model systems, they cannot fully replicate the complexity of

biological membranes, making experimental comparisons with living systems both neces-

sary and valuable.

Despite these limitations, SLBs remain one of the most widely used model systems

for quantitative studies of membrane physics due to their reproducibility, stability, and

compatibility with optical techniques [7].

2.2.3 Di�usion in Two-Dimensional Fluids

Transport in lipid membranes is dominated by Brownian motion constrained to two di-

mensions. The mean square displacement (MSD) in such systems is given by:

⟨r2⟩ = 4Dt ,

where D is the di�usion constant and t the time [46].

Theoretical descriptions of membrane di�usion must account for both the reduced di-

mensionality and the hydrodynamic coupling between the membrane and the surrounding

�uid.

Brownian Motion and Fisk's Laws

The stochastic motion of particles in membranes arises from thermal �uctuations and can

be described using Fick's laws of di�usion. The di�usion �ux J is given by:

J = −D
δc

δx

and the temporal evolution of concentration follows [47]:

δc

δt
= D

δ2c

δx2
.

For two-dimensional systems, this results in the di�usion equation [9]:

δc

δt
= D

(
δ2c

δx2
+

δ2c

δy2

)
.

The di�usion constant D is a central parameter for describing the mobility of particles
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and has the dimension [m2 · s−1]. For spherical particles in viscous medium, D can be

described by the Einstein-Stokes relation, as the spherical approximation is commonly

used to describe membrane inclusions with an e�ective hydrodynamic radius:

D =
kBT

6πηa
,

where kB is the Boltzmann constant, T the temperature, η the viscosity of the medium

and a the particle radius [46].

For membrane systems, di�usion coe�cients are typically on the order of µm²/s but

vary strongly with lipid composition, phase state, and molecular interactions.

2.2.4 Di�usion in Membranes: Sa�man-Delbrück

While the basic description of di�usion assumes motion in a homogeneous three-dimensional

�uid, di�usion in biological membranes is fundamentally di�erent due to their almost two-

dimensional nature. A theoretical framework to describe lateral di�usion in lipid bilayers

was developed by Sa�man and Delbrück [4].

In this model, the lipid membrane is considered to be an in�nitely extended, thin, vis-

cous �uid layer embedded in a less viscous, surrounding medium. Membrane proteins are

approximated as cylindrical objects that span the membrane and di�use laterally within

the membrane plane. Based on this hydrodynamic description, the di�usion constant is

given by:

D =
r2

4t
=

kBT

4πηh
·
(
log10

(
ηh

η′a

)
− γ

)
,

where η denotes the membrane viscosity, η′ the viscosity of the surrounding �uid, h the

membrane thickness, a the radius of the di�usion particle and γ die Euler-Mascheroni

constant [4].

Although the model is based in simplifying assumptions, it provides an important

theoretical framework for understanding lateral di�usion in lipid membranes. Notably,

it highlights the strong in�uence of membrane viscosity and the coupling between the

membrane and the surrounding �uid on the mobility of embedded molecules [4].

As a �rst approximation, the model can also be applied to lipid di�usion, although

deviations are expected due to molecular complexity and membrane heterogeneity [Pub-

lication I].

Supported Membranes: Evans-Sackmann

The Safamnn-Delbrück models describes lateral di�usion in free-standing membranes, but

does not take into account any additional frictional e�ects due to the solid substrate. For
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SLBs, however, an in�uence of the substrate on the mobility of the membrane components

is to be expected.

To characterize this additional friction, Sackmann and Evans developed an extended

hydrodynamic model. In this approach, the membrane is still de�ned as a viscous two-

dimensional �uid, but an additional frictional force between the membrane and the sub-

strate is introduced. This frictional force is parameterized by the friction parameter b,

which describes the coupling between membrane and substrate [48].

Taking this additional friction into account, the di�usion constant is as follows:

D =
kBT

λ
=

kBT

4πηm

(
1

4
ϵ2 + ϵ

K1(ϵ)

K0(ϵ)

)−1

,

where ηm is the membrane viscosity, K0 and K1 are modi�ed Bessel functions of the

second kind and ϵ is the dimensionless particle radius, de�ned as:

ϵ = a ·
√

b

ηm
.

Here a denotes the radius of the di�usion particle and b the friction parameter between the

membrane and the substrate. The model indicates that di�usion of membrane-spanning

proteins in SLBs is signi�cantly in�uenced by the interaction with the underlying sub-

strate. In the limiting case of low friction, the model by Sackmann and Evans shifts

towards the Sa�man-Delbrück description, wheres in the case of high friction, the di�u-

sion constant is much more dependent on the size of the di�using object. The Evans-

Sackmann model thus o�ers an important extension to the description of lateral di�usion

in supported membrane systems [48][4].

The consideration of these frictional e�ects is speci�cally important for experimental

systems with SLBs, as they directly in�uence the observed mobility of the lipids and

proteins. To minimize these substrate-induced e�ects, the systems investigated in this

work were speci�cally designed to include only lipids and proteins in or coupled to the

upper lea�et of the bilayer, thereby reducing substrate-induced friction.

In addition to the interaction with the substrate, lateral di�usion can be further in-

�uenced by the presence of obstacles within the membrane, which is considered in the

following section.

2.2.5 Obstacle and Anomalous Di�usion in Membranes

Transport in lipid membranes deviates from ideal Brownian motion due to the presence

of spatial heterogeneities such as protein complexes or lipid domains. These structures

act as obstacles that modify di�usion behavior.
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Mobile Obstacles: Saxton Model

A commonly used approach for describing di�usion in the presence of mobile obstacles

was developed by Saxton. In this model, di�usion is described as random motion on a

two-dimensional grid, with both lipids (tracers) and obstacles distributed across the grid

and moving at di�erent speeds [49].

A key parameter here is relative mobility, described by the ratio of the jump rates of the

tracers and obstacles. Additionally, di�usion depends on the concentration of obstacles,

which is speci�ed as a membrane area fraction. For quanti�cation, a relative di�usion

constant is de�ned as:

D∗(c) =
D(c)

D(0)
,

where D∗(c) is the di�usion constant of the tracers in the presence of obstacles, while

D(0) is the di�usion constant of the tracers in the absence of obstacles [49].

This model reveals that di�usion decreases as the concentration of obstacles increases.

For mobile obstacles, long-range di�usion is generally maintained, since the obstacles

themselves are also in motion. The exact dependence of the di�usion constant is deter-

mined through analytic approximations and numerical simulations [49].

Immobile Obstacles: Nieuwenhuizen Model

In contrast, Nieuwenhuizen's model describes di�usion in the presence of stationary ob-

stacles. In this approach, the di�using particles are restricted by �xed barriers, which can

limit their movement to de�ned regions of the membrane [50].

For low obstacle concentrations, the di�usion constant can be derived as a function

of the obstacle concentration. Di�usion decreases sharply as the number of stationary

obstacles increases. In contrast to the case of mobile obstacles, long-range di�usion can be

completely suppressed at high concentrations due to the formation of continuous barriers

[50].

Physical Implications

Both models demonstrate that lateral di�usion is not only determined by thermal motion

but also by spatial constraints and interaction landscapes. The nature and mobility of

obstacles determine whether di�usion remains homogeneous or becomes spatially hetero-

geneous and constrained.

In real biological cell membranes as well as in biomimetic model systems, di�usion

is not a global membrane parameter, but is governed by local membrane organization,

speci�cally phase behavior and domain formation. Consequently, it must be considered a

local observable that depends on lipid composition and �uidity.
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Chapter 2. Fundamentals

The di�erent physical properties of the two lipid phases have signi�cant biological

consequences. Su�cient �uidity is essential for the function of membrane proteins, for

transport processes and for signal transduction. Although a high �uidity is indispensable

for most biological processes, a certain degree of structural stability is also necessary to

ensure the integrity of the membrane. Cells are therefore able to actively control their

membrane composition to ensure optimal �uidity. This phenomenon is referred to as

homeoviscous adaptation. Overall, the equilibrium between the gel and the liquid phase

is a central requirement for the functionality of biological membranes [8][5][1].

Temperature as Control Parameter for Transport

From a physical perspective, temperature acts as a direct control parameter for both

phase state and transport properties in lipid membranes. Below the transition tempera-

ture (T<Tm), the system resides predominantly in the gel phase, where lateral di�usion

is strongly suppressed due to reduced free volume and increased energetic barriers for

molecular rearrangements. Above Tm, thermal energy overcomes these barriers, and the

membrane transitions into a �uid regime with signi�cantly enhanced lateral mobility

[1][8][5].

This coupling between phase state and di�usion leads to a direct and experimentally

exploitable relationship (see �gure 2.3A):

� T ↑ ⇒ D ↑

� T ↓ ⇒ D ↓

Thus, temperature does not only a�ect molecular kinetics but e�ectively tunes the di-

mensional transport properties of the entire membrane system.

Phase Coexistence and Spatial Heterogeneity

In biological membranes, there is usually not only one global lipid phase, but they organize

themselves into regions with di�erent physical properties. Thus, membranes do not have

homogeneous structures, but aggregate into so-called lipid domains (see �gure 2.3B).

These lipid domains represent local regions of varying �exibility and �uidity within an

otherwise largely continuous membrane. Importantly, the formation mechanisms of such

domains can di�er: they may either result from structural phase transitions of a single lipid

species between gel (Lβ) and �uid (Lα) states, or from multicomponent phase separation

of chemically distinct lipid species. Lipid domains are highly dynamic, meaning they

can continuously form, grow larger or smaller, or dissolve entirely. Due to their �uid

properties, lipid domains can di�use as a whole within the membrane. Despite this,

they are often stabilized by proteins or even anchored to the cytoskeleton, which severely

restricts the lateral mobility of the lipid domains [8][5][1].
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2.3 Force-Mediated Transport and Pattern Formation on Membrane Surfaces

Within such heterogeneous systems, transport is no longer spatially uniform. Instead,

di�usion becomes position-dependent, with locally varying di�usion coe�cients depend-

ing on the phase environment. Interfaces between coexisting phases introduce additional

energetic barriers that can further modulate molecular mobility and induce partial con-

�nement e�ects [1][8][5].

Relevance for Controlled Membrane Systems

In model systems such as SLBs, phase behavior can be externally tuned with high preci-

sion. By controlling temperature and lipid composition, it is possible to switch between

regimes of high and low mobility or to stabilize intermediate coexistence states [51].

This tunability is of central importance for experimental approaches that rely on con-

trolled transport and pattern formation. In particular, the ability to modulate di�usion

coe�cients via phase state enables stabilization or relaxation of spatial patterns, depend-

ing on whether the system is operated above or below Tm [Publication II].

Overall, membrane phase behavior provides a direct thermodynamic handle on di�u-

sion properties in two-dimensional lipid systems. Temperature-dependent phase transi-

tions couple molecular organization to macroscopic di�usion behavior, allowing controlled

switching between high-mobility and low-mobility regimes. This coupling plays a central

role in the regulation of spatial organization in both model membranes and more complex

biological membrane systems.

While transport in two-dimensional membrane systems under equilibrium conditions

is governed by di�usion and interaction-induced constraints, many relevant physical and

biological processes operate far from equilibrium and are subject to external driving forces.

In the following section, the in�uence of magnetic �elds on transport and spatial organiza-

tion in membrane systems is introduced, enabling controlled manipulation of membrane-

associated components and the generation of de�ned spatial patterns.

2.3 Force-Mediated Transport and Pattern Formation

on Membrane Surfaces

Magnetic manipulation provides a powerful strategy to actively control spatial organiza-

tion in membrane systems. In contrast to purely di�usive membrane dynamics, exter-

nal magnetic �eld gradients enable directed transport of membrane-bound entities and

thereby programmable pattern formation on lipid interfaces. The resulting steady states

emerge from the interplay between deterministic magnetic forces and thermal �uctuations,

placing these systems intrinsically in a non-equilibrium regime.
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2.3.1 Superparamagnetic Nanoparticles in Soft Matter Systems

MNPs present a unique interface between condensed-matter physics, colloid science, and

biomimetic membrane systems. Their relevance in soft matter arises from the combination

of nanoscopic size, Brownian mobility, surface functionalization, and strong responsive-

ness to external magnetic �elds. In contrast to passive colloids, MNPs can be actuated

remotely without mechanical contact, making them especially suitable for SLBs and other

membrane-based model systems.

In this work, MNPs are coupled to lipid bilayers via speci�c linker chemistry such as

biotin�streptavidin binding. Once attached, they behave as laterally mobile inclusions

con�ned to an e�ectively two-dimensional viscous �uid. External magnetic �eld gradients

can therefore be converted into directed in-plane transport [Publication II].

Classi�cation of Magnetic Materials

A microscopic understanding of this behavior requires a classi�cation of magnetic mate-

rials based on the origin and collective organization of their magnetic moments.

Paramagnetic materials consist of atoms or ions with unpaired electron spins that

give rise to permanent magnetic moments on the atomic scale. In the absence of an

external magnetic �eld, these moments continuously change due to thermal �uctuations,

resulting in zero net magnetization. Upon application of a �eld, the moments partially

align along the �eld direction, leading to a positive, typically small magnetic susceptibility.

In weak �elds, this response is approximately linear, re�ecting the competition between

Zeeman energy and thermal disorder. However, this alignment is not stable: once the

�eld is removed, thermal agitation randomizes the moments again, and no remanent

magnetization persists [20].

In contrast, magnetically ordered materials exhibit collective behavior arising from

quantum-mechanical exchange interactions between neighboring spins. Depending on the

sign and symmetry of these interactions, di�erent types of long-range magnetic order

emerge below a critical temperature [20].

In ferromagnetic materials, exchange interactions favor parallel alignment of neigh-

boring spins, leading to a macroscopic spontaneous magnetization below the Curie tem-

perature TC. This ordered state is characterized by a large magnetic susceptibility and

the ability to sustain magnetization even in the absence of an external �eld. However, a

real ferromagnet does not form a uniformly magnetized single crystal. Instead, it min-

imizes its total free energy by subdividing into regions of homogeneous magnetization,

known as magnetic (Weiss) domains. Within each domain, spins are aligned parallel, but

the orientation of magnetization varies between domains. This domain structure reduces

magnetostatic energy at the cost of domain wall energy. When an external magnetic �eld

is applied, domains aligned with the �eld grow at the expense of oppositely oriented ones
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2.3 Force-Mediated Transport and Pattern Formation on Membrane Surfaces

through domain wall motion and spin rotation, leading to a net increase in magnetization.

This mechanism underlies hysteresis and remanence in bulk ferromagnets [20].

Antiferromagnetic materials arise when exchange interactions favor antiparallel

alignment of neighboring spins. This leads to the formation of two or more sublattices

with equal, oppositely oriented magnetic moments, resulting in a vanishing net mag-

netization in the ideal case. Long-range antiferromagnetic order exists only below the

Néel temperature TN, above which thermal �uctuations destroy the ordered state and

the material behaves paramagnetically. Despite the absence of a macroscopic moment,

antiferromagnets exhibit well-de�ned magnetic structure and collective excitations [20].

Ferrimagnetism can be understood as an intermediate case between ferro- and

antiferromagnetism. Here, antiparallel alignment of magnetic sublattices persists, but

the magnitudes of the opposing moments di�er, resulting in a �nite net magnetization.

This situation is characteristic of many iron oxides, most notably magnetite (Fe3O4)

and maghemite (γ-Fe2O3), which are highly relevant for MNPs. On a microscopic level,

these materials exhibit complex crystal structures with inequivalent lattice sites that host

ions with di�erent valence states and magnetic moments. The resulting incomplete com-

pensation of sublattice magnetizations gives rise to strong magnetic response similar to

ferromagnets, including domain formation and hysteresis in the bulk state [20].

A key concept connecting these classes of magnetic materials to nanoscale systems is

the existence of magnetic domains. In bulk ferro- and ferrimagnetic materials, domain

formation is energetically favorable because it reduces long-range stray �elds. However,

the formation of multiple domains requires the presence of domain walls, which carry

an associated energy cost. As the size of a magnetic particle decreases, the relative

importance of domain wall energy increases. Below a critical size, it becomes energetically

unfavorable to sustain multiple domains, and the particle transitions into a single-domain

state. In this regime, the entire particle behaves as a single, coherently magnetized entity

characterized by a uniform magnetic moment [20].

This size-dependent transition has profound consequences. While bulk materials

exhibit hysteresis and stable remanent magnetization due to domain dynamics, single-

domain particles lack internal domain walls and therefore cannot reduce their magneto-

static energy through domain formation. Instead, their magnetic stability is governed by

the competition between magnetic anisotropy, which favors alignment along speci�c easy

axes, and thermal �uctuations, which tend to randomize the magnetization direction [20].

When the particle size is further reduced such that thermal energy becomes compa-

rable to or exceeds the anisotropy energy barrier, spontaneous stochastic reversal of the

particle's magnetization occurs. In this regime, the magnetic moment �uctuates rapidly in

time and averages to zero in the absence of an external �eld. This phenomenon is referred

to as superparamagnetism and represents the central magnetic regime for nanoparticles

used in soft matter and membrane-based systems [20].
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Superparamagnetism at the Single-Particle Level

In the single-domain regime, strong exchange coupling enforces a coherent alignment of all

atomic spins within the nanoparticle, such that the particle behaves as a single magnetic

macrospin. The resulting magnetic moment is given by:

µ = MsV ,

where Ms is the saturation magnetization and V the magnetic core volume. The absence

of internal domain walls implies that magnetization reversal can only occur via coherent

rotation of this macrospin [21].

The stability of the magnetic moment is governed by magnetic anisotropy, which

de�nes energetically preferred orientations (easy axes) of the magnetization. The corre-

sponding energy landscape is characterized by an anisotropy barrier

EK = KV ,

with K being the e�ective anisotropy constant (including magnetocrystalline, shape, and

surface contributions).This energy barrier separates equivalent minima of the magnetiza-

tion direction [21].

At �nite temperature, thermal �uctuations can induce stochastic switching of the

magnetic moment between these minima. This process is described by Néel relaxation,

with a characteristic time scale

τN = τ0 exp

(
KV

kBT

)
,

where τ0 is an attempt time on the order of 10−9�10−12 s, kBT the Boltzmann constant

and T the temperature. The Néel relaxation time de�nes the temporal stability of the

particle's magnetization [21].

A crucial consequence is the dependence on the experimental observation time τobs. If

τobs ≪ τN, the magnetic moment appears quasi-static, and the particle behaves similarly to

a blocked ferromagnet with a well-de�ned magnetic orientation. In contrast, if τobs ≫ τN,

repeated thermally activated reversals lead to a vanishing time-averaged magnetic moment

in zero �eld. In this regime, the particle exhibits no remanence and no coercivity despite

possessing a large instantaneous magnetic moment. This de�nes the superparamagnetic

state [21].

In �uid suspensions, an additional relaxation channel arises from Brownian rotation

of the entire particle, characterized by the time scale

τB =
3ηVh

kBT
,
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where η is the dynamic viscosity and Vh the hydrodynamic volume. The e�ective magnetic

relaxation is then given by [21],

τ−1
eff = τ−1

N + τ−1
B .

However, in the present system, nanoparticles are immobilized with respect to rotational

degrees of freedom by their coupling to the lipid bilayer via molecular linkers. As a conse-

quence, Brownian rotation is strongly suppressed, and magnetic relaxation is dominated

by internal Néel processes. This distinction is essential for membrane-bound particles, as

it decouples magnetic moment �uctuations from hydrodynamic rotation.

The competition between thermal �uctuations and �eld-induced alignment leads to

an equilibrium orientational distribution governed by Boltzmann statistics. The resulting

ensemble magnetization follows the Langevin model:

M = nµL(α) , L(α) = coth(α)− 1

α
, α =

µB

kBT
.

where n is the particle number density [21].

Thus, superparamagnetic nanoparticles combine two key properties: a large magnetic

moment enabling strong coupling to external �elds, and complete reversibility due to

thermally driven moment �uctuations. In membrane-bound systems, where rotational

motion is constrained, this behavior is governed primarily by Néel relaxation, making the

magnetic response fast, reversible, and well-suited for controlled manipulation without

residual magnetization.

Synomag®-CLD-redF Nanoparticles

In this work, commercially available superparamagnetic nanoparticles (Synomag®-CLD-

redF, Micromod Partikeltechnologie GmbH, Rostock, Germany) are used.

These particles consist of a superparamagnetic iron oxide core embedded in a poly-

meric, bio-compatible coating. The hydrodynamic diameter is approximately 70 nm, and

the particles are �uorescent labeled, enabling optical quanti�cation of spatial distributions

on SLBs [52].

A key functional feature is streptavidin functionalization, allowing speci�c binding to

biotinylated lipids within the membrane. This interaction is e�ectively irreversible under

physiologically relevant conditions and standard experimental forces, and ensures stable

coupling of nanoparticles to the lipid bilayer. Under su�ciently strong magnetic �eld

gradients, however, mechanical forces can overcome this binding and induce detachment

[Publication II].

The polymer coating minimizes nonspeci�c interactions with biological systems and

ensures compatibility with subsequent cell-based experiments [22].
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2.3.2 Magnetic Forces at the Nanoscale

A homogeneous magnetic �eld mainly exerts torque and aligns particle moments (see �g-

ure 2.4A). Translational motion, however, requires spatial �eld inhomogeneity (see �gure

2.4B),as only gradients in the magnetic �eld result in a net force acting on the particle,

whereas homogeneous �elds solely induce a torque. The interaction between magnetic

�elds and nanoparticles is fundamentally described by the dipole approximation. For a

magnetic moment µ in a magnetic �eld B, the interaction energy is

U = −µ ·B.

The resulting force is given by

F = ∇(µ ·B) .

For superparamagnetic particles in moderate �elds, the induced moment approximately

aligns with the local �eld direction, so particles migrate toward regions of higher �eld

magnitude [53].

For membrane-bound nanoparticles, this coupling has direct consequences for trans-

port. Since the particles are con�ned to a quasi-two-dimensional �uid, only the in-plane

components of F contribute to lateral motion, while the out-of-plane component modu-

lates membrane attachment and linker tension. The stochastic nature of µ implies that

even in the presence of a deterministic force, particle trajectories remain di�usive on short

time scales, with magnetic forces introducing a directional bias that becomes apparent in

ensemble averages or long-time dynamics.

In this way, superparamagnetism provides the microscopic foundation linking thermal

�uctuations, �eld-induced alignment, and e�ective forces, thereby enabling controlled and

reversible manipulation of membrane-bound nanoparticles in spatially structured mag-

netic �elds.

2.3.3 Field-Driven Transport in Two-Dimensional Fluids

Once bound to a SLB, nanoparticle motion is con�ned to a quasi-two-dimensional viscous

environment. For membrane-bound particles, forces can be decomposed into vertical and

lateral components (see �gure 2.4C):

Fz = µ
dBz

dz
, Fxy = µ

√(
dBxy

dx

)2

+

(
dBxy

dy

)2

.

The vertical component governs membrane attachment, detachment, and linker ten-

sion, whereas the lateral component drives in-plane transport along the membrane surface

(see �gure 2.4D) [Publication II].
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Chapter 2. Fundamentals

Compared with three-dimensional suspensions, hydrodynamic dissipation in mem-

branes depends on membrane viscosity, lea�et coupling, substrate friction, and linker

geometry. Thus, the same magnetic force can produce markedly di�erent drift speeds

depending on membrane state and coupling architecture.

2.3.4 Pattern Formation under External Fields

Spatially varying �elds generate nonuniform drift velocities and therefore nonuniform

steady-state particle densities. Particles accumulate where drift �ux is balanced by back-

di�usion. Thus, stronger gradients or lower di�usion coe�cients sharpen accumulation

zones.

Beyond simple enrichment, interacting particles can generate collective phenomena

such as crowding fronts, excluded-area e�ects, and �eld-induced chaining (if dipolar in-

teractions become relevant). In membrane systems, steric packing often dominates before

true magnetic aggregation occurs, especially for polymer-coated superparamagnetic par-

ticles [23].

Dynamic protocols, such as switching �elds on/o�, translating magnets, or applying

oscillatory gradient, allow time-dependent pattern writing. This transforms the membrane

into a programmable non-equilibrium surface.

2.3.5 Coupling Between Membrane Phase State and Particle Mo-

bility

A decisive feature of lipid membranes is that transport properties depend strongly on

phase state. In the liquid-disordered phase, lipids and membrane-bound particles exhibit

comparatively high lateral mobility. In liquid-ordered or gel-like phases, viscosity increases

and di�usion slows dramatically [1][8][5].

Close to a phase transition, small temperature changes can strongly alter mobility.

This creates an experimentally powerful control parameter: magnetic forces may remain

constant while transport changes through thermal tuning alone [Publication II].

Increasing temperature generally promotes chain disorder, lowers packing density, and

enhances lateral di�usion. Decreasing temperature increases chain order and can kinet-

ically arrest previously generated particle distributions. Consequently, �eld-written pat-

terns may be dynamically created in a �uid state and subsequently stabilized by cooling

into a less mobile phase [Publication II].

This coupling between force induced transport and high control of phase behavior is

central for programmable membrane structuring.
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2.3.6 Particle-Induced Ligand Redistribution

Magnetically transported nanoparticles do not act as isolated tracers; they modify the

local membrane environment. If particles occupy �nite lateral area or are linked to spe-

ci�c lipid species, their accumulation redistributes surrounding components through steric

exclusion, entropic demixing, and co-transport of bound lipids [Publication II].

As a consequence, enrichment of nanoparticles can produce depletion zones for other

ligands, whereas particle-poor regions become relatively enriched in mobile receptors or

adhesion molecules. Such inverse gradients are highly relevant for receptor-ligand sys-

tems, where local density determines binding probability and signaling thresholds [Pub-

lication II].

If nanoparticles are functionalized with capture molecules, they may additionally re-

cruit speci�c ligands into dense macroscopic clusters. This would enables active writing

of receptor landscapes that mimic biological membrane heterogeneity.

For cell-interface studies, these e�ects are particularly powerful because immune synapses

respond not only to mean ligand density but also to nanoscale spacing, cluster size, and

local mobility. Magnetic nanoparticles therefore provide a route from passive membrane

models toward actively recon�gurable cellular interfaces.

2.4 Active Cellular Membrane Interfaces and Receptor

Organization

Cell-cell contacts in the immune system are highly dynamic membrane interfaces in which

recognition, signaling, and force generation are tightly coupled in space and time. Rather

than being passive adhesion zones, these interfaces act as active reaction platforms where

receptors and ligands di�use, bind, cluster, and are continuously reorganized by cytoskele-

tal processes. Their functionality therefore emerges from the interplay between molecular

a�nity, membrane mechanics, lateral mobility, and active transport.

Such interfaces are particularly relevant for cytotoxic lymphocytes, including T cells

and natural killer (NK) cells, which must rapidly decide whether a contacted cell should

be tolerated or eliminated. In both cases, signaling is initiated at a specialized contact

zone commonly referred to as the immunological synapse. However, the architecture and

regulation of this synapse di�er substantially between receptor systems and cell types.

In engineered immune cells, such as CAR-T and CAR-NK cells, synthetic receptors

partially replace endogenous recognition pathways and thereby alter the physical prin-

ciples governing synapse formation. As a result, the membrane interface becomes an

experimentally tunable system in which receptor density, ligand mobility, and spatial

organization directly determine activation e�ciency.
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2.4.1 Receptor-Ligand Interactions at Membrane Interfaces

The �rst step in immune cell activation is the formation of receptor-ligand bonds across

two opposing membranes. These interactions occur within an intermembrane cleft of

only a few tens of nanometers, where the separation distance between both cells must

match the extracellular domain length of the interacting molecules. Productive signaling

therefore depends not only on biochemical a�nity, but also on geometric compatibility

[6].

For natural T cells (see �gure 2.5A), recognition is mediated by the T-cell receptor

(TCR), which binds peptide-loaded major histocompatibility complex (MHC) on antigen-

presenting or target cells. TCR binding is highly speci�c and sensitive, allowing activation

by very low numbers of agonistic ligands. However, TCR signaling additionally requires

co-receptors, adhesion molecules, and proofreading mechanisms that discriminate between

weak and strong ligands [6].

NK cells (see �gure 2.5A) follow a fundamentally di�erent strategy. Instead of relying

on one dominant receptor, they integrate signals from multiple activating and inhibitory

receptors. Activating receptors detect stress-induced ligands, whereas inhibitory receptors

recognize self-markers such as MHC. The balance of these signals determines whether

cytotoxicity is initiated. This distributed sensing mechanism enables NKcells to eliminate

abnormal cells that have lost MHC expression, a principle referred to as missing-self

recognition [54].

Many tumor cells exploit this recognition system by downregulating or entirely losing

MHC expression, thereby evading TCR-mediated detection by T cells. Although this loss

of �self� can render them susceptible to NKcell�mediated killing via missing-self recog-

nition, immune evasion often persists due to additional inhibitory mechanisms and the

heterogeneity of tumor environments. To overcome these limitations, CARs were de-

veloped as synthetic receptors that redirect immune cells toward de�ned surface antigens

independent of MHC presentation. Initially engineered for T cells, CAR-based approaches

are now also being actively explored in NKcell engineering [55][56].

Chimeric Antigen Receptors as Synthetic Recognition Modules

CARs are engineered membrane receptors that enable immune cells to recognize pre-

de�ned surface antigens independently of natural antigen-recognition pathways. They

combine extracellular antibody-based target binding with intracellular immune signaling

domains and thereby convert antigen binding directly into cellular activation [26][27].

The term chimeric refers to their modular composition, as CARs are assembled from

domains originating from di�erent proteins. A typical CAR consists of four functional

elements (see �gure 2.5B) [26][27]:
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� Extracellular binding domain: Usually a single-chain variable fragment (scFv)

derived from an antibody. This domain determines antigen speci�city and binds

directly to surface molecules such as cluster of di�erentiation 19 (CD19), B7 homolog

3 (B7-H3) or epidermal growth factor receptor (EGFR).

� Hinge or spacer region: Provides �exibility and de�nes the distance between

the immune cell membrane and the target surface. Spacer length can strongly

in�uence accessibility of membrane-proximal epitopes and synapse geometry (here

complement component 6 (C6) or human nerve growth factor receptor-derived hinge

N3 (N3)).

� Transmembrane domain: Anchors the receptor in the plasma membrane and

contributes to receptor stability (here cluster of di�erentiation 28 (CD28) or cluster

of di�erentiation 8 (CD8)).

� Intracellular signaling domain: Contains activation motifs that initiate down-

stream signaling after antigen binding. Primary signaling domains (e.g., cluster of

di�erentiation 3 zeta chain (CD3ζ)) initiate T cell activation upon antigen recog-

nition, whereas co-stimulatory domains (e.g., CD28) enhance activation strength,

proliferation, and persistence.

Di�erent CAR generations have been developed. First-generation CARs contain only

CD3ζ, second-generation CARs additionally include one co-stimulatory domain, and later

generations integrate multiple signaling modules or inducible cytokine systems [26][27].

Upon multivalent antigen binding, CARs cluster within the membrane and trigger

phosphorylation cascades that induce cytotoxicity, cytokine secretion, proliferation, or

survival depending on the host cell type. In contrast to the TCRs, CARs recognize

intact surface antigens directly and therefore do not require peptide presentation by MHC

molecules [26][27].

As already mentioned above, CAR immune cells are able to overcome a major tumor

immune-evasion strategy, the downregulation of MHC molecules. By recognizing tumor-

associated antigens in an MHC-independent manner, CAR-engineered e�ector cells bypass

the requirement for classical antigen presentation and thereby restore e�ective immune

recognition of malignant cells. This has led to the development of a highly promising ther-

apeutic approach, which has already demonstrated considerable clinical success, partic-

ularly in hematological malignancies, where CAR-T,cell therapies have achieved durable

remissions in a subset of patients [57].

In parallel, CAR-engineered NKcells are emerging as a complementary e�ector plat-

form, showing encouraging preclinical and early clinical results [55][56]. A key advantage

of CAR-NKcells lies in the integration of engineered antigen speci�city with the preser-

vation of their innate activation pathways. In contrast to CAR-T cells, CAR-NKcells
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retain their natural receptor repertoire, enabling target cell recognition not only via the

CAR construct but also through endogenous activating and inhibitory receptors. This

includes the ability to detect so-called �missing-self� signals resulting from reduced MHC

expression, thereby providing an additional layer of tumor surveillance. As a consequence,

CAR-NKcells may remain functionally active even in cases where tumor cells downregu-

late the CAR-targeted antigen, reducing the risk of complete immune escape variants.

Another important distinction is the safety pro�le. While both CAR-T and CAR-

NK approaches are e�ective immunotherapeutic strategies, CAR-NKcells are generally

associated with a reduced risk of severe systemic toxicities. CAR-T cell therapies can

be accompanied by cytokine release syndrome and immune e�ector cell-associated neu-

rotoxicity syndrome, which are linked to strong pro-in�ammatory cytokine secretion. In

contrast, NK cells produce a distinct cytokine pro�le, including interferon-γ and tumor

necrosis factor-α, which is associated with a lower incidence and severity of systemic

in�ammatory toxicity [26][27][56].

Furthermore, CAR-NKcells o�er practical advantages in manufacturing and availabil-

ity. Unlike CAR-T cells, which often require autologous production to avoid graft-versus-

host disease, NK cells can be safely derived from allogeneic sources such as peripheral

blood, umbilical cord blood, or induced pluripotent stem cells. This enables the develop-

ment of standardized �o�-the-shelf� products that can be manufactured in advance and

administered to multiple patients [26][56].

At the same time, the generally shorter in vivo persistence of NKcells compared to

T cells represents both a potential limitation and an opportunity, as it may reduce long-

term adverse e�ects but can also necessitate repeated dosing to maintain therapeutic

e�cacy [27][56]. Additionally, NK cells intrinsic capacity to home to in�amed tissues

provides a promising basis for targeting solid tumors, where in�ltration remains a major

challenge for many cellular immunotherapies [55].

Collectively, CAR-NKcells represent a highly promising and complementary exten-

sion of CAR-based immunotherapy, combining engineered speci�city with innate immune

�exibility and favorable safety and manufacturing properties, while CAR-T cell therapies

remain a clinically established and highly e�ective modality, particularly in hematological

malignancies.

Another important engineered concept is the non-signaling CAR (see �gure 2.5B).

These receptors contain an extracellular antigen-binding domain but lack intracellular

signaling motifs and therefore do not directly trigger cytotoxic activation [Publication IV].

At membrane interfaces, non-signaling CARs act as adhesive or targeting modules

that increase the local avidity of immune cells toward antigen-positive surfaces. This is

particularly relevant when tumor-associated antigens are expressed at low levels and are

insu�cient to reach the activation threshold.

Non-signaling CARs can stabilize and prolong cell�cell contacts through recognition of
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highly expressed (but not necessarily tumor-speci�c) surface markers, thereby facilitating

e�ective engagement of separate activating CAR constructs. Importantly, this modular

separation of binding and signaling ensures that activation only occurs when a true acti-

vation signal is present, while binding alone on healthy tissue does not trigger cytotoxicity

[Publication IV].

2.4.2 Spatial Organization and Cluster Formation

Single receptor-ligand bonds are typically insu�cient to induce robust activation. Instead,

signaling emerges through the formation of nanoscale and microscale receptor clusters that

concentrate kinases, exclude phosphatases, and stabilize cooperative interactions.[6]

In classical T cell synapses, receptor complexes reorganize into a characteristic con-

centric pattern consisting of(see �gure 2.5C):

� central supramolecular activation cluster (cSMAC): enriched in TCR-MHC

complexes and signaling assemblies,

� peripheral supramolecular activation cluster (pSMAC): peripheral ring dom-

inated by adhesion molecules such as lymphotyte function-associated antigen 1

(LFA-1)/intercellular adhesion molecule 1 (ICAM-1),

� distal supramolecular activation cluster (dSMAC): containing dynamic actin-

rich structures and large excluded proteins.

This architecture re�ects self-organization driven by di�usion, binding, steric sorting,

and actomyosin �ow [6][18][58].

NK cell synapses are generally less symmetric and more heterogeneous. Because

NKcells integrate multiple receptor classes simultaneously, activating and inhibitory mi-

croclusters often coexist within the same contact zone. Their synapses are therefore more

dynamic and decision-oriented than the highly structured T cell synapse. In cytotoxic

NK synapses, granule secretion sites form in regions where actin is locally cleared, allow-

ing directed release of perforin and granzyme [54].

CAR-T synapses frequently display faster but less canonical organization than natural

TCR synapses. Strong CAR clustering can rapidly generate signaling domains without

requiring the full mature bulls-eye structure [25].

CAR-NK synapses combine both principles: engineered CAR clusters generate domi-

nant activating hotspots, while native NK receptors continue to modulate adhesion, inhi-

bition, and serial killing behavior [24][54].

In the schematic representation in �gure 2.5A, CAR-mediated synapses are therefore

depicted in a generalized form, re�ecting the shared principle of CAR-driven antigen

clustering rather than cell-type-speci�c synaptic architectures.
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organization and signaling across di�erent cellular contexts.

After �rst contact, adhesion receptors increase encounter lifetime between both cells.

This prolonged contact allows additional receptors to di�use into the interface and bind

available ligands. Once signaling begins, local phosphorylation events further enhance

recruitment by stabilizing receptor residence times and attracting adaptor proteins [54].

A central mechanism is centripetal transport driven by retrograde actin �ow (see �gure

2.5C). Receptor clusters formed near the periphery are transported inward toward the

synapse center. Actin polymerization at the periphery drives membrane spreading and

enlarges the contact zone. Myosin-mediated contraction generates inward transport of

receptor clusters. In cytotoxic lymphocytes, microtubule reorientation polarizes secretory

vesicles toward the synapse, enabling directional release of lytic granules [19]. During

this movement, clusters may grow by fusion, lose components by dissociation, or undergo

signal maturation [19].

In addition, size-based segregation plays an important role: small receptor-ligand pairs

accumulate in regions where the membranes of immune and target cell are closely apposed,

typically in the center, whereas larger molecules, like adhesion molecules are sterically ex-

cluded from this regions and localized in the peripheral zone. Next to steric e�ects, also

other receptor-ligand interactions further stabilize the synapse clusters. Di�erences in

binding a�nity and local concentration contibute to the selective enrichment of compo-

nents in de�ned synaptic regions. This principle is described by the kinetic segregation

model, in which steric e�ects and binding kinetics jointly determine spatial organization

[59].

At the center of the synapse, signaling is consolidated and receptor-ligand complexes

are eventually degraded or internalized, contributing to signal termination. Overall, the

interplay between di�usion, binding kinetics, steric constrains and cytoskeletal forces gen-

erates a dynamic structure that is tightly coupled to signaling e�ciency [18][60].

The kinetics di�er strongly between cell types:

� Natural T cells: slower but highly sensitive recruitment with sustained signaling

[25].

� Natural NK cells: rapid scanning contacts with reversible recruitment depending

on activating/inhibitory balance [54].

� CAR-T cells: strong recruitment once antigen threshold is exceeded, often followed

by persistent signaling [25].

� CAR-NK cells: rapid recruitment with e�cient detachment and re-engagement,

favoring serial killing [56].

Thus, immune synapses are not only organized by passive di�usion but are actively

remodeled through forces generated by the actin cytoskeleton, membrane tension, and
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receptor pulling. Cells mechanically probe their targets while simultaneously reorganizing

the interface.

2.4.4 Quanti�cation of Molecular Density via Fluorescence

To understand membrane interface organization quantitatively, methods are required that

convert �uorescence intensity into local molecular surface density. This is particularly

relevant for determining ligand thresholds, receptor recruitment e�ciencies, and cluster

enrichment factors. Consequently, quantitative knowledge of receptor or ligand density

is often more informative than �uorescence intensity alone, since biological responses are

governed by molecule numbers per unit area rather than arbitrary detector counts.

Fluorescence microscopy o�ers a powerful route to access such densities because �u-

orescent labels convert molecular abundance into optically detectable signals with high

spatial resolution. In the simplest approximation, the detected intensity is proportional

to the number of �uorophores within the observation area. However, this proportionality

is only meaningful after consideration of instrumental factors such as excitation power,

collection e�ciency, detector gain, pixel dwell time, and �uorophore photophysics. Raw

�uorescence images therefore provide relative contrast, whereas calibrated measurements

can yield absolute molecular surface densities [Publication III].

For membrane systems, the relevant quantity is typically the areal concentration

σ =
N

A
,

where N is the number of molecules contained within a membrane region of area A.

Spatially resolved determination of σ allows construction of molecular density maps across

interfaces, revealing enrichment zones, depletion regions, gradients, or clustered states

[Publication III].

In cellular systems, additional complexity arises from intracellular background �uores-

cence. Therefore, the �uorescence measured at membrane-focused positions most likely

contain contributions not only from the plasma membrane but also from �uorophores

located in the adjacent cytoplasm [Publication III].

For this reason, reliable determination of membrane molecular density often requires

decomposition of total �uorescence into membrane-bound and non-membrane fractions.

Dynamic methods such as FCS are particularly useful in this context, since two-dimensional

membrane di�usion and three-dimensional cytoplasmic di�usion exhibit distinct charac-

teristic timescales. By exploiting these di�erences, the membrane-associated contribution

to the total signal can be identi�ed and used for corrected density estimation (see section

2.1.2) [Publication III].

Once the membrane-speci�c signal is isolated, conversion onto molecular number re-

quires knowledge of single �uorophor count rates in the present microscopy setup. This
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can be obtained by independent calibration using puri�ed �uorophores or reference sam-

ples of known concentration. Thereafter, �uorescence images can be transformed from

arbitrary count maps into quantitative distributions of molecules per square micrometer

[Publication III].

Such quantitative density measurements provide direct access to biologically relevant

observables. Examples include the number of receptors recruited into a contact zone, lig-

and density required for activation thresholds, enrichment factors relative to surrounding

membrane regions, and temporal changes during synapse formation. In engineered im-

mune interfaces, these quantities are essential for understanding how receptor abundance

and spatial organization regulate signaling performance [Publication III].

Within this dissertation, �uorescence-based density quanti�cation is used to deter-

mine the abundance of membrane-associated CAR-receptor populations in cell�SLB and

cell�cell interfaces. Particular emphasis is placed on distinguishing the truly membrane-

resident receptor fraction from intracellular �uorescence contributions, thereby ensuring

that only the functionally accessible surface population enters the quantitative analysis

[Publication III].

In this way, �uorescence microscopy becomes not merely an imaging modality but a

methological tool for extracting absolute molecular densities at dynamic membrane inter-

faces. This establishes a direct connection between optical observables and the physical

parameters governing molecular recognition, transport, and collective receptor organiza-

tion.

2.4.5 In�uence of Ligand Density and Mobility

Besides receptor properties, the physical state of the opposing membrane strongly in�u-

ences signaling outcomes in both living cells and arti�cial membranes. Two key parameters

are ligand surface density and lateral mobility.

At low ligand density, receptor encounters are rare and cluster nucleation may remain

below the signaling threshold [61]. Increasing ligand density raises rebinding probability,

promotes cooperative interactions, and stabilizes synapse formation. Many immune re-

sponses therefore show initially threshold-like behavior followed by a more graded increase

with ligand number once the initial threshold is exceeded (see �gure 2.6A) [62][63].

Ligand mobility is equally important. Mobile ligands can be collected by receptors

into clusters, whereas immobilized ligands resist reorganization. Highly mobile ligands

frequently promote larger signaling domains and more e�cient synapse maturation than

rigidly anchored ligands [28].

Membrane phase state provides a direct physical control parameter for mobility and

has therefore an immediate in�uence on synapse formation (see �gure 2.6B):
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� disordered membrane phase → higher di�usion coe�cient → stable synapse orga-

nization

� ordered membrane phase→ reduced di�usion coe�cient→ weak or dispersed synapse

engagement

Thus, temperature-dependent phase transitions modulate whether ligands reside in �uid

or ordered membrane environments, which in turn a�ects receptor transport and clustering

in synapse formation [64].

2.4.6 Model Membranes for Studying Synapse Formation

To systematically disentangle all these parameters important for synapse formation, re-

ductionist model systems such as SLBs have been developed to mimic and control key

features of the target membrane. SLBs enable the presentation of de�ned ligands with

precisely tunable density and lateral mobility, allowing systematic analysis of key param-

eters.

Using SLBs, it has been demonstrated that the organization and dynamics of receptor-

ligand interactions are strongly in�uenced by the physical properties of the target mem-

brane. Furthermore, these systems allow targeted variation of individual parameters,

facilitating the identi�cation of causal relationships [10].

Key advantages of SLBs studying immunological synapses are (see �gure 2.6C):

1. Precise control of lateral mobility: Membrane viscosity can be tuned, enabling

the presentation of freely di�using lignds that immune cells can reorganize without

constraint.

2. De�ned ligand density: Ligand concentration can be accurately adjusted, allow-

ing a quantitative determination of the activation threshold.

3. Compatibility with advanced microscopy: The planar geometry positions the

synapse always within the focal plane, enabling optical imaging, like TIRF or others.

4. Geometric manipulation: Spatial organization can be controlled using arti�cial

barriers or ligand patterns, enabling the study of self-organization under constrained

conditions.

A key limitation of SLBs in immune synapse studies is the lack of mechanical respon-

siveness. Immune cells exert mechanical forces on the ligands to probe their mechanical

anchoring and properties. Rigid glass substrates, as used in classical SLBs, do not deform

accordingly. To address this, enhanced SLB systems with polymer gels or elastomeric

substrates have been developed to better mimic the mechanical properties of the target

cells [10].
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Chapter 2. Fundamentals

Furthermore, SLBs do not provide a functional cellular response, preventing direct

observation of downstream e�ects such as target cell killing and thereby limiting the

correlation between synapse formation and e�ector function.

2.5 Quantitative Image Analysis and Extraction of Phys-

ical Observables

Fluorescence microscopy delivers access to spatial and temporal information on molecular

distributions within biological systems. While qualitative imaging allows direct visualiza-

tion of spatial heterogeneities and dynamic processes, it does not by itself provide access

to quantitative physical parameters. In contrast, quantitative image analysis enables

the extraction of physically meaningful observables such as molecular densities, di�usion

coe�cients, transport velocities, and measures of spatial organization.

In this sense, quantitative image analysis transforms �uorescence microscopy from

a primarily descriptive imaging technique into a quantitative tool that bridges exper-

imental observation and physical modeling. By converting intensity distributions and

time-resolved image sequences into calibrated molecular and spatial observables, micro-

scopic data can be directly related to underlying biophysical processes such as membrane

organization, receptor transport, interaction-driven clustering, and active transport.

2.5.1 Fluorescence Image Analysis

Fluorescence microscopy generates spatially and temporally resolved image data in which

the measured intensity distribution re�ects the localization of �uorescent labeled molec-

ular species. To transform such image series into quantitative observables, biologically

relevant structures must be identi�ed and converted into analyzable regions of interest.

In the context of this dissertation, �uorescence image analysis is primarily used to char-

acterize immune-cell contact interfaces, receptor redistribution during synapse formation,

and time-dependent cytotoxic responses.

A central step of the analysis is the segmentation of cellular structures and contact

regions. For experiments involving CAR e�ector cells interacting either with SLBs or

tumor target cells, the contour of the e�ector cell de�nes the relevant analysis region.

Automated mask-generation routines were therefore used to determine the projected cell

boundary from �uorescence images. From these masks, geometric quantities such as

contact-zone size, and synapse morphology can be extracted [Publication III].

Beyond the overall cell contour, particular emphasis is placed on the identi�cation

of localized receptor enrichment zones within the contact interface. These regions cor-

respond to spatially con�ned areas of enhanced �uorescence intensity and indicate local

accumulation of receptors at the immunological synapse. Such enrichment domains were
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segmented by threshold-based or intensity-relative criteria within the previously de�ned

contact mask. Their area, position, integrated intensity, and fractional coverage of the

synapse provide quantitative measures of receptor reorganization [Publication III].

Mask-based quanti�cation enables direct extraction of intensity-derived observables

from biologically de�ned compartments. Once the cell contour and enrichment zones

are known, mean �uorescence intensity, integrated signal, local receptor density, and

enrichment ratios between synaptic and non-synaptic membrane regions can be calculated.

A commonly used quantity is the enrichment factor

E =
⟨I⟩contact
⟨I⟩outside

,

where ⟨I⟩contact denotes the mean �uorescence intensity inside the contact zone and

⟨I⟩outside the corresponding intensity in non-contact membrane regions. Values E > 1

indicate preferential receptor recruitment towards the synapse [Publication III].

For calibrated confocal measurements, these intensity values can further be converted

into absolute molecular surface densities (see section 2.4.4), allowing quantitative compar-

ison of receptor abundance between di�erent cells, synapse morphology, or experimental

conditions [Publication III].

To analyze spatial receptor organization in a rotational averaged manner, radial av-

eraging procedures were applied. These pro�les reveal whether receptor accumulation

occurs centrally, peripherally, or in pattern-like arrangements and permit direct com-

parison between di�erent synapse classes independent of local angular irregularities. If

brightness calibration is available, the same procedure yields absolute radial concentration

pro�les [Publication III].

Time-resolved �uorescence image sequences provide additional access to dynamic cel-

lular processes. During formation of the immune synapse, labeled receptors often undergo

pronounced spatial redistribution from an initially di�use membrane distribution toward

the contact interface. By analyzing the temporal evolution of �uorescence intensity along

the e�ector cell membrane, the kinetics of receptor recruitment and accumulation can be

analyzed [Publication IV].

In cytotoxicity assays, time-lapse epi�uorescence microscopy further enables deter-

mination of target-cell death dynamics. Such curves report the temporal e�ciency of

CAR-mediated cytotoxicity and allow comparison between di�erent e�ector-to-target ra-

tios or receptor constructs [Publication III].

Time-lapse analysis also provides access to serial killing behavior of individual e�ector

cells. By tracking repeated contacts of a single CAR-e�ector cell with several target cells,

the number of sequential killing events per e�ector cell can be determined. This quantity

characterizes functional persistence and cytotoxic capacity beyond single-cell endpoint

measurements [Publication III].
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Overall, �uorescence image analysis transforms microscopy recordings into quantita-

tive descriptors of cellular organization and function. Through segmentation, mask-based

quanti�cation, time-resolved event detection, and spatial pro�le analysis, optical image

data become a source of physically meaningful observables such as receptor enrichment,

recruitment kinetics, contact geometry, and cytotoxic performance.

2.5.2 Quantitative Intensity Analysis and Calibration

Fluorescence microscopy provides highly sensitive spatial information, but raw image

intensity is not directly equivalent to molecular number. The measured signal depends on

excitation power, detector e�ciency, optical alignment, dwell time, �uorophore quantum

yield, and local environment. Hence, quantitative conversion of �uorescence counts into

absolute molecular densities requires calibration procedures that relate detected photons

to individual �uorophores under de�ned imaging conditions [65].

A key quantity in this context is themolecular brightness, i.e. the average detected

photon count rate contributed by a single �uorescent molecule. Molecular brightness links

image intensity to molecular abundance and is particularly powerful when �uorescent

proteins are used as genetically encoded stoichiometric labels. Once determined experi-

mentally, it allows �uorescence images to be interpreted on an absolute scale rather than

only comparatively.

For the systems investigated in this dissertation, calibration was performed using puri-

�ed mNeonGreen protein, the �uorescent reporter fused to the CAR-receptor of interest.

Serial dilution series of known concentration provide a direct relationship between �uo-

rophore concentration and detected count rate under confocal excitation. To ensure ab-

solute concentration accuracy, independent spectrophotometric determination of protein

concentration is required. Measurements over multiple laser powers additionally verify

the linear response regime of the optical system.

To extract molecular brightness reliably, the confocal detection volume must �rst be

known. This is commonly determined by FCS using reference dyes with established di�u-

sion coe�cients, such as Rhodamine 110. From the measured correlation time and known

di�usion constant, the e�ective confocal volume can be obtained. The calibrated vol-

ume then converts concentrations into absolute molecule numbers inside the observation

region.

If the �uorescence count rate is normalized by excitation power, one obtains an experi-

mental brightness parameter B (in kHz/µW). Its dependence on �uorophor concentration

is linear in the absence of saturation e�ects. The slope b of this relation can be transformed

into the single-molecule brightness

mB =
b

NAV
,
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where NA is the Avogadro constant and V the e�ective confocal volume. The quantitymB

consequently represents the �uorescence contribution of one molecule under the chosen

optical conditions [Publication III].

Once molecular brightness is known, �uorescence images can be converted into local

molecular densities. For a pixel with integrated intensity I, dwell time t and excitation

power P , the number of �uorescent molecules contributing to that pixel is given by:

Npix =
I

tPmB

. (2.2)

Division by the e�ective confocal area Aeff yields a surface density in molecules per µm².

In practice, this enables direct quanti�cation of receptor abundance within cell-cell or

cell-SLB contact regions [Publication III].

For membrane proteins, an additional correction is required because confocal imag-

ing at the membrane plane also captures �uorescence from nearby cytoplasmic molecules

within the axial detection volume. For this reason, the total intensity in a membrane-

focused image is generally a superposition of membrane-derived and cytoplasmic con-

tributions. If uncorrected, this leads to systematic overestimation of receptor surface

density.

To resolve this problem, the membrane fraction determined independently by FCS

(see section 2.1.2) is incorporated into the intensity analysis. By separating the slowly

di�using two-dimensional membrane component from the faster three-dimensional cyto-

plasmic component, the relative membrane-associated signal fraction fmem is obtained.

Only this faction is then used for molecular counting:

Imem = fmemItot .

This procedure ensures that only receptor residing in the plasma membrane are counted,

whereas soluble intracellular �uorescence is excluded [Publication III].

Such membrane-fraction correction is particularly relevant for CAR constructs, since

a signi�cant intracellular pool may coexist next to the functional surface population.

The biologically relevant parameter for interface formation and signaling is the number

of receptors available at the membrane, not the total cellular �uorescence. Combining

brightness calibration with FCS-based fractionation therefore enables direct determination

of functional receptor densities within contact zones.

Beyond receptor counting, calibrated intensity analysis also permits determination of

integrated receptor number per synapse, spatial heterogeneity, and enrichment factors

relative to non-contact membrane regions. It thereby transforms �uorescence microscopy

from a qualitative imaging method into a quantitative tool for extracting physically mean-

ingful observables of molecular organization.
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2.5.3 Correction of Imaging Artifacts

Quantitative �uorescence microscopy requires accurate measurement of image intensities

and spatial information in order to reliably represent the underlying molecular distri-

bution. In practice, however, optical detection systems introduce systematic distortions

that can bias localization, co-localization, and intensity-based quanti�cation if left uncor-

rected. Such artifacts arise from wavelength-dependent imaging errors, detector asymme-

tries, polarization sensitivity, imperfect alignment of optical components, and nonuniform

detection e�ciencies.

Because the present work relies on precise determination of receptor densities, mem-

brane contact geometries, and multi-color spatial organization, correction procedures con-

stitute an essential step of the image-analysis pipeline. Depending on the experimental

modality, di�erent corrections become relevant. In multi-color imaging, chromatic shifts

and geometric distortions must be compensated to ensure accurate overlay of �uorescence

channels. In polarization-resolved confocal detection, unequal detector sensitivities must

be corrected before channel combination and intensity quanti�cation.

The following sections summarize the physical origin of these e�ects and the corre-

sponding correction strategies used to obtain quantitatively reliable �uorescence images.

Chromatic Aberration Correction

In dual-color confocal microscopy, precise spatial co-registration of spectral separated im-

age channels is essential for reliable quantitative analysis. However, residual wavelength-

dependent imaging errors frequently lead to geometric misalignment between channels

recorded at di�erent emission wavelengths. In the present setup, �uorescence signals

centered at 450 nm and 525 nm were detected in two independent channels using a con-

ventional photomultiplier tube (PMT) and a gallium arsenide phosphide (GaAsP) PMT,

respectively. While both channels were well aligned near the optical axis, an increasing

lateral displacement was observed toward the periphery of the �eld of view. This behavior

is characteristic of residual lateral chromatic aberration combined with channel-speci�c

relay-optical distortion, commonly appearing as pincushion-type warping.

The physical origin of chromatic aberration lies in the dispersive nature of optical

materials, for which the refractive index depends on the wavelength,

n = n(λ) .

As a consequence, �uorescence emitted at di�erent wavelengths propagates through the

imaging system with slightly di�erent refraction angles and e�ective magni�cations. Al-

though modern apochromatic microscope objectives strongly suppress these e�ects, small

residual errors remain, particularly at larger �eld angles away from the image center [13].
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The resulting lateral misregistration can be described by a wavelength-dependent ra-

dial displacement �eld,

∆r(r) = r525(r)− r450(r) ,

where r denotes the ratial distance from the image center and r525 and r450 are the

measured positions of identical emitters in the respective channels. In agreement with the

experimentally observed pincushion distortion, the displacement increases with increasing

radial distance and is negligible near the optical axis.

To compensate this artifact, multicolor �uorescent �ducial markers (TetraSpeck micro-

spheres) were used as spatial calibration standards. Since these beads emit simultaneously

in multiple spectral channels, they provide identical point-like reference positions through-

out the �eld of view. Bead images were acquired under identical imaging conditions as

the experimental data, and the relative displacement between channels was determined

from the measured bead coordinates. Based on these data, a spatial transformation map

was calculated and applied to all recorded images,

(x′, y′) = T (x, y) ,

where T denotes the calibration-derived coordinate transformation used to map one spec-

tral channel onto the reference channel.

This procedure compensates residual chromatic distortion and restores accurate pixel-

wise correspondence between both channels. Such correction is particularly important

for comparison of spatial arrangements of di�erent receptor-ligand pairs in the immune

synapse labeled with di�erent �uorophores.

Polarization-Resolved Detection and G-Factor Correction

In high-sensitivity confocal microscopy, �uorescence emission is frequently separated into

orthogonal polarization components before detection. This con�guration is particularly

common when using avalanche photodiodes, since polarization splitting can improve detec-

tion e�ciency and enables additional analysis of �uorescence anisotropy or polarization-

dependent signals. In such systems, the emitted �uorescence is decomposed into compo-

nents parallel and perpendicular to a de�ned optical axis and recorded in two independent

detector channels.

Even for completely unpolarized �uorescence emission, the measured count rates in

both channels are generally not identical. This discrepancy does not primarily re�ect

physical properties of the sample, but instead originates from unequal detector quantum

e�ciencies, di�erences in optical transmission, polarization-dependent beam splitter char-

acteristics, or small alignment asymmetries. Without correction, direct addition of both

channels would therefore produce biased total intensities.
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To compensate for this systematic imbalance, a detector-speci�c scaling factor, com-

monly referred to as the G-factor, is introduced. It is de�ned as the ratio of the e�ective

detection e�ciencies of the two channels,

G =
η∥
η⊥

,

where η∥ and η⊥ denote the overall sensitivities of the parallel and perpendicular detection

paths, respectively. Experimentally, the factor is determined from calibration measure-

ments using reference samples with known or isotropic polarization behavior. In the

context of this dissertation Rhodamin 110 is used for calibration, o�ering a fast rotational

di�usion in solution, its emission is practically depolarized over measurement time-scales

[Publication III].

After calibration, the total �uorescence image is reconstructed by weighted channel

addition,

Itot = I∥ + 2GI⊥ ,

where I∥ and I⊥ are the recorded intensities of the two polarization channels. The weight-

ing term compensates for the unequal response of the perpendicular channel and restores

a signal proportional to the total emitted �uorescence [Publication III].

The factor of two arises from the polarization geometry of the detection scheme. The

emitted �uorescence is decomposed into two orthogonal polarization components within

the detection plane. While the parallel channel directly measures one de�ned polarization

axis, the perpendicular channel represents only a single of two equivalent orthogonal direc-

tions contributing to the emission in that plane. As a result, the measured perpendicular

signal accounts for only half of the total intensity associated with the perpendicular polar-

ization manifold. Consequently, a factor of two is required to recover the full contribution

of this component to the overall �uorescence signal.

For the applications considered in this dissertation, G-factor correction is particularly

important because subsequent analyses rely on absolute �uorescence intensities. Examples

include determination of molecular surface densities in membrane contact zones, compari-

son of receptor enrichment between conditions, and extraction of concentration-dependent

spatial pro�les. Any systematic detector imbalance would propagate directly into these

quantities.

More generally, polarization-channel correction illustrates an important principle of

quantitative microscopy: raw detector counts are not identical to physical �uorescence in-

tensity. Instead, detector-speci�c response functions must �rst be removed before reliable

biological or biophysical observables can be inferred.
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2.5.4 Extraction of Spatial Organization and Clustering

A central objective of �uorescence-based image analysis in the presented work is the

characterization of how receptors and adhesion molecules are spatially organized within

the immunological synapse. Beyond average intensity or total receptor numbers, the key

physical information lies in how molecules redistribute into distinct enrichment zones at

the cell�cell or cell�SLB interface. These spatial patterns re�ect the underlying balance

between antigen engagement, adhesion strength, and membrane organization.

To describe such spatial organization in a consistent and quantitative manner, re-

gions of enhanced �uorescence intensity within the synapse are identi�ed relative to the

surrounding membrane background. In this context, an enrichment zone is de�ned as

a connected region of the contact interface in which the local receptor density exceeds

the mean intensity of the adjacent non-enriched membrane. This de�nition ensures that

enrichment is always interpreted relative to the same cellular reference state, rather than

as an absolute intensity value. As a consequence, enrichment zones represent physically

meaningful deviations from the baseline receptor distribution.

Based on this criterion, di�erent synaptic morphologies can be classi�ed according to

the spatial arrangement of enrichment zones within the contact area. Importantly, this

classi�cation is not intended as a discrete biological taxonomy, but as a phenomenological

description of recurring spatial organization patterns observed under di�erent ligand and

adhesion conditions.

The classi�cation into enrichment-based morphologies is performed manually based on

the spatial distribution of intensity within the contact region. This approach is motivated

by the intrinsic variability of synapse shapes and the limited robustness of fully automated

segmentation approaches for complex cellular interfaces. The resulting categorization is

therefore phenomenological and intended to guide interpretation of spatial organization

trends rather than to impose strict discrete states.

To quantitatively capture these spatial arrangements, radial intensity pro�les are used

as a central analytical tool. Fluorescence intensity is averaged over concentric annuli as a

function of radial distance from the center. This yields a radial pro�le of receptor density

that is independent of local angular variations and provides a compact representation of

synaptic organization. Di�erences in spatial organization are then directly re�ected in the

shape of these radial pro�les, such as centrally peaked distributions, ring-shaped maxima,

or broadened plateau-like regions.

These radial pro�les serve as a robust bridge between image data and physical inter-

pretation, as they reduce complex two-dimensional spatial patterns to a one-dimensional

representation while preserving the essential structural information. In particular, they

allow comparison of synapses formed under di�erent ligand densities or on di�erent target

cells without requiring point-by-point spatial alignment.
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Overall, this framework provides a consistent way to describe how receptor distri-

butions reorganize within the immunological synapse. By combining a clear de�nition of

enrichment zones with radial intensity pro�ling, spatial organization can be quanti�ed in a

way that is directly comparable across experimental conditions while remaining grounded

in the underlying physical distribution of membrane-associated receptors.

2.5.5 Analysis of Transport Dynamics

Many biologically relevant membrane processes are inherently dynamic and cannot be fully

understood from static images alone. Molecular recruitment, directed transport, di�usion,

cluster growth, and relaxation toward equilibrium all involve characteristic timescales that

encode the underlying physical mechanisms. Quantitative analysis of transport dynamics

therefore aims to extract kinetic parameters such as velocities, di�usion coe�cients, drift

forces, and relaxation times from time-resolved �uorescence microscopy data.

In �uorescence imaging experiments, the measured intensity �eld I(r, t) can often

be interpreted as a proxy for the local concentration of labeled molecules or particles.

Time-dependent changes in this �eld then directly re�ect redistribution processes on the

membrane surface. By analyzing how spatial intensity pro�les evolve in time, it becomes

possible to reconstruct the transport laws governing the system.

A particularly important distinction is that between passive di�usion and directed

drift. Di�usion arises from stochastic thermal motion and tends to homogenize concen-

tration gradients, whereas drift results from deterministic external forces such as electric,

hydrodynamic, or magnetic �elds. In many membrane systems, both processes occur

simultaneously and the observed dynamics re�ect their superposition.

This behavior is commonly described by the drift�di�usion equation

∂c

∂t
= D∇2c−∇ · (cv) ,

where c(r, t) is the local surface concentration, D the di�usion coe�cient and v the drift

velocity �eld. The �rst term accounts for the thermal spreading, whereas the second term

describes force-driven transport [66].

For radially symmetric accumulation processes, such as particles attracted toward a

localized force center, the problem simpli�es substantially. If �uorescence intensity is pro-

portional to particle concentration, the radial signal I(r, t) can be analyzed as a function of

distance r from the force center and time t. In this representation, the inward migration

of particles generates characteristic temporal intensity increases at �xed radii. Fitting

these local rise kinetics yields the radial drift velocity v(r), which quanti�es how rapidly

particles are transported toward the accumulation center. A convenient phenomenological
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description of the temporal intensity increase is given by:

I(r, t) = Imax(t)

[
1− exp

(
− r

v(r) t

)]
,

where Imax is the asymptotic local intensity and v(r) is the e�ective inward transport

velocity at radius r [Publication III].

Once the drift velocity is known, the underlying force can be obtained:

F (r) = γv(r) ,

where γ is the e�ective friction coe�cient. For SLB-coupled MNP, this friction contains

contributions both from the surrounding aqueous medium and from lateral dissipation

within the membrane itself:

γ = γ3D + γmem .

The �rst contribution is commonly approximated by Stokes friction of the nanoparticle in

solution, whereas the second arises from two-dimensional membrane hydrodynamics and

can be described within the Sa�man�Delbrück framework [Publication III].

This principle is especially powerful for magnetically manipulated MNPs on SLBs.

Here, a magnetic �eld gradient generates directed lateral transport toward the �eld maxi-

mum. The temporal increase in �uorescence at di�erent radii re�ects the local drift speed

and therefore the radial magnetic force distribution within the membrane plane. Since

the force cannot be measured directly at the nanoscale during imaging, extraction from

transport dynamics provides a practical and physically robust alternative.

Complementary information is obtained during the relaxation phase after removal of

the external force. Once the driving �eld is switched o�, accumulated particles redistribute

spontaneously under thermal motion and concentration gradients. In the absence of drift,

the system approaches the pure di�usion limit:

∂c

∂t
= D∇2c .

For an initially localized concentration pro�le, the temporal intensity decay can be

approximated by a Gaussian di�usion form,

I(r, t) = I0(t) exp

(
− r2

4D(r) t

)
,

where I0(t) is a time-dependent amplitude and D(r) is an apparent di�usion coe�cient

extracted at radius r. Fitting the relaxation dynamics therefore yields direct access to

the lateral mobility of the membrane-bound particles [Publication III].

In membrane systems, the apparent di�usion coe�cient may depend on local particle
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density. At high surface coverage, steric hindrance, excluded-volume interactions, or tran-

sient clustering can slow transport substantially. As a consequence, di�usion extracted

from densely packed central regions may be lower than the true single-particle di�usion

coe�cient measured at larger radii or lower densities [Publication III].

Within this dissertation, dynamic �uorescence analysis is used to quantify the mo-

tion of SLB-bound MNP under applied magnetic gradients and during �eld-free relax-

ation. From the accumulation kinetics, lateral drift velocities and corresponding force

distributions are obtained. From the subsequent relaxation dynamics, e�ective di�usion

coe�cients are extracted. Together, these observables establish a direct connection be-

tween measured �uorescence movies and the physical parameters governing transport on

membrane surfaces [Publication III].

Thus, time-resolved image analysis transforms microscopy data into quantitative in-

formation on nanoscale forces, mobilities, and non-equilibrium transport processes that

are otherwise inaccessible from static endpoint measurements alone.

2.5.6 Software and Implementation

The quantitative analysis presented in this dissertation relies on a combination of com-

mercially available microscope control software, dedicated image-processing tools, and

custom-written analysis routines. All core image analysis procedures were implemented

in MATLAB (MathWork Inc.), which served as the central environment for processing,

quanti�cation, and statistical evaluation of �uorescence microscopy data. The majority

of scripts used for image analysis were written speci�cally for this work, while some rou-

tines were adapted from previously established code within the research group to ensure

consistency with earlier studies.

Image acquisition was performed using the corresponding manufacturer software pro-

vided with the respective microscopy platforms. Epi�uorescence data (including time-laps

videos of CAR-e�ector cells, CPB and magnetic manipulation analysis) were recorded us-

ing Olympus imaging systems, controlled via cellSense Dimensions acquisition software.

For confocal measurements, two di�erent microscope setups were utilized, depending ex-

perimental requirements. For confocal imaging that was converted into absolute receptor

concentrations an Abberior setup with the corresponding imspector software was em-

ployed, while for TIRF and multi-color confocal imaging a Nikon setup with the corre-

sponding Nis-Elements software was facilitated. For FCS, data acquisition and initial

correlation analysis were performed using SymPhoTime software (PicoQuant).

For image inspection and intermediate processing steps, Fiji (ImageJ) was used as a

complementary tool. In particular, Fiji was employed for visualization of raw image data,

manual inspection of segmentation quality, and correction of chromatic shifts in multicolor

confocal images. These preprocessing steps ensured that subsequent quantitative analysis
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was performed on spatially aligned and visually veri�ed datasets.

A central component of the work�ow consists of fully automated analysis pipelines

implemented in MATLAB. These pipelines include CPB and �eld-driven MNP transport

evaluation, mask generation for de�ning cellular and synaptic regions, radial averaging of

�uorescence intensity or concentration distributions, and conversion of calibrated �uores-

cence signals into absolute surface density values.

Beyond fully automated routines, the analysis framework also includes hybrid work-

�ows that combine computational processing with manual classi�cation steps. This is

particularly relevant for the identi�cation of spatial organization categories within the im-

munological synapse, where enrichment patterns and morphological classes are assigned

based on visual inspection of intensity distributions. A similar hybrid approach is used

in time-resolved analyses of cytotoxicity assays. Here, the time point of target-cell death

is determined manually from image sequences, de�ned by morphological cell collapse.

In addition, serial killing behavior is quanti�ed by manually tracking individual e�ector

cells across time-lapse recordings and counting successive killing events. To minimize

user-dependent variability, all datasets that are directly compared within a given analysis

are evaluated by the same trained operator, ensuring internal consistency and reducing

inter-analyst bias.

Reproducibility of the quantitative analysis is ensured through standardized processing

procedures. Identical thresholds and parameter sets are applied across all datasets belong-

ing to a given experimental series. All analyses are performed using the same MATLAB

scripts without modi�cation between conditions. This approach guarantees that di�er-

ences between experimental groups re�ect biological variation rather than changes in data

processing.

Statistical evaluation is performed on populations of cells rather than individual mea-

surements, ensuring that reported values re�ect biologically relevant variability. Depend-

ing on the size and distribution of the dataset, results are typically reported as either

mean values with standard deviation or as median values with median absolute deviation.

For smaller or non-normally distributed datasets, median-based statistics are preferred,

whereas mean and standard deviation are used for larger populations where distributional

assumptions are more appropriate. Statistical signi�cance between probes of same exper-

imental conditions or between di�erent experimental conditions are assessed using either

wilcoxon-rangsum test or two-way analysis of variance, followed by Bonferroni correction

to account for multiple comparisons. This framework allows systematic comparison across

multiple ligand conditions, cell types, and experimental parameters.

Overall, the software and implementation framework integrates instrument-speci�c ac-

quisition software, standardized image processing tools, and custom quantitative analysis

pipelines into a coherent work�ow. This combination enables reproducible extraction of

physical observables from complex �uorescence microscopy datasets while maintaining
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�exibility for diverse experimental modalities ranging from static imaging to dynamic

single-cell time-lapse measurements.

Quantitative �uorescence image analysis thus bridges microscopy and statistical physics

by transforming optical contrast into densities, spatial correlation functions, transport co-

e�cients, and force-dependent observables.

2.6 Aim and Scope of the Dissertation

A central challenge in biophysics is the quantitative description of dynamic processes

in complex membrane-associated systems. In particular, molecular transport, spatial

organization, and receptor redistribution at biological interfaces emerge from the interplay

of di�usion, interactions, and external constraints. Direct investigation of these processes

in living cells is often limited by structural complexity, heterogeneous composition, and

restricted experimental control. This creates a need for simpli�ed and tunable model

systems that retain essential membrane properties while allowing precise quantitative

measurements. SLBs provide such a platform, combining biological relevance with well-

de�ned geometry, controllable composition, and compatibility with high-resolution optical

microscopy.

Against this background, the central aim of this dissertation is to establish and apply

SLB-based systems as quantitative experimental platforms for investigating membrane

dynamics and interfacial organization using �uorescence microscopy. Particular emphasis

is placed on the systematic extraction of physical observables from imaging data, in-

cluding di�usion coe�cients, transport behavior under external driving forces, molecular

concentrations, and spatial redistribution of receptors at cell interfaces. The dissertation

therefore addresses the broader question of how optical microscopy can be combined with

controllable membrane model systems to resolve dynamic processes that are di�cult to

access in native cellular environments.

To answer this question, the work is structured along three connected objectives.

1. Fundamental transport processes in model membranes are investigated. This in-

cludes the characterization of lateral di�usion of lipids and proteins in SLBs and

the in�uence of obstacles or crowding on molecular mobility. CPB is used as a quan-

titative tool to determine di�usion coe�cients in laterally structured membrane en-

vironments. Special emphasis is placed on how molecular mobility is modulated by

protein binding lipids, electrostatic interactions, and spatial crowding.

2. The dissertation explores how membrane organization can be actively manipulated

in a controlled non-equilibrium setting. For this purpose, a magnetic actuation plat-

form was developed in which membrane-bound magnetic nanoparticles are displaced
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by externally applied �eld gradients. This approach enables directed transport and

reversible spatial patterning of membrane-associated components, allowing to study

the role of lipid phase behavior and membrane mechanics in active transport pro-

cesses.

3. The developed methodologies are extended toward biologically relevant interfaces.

Functionalized SLBs are employed as controllable surrogate surfaces to mimic se-

lected properties of target-cell membranes. Within this framework, quantitative

confocal �uorescence microscopy is used to determine absolute concentrations of

CARs on CAR-NKcells during synapse formation. By comparing synapses formed

between e�ector cells and SLBs with those formed between e�ector cells and tumor

cells, the transferability of observations from model to cellular systems is assessed. In

a further step beyond planar model membranes, multicolor �uorescence microscopy

is applied to analyze the redistribution of di�erent CAR constructs within immune

synapses formed between CAR-T cells and tumor cells.

The dissertation is therefore positioned at the interface of soft-matter physics, quan-

titative imaging, and biomembrane science. Rather than focusing primarily on biologi-

cal outcome measures, the work emphasizes the development and application of optical

methodologies to isolate measurable physical parameters from complex image data. In

this way, the presented studies demonstrate how controllable membrane model systems

and advanced �uorescence microscopy can be combined to investigate di�usion, active

transport, and molecular self-organization at biologically relevant interfaces.
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Chapter 3

Publications

The research conducted within this dissertation resulted in four publication, compris-

ing two accepted article, one submitted manuscripts and one manuscript in preparation.

The common focus of these works is the quantitative investigation of dynamic processes in

biomimetic membrane systems and immune cell interfaces using advanced �uorescence mi-

croscopy. From a physics perspective, the dissertation emphasizes the isolation of speci�c

observables and the application of optical methods to characterize transport phenomena,

molecular organization, and receptor redistribution in complex soft-matter systems.

A central theme throughout this work is the lateral mobility of proteins and lipids in

SLBs. In Publication I, lateral di�usion was quanti�ed using CPB, enabling the determi-

nation of molecular mobility and the in�uence of membrane obstacles. It is shown that

lipid and protein mobility is strongly dependent on protein concentration, the concen-

tration and charge of membrane-coupled binding partners, and the degree of molecular

crowding. In particular, immobile obstacles reduce di�usion signi�cantly more strongly

than mobile obstacles, demonstrating the dominant role of static spatial heterogeneities

in governing transport in two-dimensional membranes.

Publication II extended this approach toward driven non-equilibrium transport, where

MNPs coupled to SLBs were displaced by external magnetic �eld gradients to investigate

active transport processes and the role of lipid phase behavior. By tracking the velocity

of individual membrane-bound magnetic nanoparticles under controlled �eld gradients,

the acting magnetic forces on the particles could be quantitatively determined, revealing

forces in the femtonewton regime. These forces were su�cient to locally displace and

reorganize membrane-associated MNPs, enabling controlled mechanical patterning of the

membrane surface. Furthermore, such force-induced patterns could be stabilized by tuning

the temperature across lipid phase transitions, e�ectively allowing �freezing-in� of non-

equilibrium spatial organization. Importantly, it was observed that cells respond to these

externally imposed molecular patterns, demonstrating functional biological sensitivity to

engineered membrane organization.

The later publications increasingly connect these physical model systems to biolog-
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ical applications. In Publication III, confocal �uorescence microscopy was employed to

determine absolute receptor concentrations of CARs on CAR-NKcells interacting with

functionalized SLBs and to relate these �ndings also in CAR-NKcells engaging with

tumor cells. Di�erent structural classes of CAR-NK synapses were identi�ed and system-

atically classi�ed based on receptor distribution patterns. This enabled the formulation

of a predictive framework linking ligand concentration and adhesion molecule density to

the resulting synapse morphology and organizational state.

Finally, Publication IV moved completely beyond planar model membranes toward na-

tive cellular interfaces. Using multicolor �uorescence microscopy, the spatial redistribution

of di�erent CAR constructs within the immune synapse formed between CAR-T cells and

tumor cells was investigated. It is shown that even non-signaling CAR variants contribute

to synapse organization through purely adhesive interactions. Moreover, these constructs

enhance cellular killing e�ciency by stabilizing receptor�ligand contacts, indicating that

receptor architecture can modulate immune function independently of intracellular sig-

naling domains.

Overall, the publications demonstrate how physical methods and quantitative �uo-

rescence microscopy can be used to address fundamental questions of di�usion, active

transport, and molecular self-organization in biologically relevant membrane systems.
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3.1 Publication I: Mobile and Immobile Obstacles in

Supportel Lipid Bilayer Systems and Their E�ect

on Lipid Mobility.
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Journal: Colloids and Interfaces

Date of publication: 24. September 2024
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of protein-induced obstacle e�ects. The doctoral candidate further carried out the data

analysis and contributed substantially to the interpretation of the results.

In addition, the doctoral candidate was the main contributor to the manuscript prepa-

ration, including drafting and revising. The remaining contributions, including supervi-
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Mobile and Immobile Obstacles in Supported Lipid Bilayer
Systems and Their Effect on Lipid Mobility
Luisa Coen, Daniel Alexander Kuckla, Andreas Neusch and Cornelia Monzel *

Experimental Medical Physics, Heinrich-Heine University, 40225 Düsseldorf, Germany; luisa.coen@hhu.de (L.C.);
andreas.neusch@hhu.de (A.N.)
* Correspondence: cornelia.monzel@hhu.de; Tel.: +49-(0)21181-12893

Abstract: Diffusion and immobilization of molecules in biomembranes are essential for life. Under-
standing it is crucial for biomimetic approaches where well-defined substrates are created for live
cell assays or biomaterial development. Here, we present biomimetic model systems consisting of a
supported lipid bilayer and membrane coupled proteins to study the influence of lipid–lipid and
lipid–protein interactions on membrane mobility. To characterize the diffusion of lipids or proteins,
the continuous photobleaching technique is used. Either Neutravidin coupled to DOPE-cap-Biotin
lipids or GFP coupled to DOGS-NTA lipids is studied at 0.005–0.5 mol% concentration of the linker
lipid. Neutravidin creates mobile obstacles in the membrane, while GFP coupling results in immobile
obstacles. By actin filament coupling to Neutravidin-lipid complexes, obstacles are crosslinked,
resulting in lipid mobility reduction along with the appearance of a membrane texture. Theoretical
considerations accurately describe lipid diffusion changes at high obstacle concentration as a function
of obstacle size and viscous effects. The mobility of membrane lipids depends on the concentration of
protein-binding lipids and on the concentration and charge of the coupled protein. Next to diffusion
and friction coefficients, we determine the effective obstacle size as well as a charge-dependent effect
that dominates the decrease in lipid mobility.

Keywords: supported lipid bilayer (SLB); diffusion; (Im-)mobile obstacle; GFP; Neutravidin; actin;
Continuous Photobleaching

1. Introduction

Changes in lipid and protein mobility in the plasma membrane are a hallmark of many
vital biological functions [1], such as adhesion [2,3], recognition [4], or transport [5], and
contribute to the formation of biomolecular condensates [6]. Next to the understanding of
biological membranes, mobility changes in synthetic systems may further be harnessed for
biotechnological applications [7–9]. On a molecular scale, a breakdown of mobility in the
cellular membrane has been attributed to the combined effect of molecular crowding on
the cell surface, hydrodynamic drag, molecular interactions, or attachment of peripheral
proteins, such as the cytoskeleton [10,11]. Most recently, it was shown that drug treatment
influences the diffusion of transmembrane proteins [12]. Biological and biophysical studies
have probed each of these effects in cells [13–18]; however, in cellular studies, it is difficult
to quantify and separate their respective contributions.

To study the influence of individual membrane components on the local membrane
dynamics, simplified synthetic membranes, such as supported lipid bilayers (SLB) [19–23],
or giant unilamellar vesicles [24–31] proved to be powerful systems. While SLBs are partic-
ularly suitable for examination under the microscope due to their planarity, other aspects
such as membrane curvature can only be examined with vesicles [32,33]. Lipid diffusion
in the membrane was shown to be affected by introducing discrete obstacles, such as
non-diffusing protein clusters, membrane adhesion sites, or artificial barriers [34]. For ex-
ample, (i) membrane-associated proteins (coupled or reconstituted into the membrane) that
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oligomerize, reduced lipid mobility within the membrane [19,22,35]; (ii) specific adhesion
of membranes to a solid surface inevitably led to an immobilization of bound receptors
and associated lipids [36–39]; and (iii) micropatterned barriers have been demonstrated to
inhibit free lipid diffusion [40]. Another prominent example is the cortical cytoskeleton, a
dense fiber network of actin and spectrin, connecting to the plasma membrane via lipid-
binding proteins, transmembrane proteins, or membrane-attached proteins [41–44]. These
examples show that obstacles may appear in different geometries, in a mobile or immobile
form, and may consist of several molecules due to multivalent coupling or (non-)specific
interactions. The model membranes mentioned exhibit rich structural and dynamical
behavior in the presence of obstacles; yet, systematic and quantitative studies on how
obstacles alter membrane molecular mobility are sparse [45,46].

It is extremely important to know the influence of each membrane component (differ-
ent lipids and proteins, etc.) on membrane mobility for the future design of these systems
for biotechnological applications. For example, these mimetic models serve as well-defined
substrates to understand and modify cell adhesion and signaling processes [47,48] and,
to this end, must be precisely understood. Other diffusion-specific examples include the
following: (1) Diffusion controls the frequency of random protein–protein encounters,
which underlies other cellular processes [49]; (2) it has been shown in bacteria that diffusion
and membrane viscosity have an influence on the rates of respiratory metabolism and
cell growth [50]; and (3) diffusion of transmembrane proteins can be reduced by drug
treatment [12]. In addition, (4) SLBs with the surface glycoprotein hemagglutin can serve
as model systems for the viral envelope of Influenza A H1N1 and can give insights into
the stability of the virus at low humidity [23]. (5) Furthermore, SLBs can be used as highly
tunable substrates to let cells adhere to them. For example, CAR T cells were placed on a
SLB in order to precisely control which proteins are presented to the receptor of the CAR T
cells [51].

A breakdown of mobility can arise from specific molecular interactions, Coulomb or
van der Waals forces, as well as physical forces due to friction within the membrane [52], at
the membrane-buffer or the membrane-substrate interface [53]. For the diffusion of lipids
in a bilayer, different theoretical models of increasing complexity have been developed
and are applied in this work: (1) a basic model by Saffman and Delbrück [54], which
was later verified by Axelrod [55], where cylindrical objects diffuse thermally within a
two-dimensional homogeneous membrane (for larger membrane inclusions, the model
was further extended [56]); (2) an extended model by Evans and Sackmann [57], which
was verified experimentally by Merkel et al. [58] and others [59] to describe a supported
lipid bilayer where the embedded object exhibits an increased hydrodynamic drag due to
interaction with the membrane–substrate interface; and (3) the theory by Saxton, which,
along with other models, deals with the variable nature of the membrane components
where tracers diffuse around immobilized or mobile lipid or protein obstacles [60,61].
Here, we use these models and test Saxton’s theory to describe lipid tracer mobility in the
presence of mobile or immobile obstacles in the membrane.

In this work, we present a systematic experimental study on how lipids within the
membrane, or proteins coupled to the membrane, give rise to lipid mobility changes in
a supported lipid bilayer. To this end, we use an in vitro model system consisting of a
SLB doped with an increasing concentration of linker lipids and couple either GFP or
Neutravidin proteins to the membrane surface. Next to these lipid and lipid–protein
obstacles, an actin network is used to crosslink lipid–protein complexes (see Figure 1).
Expanding on previous studies [62–65], our system enables the direct quantification of
diffusion constant changes and friction in the different membrane systems. We observe
significant lipid mobility changes already when different linker lipid concentrations are
used, further reduced by the coupling of proteins to the membrane, and find that obstacle
crosslinking by actin gives rise to a membrane texture.
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Figure 1. Sketch of model systems consisting of SLB and coupled proteins. Left: immobile obstacle
system with GFP and DOGS-NTA. Middle: mobile obstacle system with NAVOG and DOPE-Cap-
Biotin. Right: mobile obstacles that are crosslinked by actin filaments coupling to NAVTMR on a
DOPE-Cap-Biotin doped membrane. Middle and right system separated by dashed line. See text for
details and abbreviations.

2. Materials and Methods
2.1. Materials

All lipids: SOPC (1-stearoyl-2-oleoyl-sn-glycero-3-phosphocholine), DOPE-NBD (1,2-
dioleoyl-sn-glycero-3-phosphoethanolamine-N-(7-nitro-2-1,3-benzoxadiazol-4-yl)), NBD-
DOPE (1-oleoyl-2-{12-[(7-nitro-2-1.3-benzoxadiazol-4-yl)amino]dodecanoyl}-sn-glycero-3-
phosphoethanolamine), DOPE-Cy5 (1,2-dioleoyl-sn-glycero-3-phosphoethanolamine-N-
(Cyanine 5)), DOPE-cap-biotin (1,2-dioleoyl-sn-glycero-3-phosphoethano-lamine-N-(cap bi-
otinyl), and DOGS-NTA (1,2-dioleoyl-sn-glycero-3-[(N-(5-amino-1-carboxypentyl)iminodia-
cetic acid)succinyl] (nickel salt)) were purchased from Avanti Polar Lipids (Birmingham,
AL, USA) and used without further purification.

The Green Fluorescent Protein (GFP) with a 6-Histidine tag on the N-terminus was
purchased from Merck (Darmstadt, Germany; UniProt ID: P42212). To ensure that protein
samples were free from small oligomers, GFP was reconstituted in PBS (140 mM NaCl,
3 mM KCl, 10 mM Na2HPO4, 2 mM KH2PO4, pH 7.5) and ultracentrifuged at 214,880 rcf
at 4 ◦C for 2 h. For GFP coupling to DOGS-NTA, nickel(II) chloride (NiCl2·6H2O, Sigma-
Aldrich, St. Louis, MO, USA) was used. Neutravidin covalently linked to the fluorescent
dye Oregon Green (488 conjugate), termed NAVOG, or linked to the fluorescent dye
tetramethylrhodamine, termed NAVTMR, was purchased from Thermo Fisher Scientific
Inc. (Waltham, MA, USA). NAVOG and NAVTMR were treated equally to GFP. Preformed
actin filaments from rabbit skeletal muscles (Cytoskeleton Inc., Denver, CO, USA) were
bound to NAVTMR via Biotin-XX Phalloidin (PromoCell, Heidelberg, Germany). The actin
filaments were stained with Acti-Stain 488 Phalloidin (Cytoskeleton Inc., Denver, CO, USA).
Thickness-corrected glass coverslips (d = 170 ± 5 µm, Paul Marienfeld, Lauda-Königshofen,
Germany) were cleaned as follows: ultrasonication in a 2% Hellmanex solution (Hellma,
Müllheim, Germany) for 15 min followed by two cycles of ultrasonication for the same
duration in ultrapure water. Ultrapure water was produced by a water purification system
(Milli-Q Gradient A10, Merck Millipore, Burlington, MA, USA). After each ultrasonic
treatment, the coverslips were rinsed 10 times with ultrapure water.

2.2. Sample Preparation

Supported lipid bilayers (SLBs) were prepared with a film balance (Biolin Scientific,
KSV Nima, Gothenburg, Sweden) using the Langmuir–Blodgett [66,67] technique for
the first layer and a modified Langmuir–Schäfer technique for the second layer. As a
modification for the second layer, the glass substrate with the first layer was pressed onto
the second lipid layer and into the subphase. The subphase was ultrapure water. The
first membrane layer consisted of 2 mg/mL pure SOPC. In the second layer, next to the
matrix lipid SOPC, 2.5 mol% of a fluorescent lipid was added: DOPE-Cy5, DOPE-NBD, or
NBD-DOPE. In addition, the protein-anchor lipids DOGS-NTA or DOPE-Cap-Biotin were
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included in concentrations of 0.5 mol%, 0.05 mol%, or 0.005 mol% for DOGS-NTA, and
10 mol%, 5 mol%, 0.5 mol%, 0.05 mol%, 0.025 mol%, or 0.005 mol% for DOPE-Cap-Biotin.
All SLB layers were prepared at a transfer pressure of 25 mN/m and were constantly kept
underwater. In order to passivate the SLB surface and to diminish nonspecific binding, SLBs
were passivated with BSA (Bovine Serum Albumin Fraction V, ITW Reagents, Monza, Italy)
dissolved in PBS (5 mg/mL) for 15 min. For SLBs containing DOGS-NTA, the sample was
incubated with nickel(II) chloride in large excess at a final concentration of at least 5 mM for
45 min at 37 ◦C to prepare the NTA binding site for GFP coupling via its His-tag. Thereafter,
GFP was incubated in large excess with a concentration of at least 1 mg/mL for 48 h at
5 ◦C. After each step, excess nickel(II) chloride or GFP was removed by a tenfold exchange
of PBS. To prepare the Biotin–Neutravidin system, the SLB containing DOPE-Cap-Biotin
was incubated after BSA passivation with NAVOG in large excess at a final concentration
of at least 50 µg/mL (400 µL total volume) for 1.5 h at room temperature. Excess proteins
were removed using ten washing steps as before. To produce the Biotin–Neutravidin–Actin
system, SLBs containing DOPE-Cap-Biotin were passivated with BSA and NAVTMR as
described in the case of NAVOG coupling. Afterwards, the SLB was incubated with 2 µM
(300 µL) Biotin-XX Phalloidin for 40 min at room temperature and thereafter with 35 µg/mL
(300 µL) of preformed actin filaments for 20 min at room temperature. Finally, the sample
was incubated with 1 µM (300 µL) actin-stain 488 phalloidin for 20 min at room temperature.
In between and after the last incubation step, the sample was washed ten times with PBS.
Prior to imaging, SLBs were scanned extensively to ensure their homogeneity.

2.3. Image Acquisition

All movies were recorded with the epifluorescence IX73 microscope from Olympus
(Olympus Corporation, Tokyo, Japan), equipped with a 60x NA 1.25 objective (Olympus
Corporation, 60x Planfluor PH3 UPLFLN60XOIPH/1.25, Tokyo, Japan). All samples were
illuminated via the solid-state light source SOLA SE 395 light engine (Lumencor, Beaverton,
OR, USA). Appropriate excitation (482/18 (green), 563/9 (red), 563/18 (far red)) and
emission filters (525/39 (green), 595/31 (red), 655+ (far red); all from AHF Analysentechnik
AG, Tübingen, Germany) were used to only excite and detect light from the fluorophore
of interest. Furthermore, illumination intensities were chosen to observe the bleaching
process in a reasonable amount of time (~5–15 min). Illuminated regions of interest were
chosen large enough to ensure complete bleaching of diffusing lipids once they reached
the center of the bleached area. Each movie consisted of 300 images, corresponding to a
measurement time of 5 to 15 min depending on the exposure time. Movies were recorded
at room temperature (21 ◦C) in different locations on each SLB to obtain robust average
diffusion constants.

2.4. Measurements of Diffusion Constants

The diffusion constant is determined here using a technique called continuous photo-
bleaching (CP) [68]. It is applicable to a wide range of fluorophores since it is not dependent
on the instantaneous bleaching of fluorophores like in fluorescent recovery after photo-
bleaching (FRAP). In addition, CP has the advantage in determining the diffusion constant
over a large measuring area, making the diffusion constant more robust and representative
of the whole sample. In CP, the diffusion constant of proteins or lipids is derived from
continuously bleaching a region of interest (ROI) on the SLB (see Video S1). To select the
ROI, the field diaphragm of the microscope is closed to about 1/3 of the field of view.
Thus, fluorescent lipids that enter or are present within the ROI are continuously bleached,
causing the intensity at the center to vanish completely. Due to lipid or protein diffusion
in the membrane, lipids and proteins located at the edge of the field diaphragm can be
replaced by unbleached ones, giving rise to a bright fluorescent signal at the edge of the
diaphragm (see Figure 2). This fluorescent signal exponentially decays toward the center of
the ROI. At the center, the fluorescence vanishes over long time scales. During the entire
process of bleaching and diffusion, a bleaching curve is recorded at the center of the ROI.
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This is also referred to as the temporal intensity profile. After reaching a steady state, the
spatial intensity profile is recorded and evaluated at a fixed time point.
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Figure 2. Continuous photobleaching. (a) SLB before bleaching. (b) SLB after 250 s of bleaching.
Intensities within the square at the center and along four lines of the ROI were used to determine
the temporal and spatial intensity profile, respectively. Scale bar in (a,b) 25 µm. (c) Central intensity
profile and fit (dashed line) according to Equation (1). (d) Spatial intensity profile along one direction
and fit (dashed line) according to Equation (2).

The temporal intensity profile at the central position hence depends only on the
bleaching rate B of the fluorophore [19]:

I(t) = I0·e−Bt + IBg (1)

Here, I0 is the intensity at the center of the area at the beginning of the recording, t is
the time, and IBg is the background intensity. The spatial intensity profile from the edge
of the ROI toward the center follows a simple exponential function that depends on the
bleaching rate and the diffusion constant [19]:

I(x) = I0·e−x(
√

B/D) + IBg (2)

where x is the spatial coordinate from the edge toward the center. Experimentally, the
temporal intensity profile at the center was derived by averaging the intensity over a
5 × 5 pixel square. The spatial intensity profile was derived from the last acquired frame
from 4 lines, which were averaged over a width of 5 pixels. A diffusion constant was
determined from the fit to each line and an average value from these 4 lines (see Figure 2)
was calculated. Errors are standard deviations of intensities or errors in fit parameters. For
an automated evaluation, self-written routines in Matlab (R2018a, The Math Works, Natick,
MA, USA) were used.

2.5. Statistical Analyses

Statistical analyses were performed using Matlab (R2018a-R2021a). All samples pre-
pared and measured under identical conditions were combined in one boxplot. A Wilcoxon
rank-sum test was used to identify significance levels of diffusion constant changes between
samples. Significance levels p are defined as follows: n.s.: p > 0.05, *: p ≤ 0.05, **: p ≤ 0.01,
***: p ≤ 0.001.

2.6. Theory

There are various models for describing diffusion in lipid membranes. The first and
simplest is the theory of Saffman and Delbrück [54], which describes the diffusion of a lipid
in a homogeneous fluid. The theory of Evans and Sackmann [57] further includes frictional
effects that occur in the SLBs. Mobile obstacles are taken into account in Saxton’s theory [60].
These models are applied to the systems used in this study. A detailed explanation of the
theories can be found in the Supplementary Materials.
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3. Results and Discussion
3.1. General Characterization of the SLB

In this study, SLBs are chosen as an appropriate model system due to the high control of
lipid composition and packing density, along with the easy production process. With SLBs
not only can the molecular composition be controlled, but also other important parameters
such as the membrane phase, the lipid lateral density, and their biofunctionalization. In
addition, SLBs are suitable for various microscopic imaging techniques (TIRF, RICM, FCS,
CP, FRAP, etc.) to allow for the quantification of system parameters (e.g., cell–bilayer
interactions, as in [48,51]). Furthermore, in SLBs, it is possible to compose the two lipid
layers differently, which we used here to minimize the effects of the membrane–substrate
interaction. Nevertheless, the limitations of using SLBs must also be recognized. Primarily,
this due to the limited lipid or protein mobility, which leads to an underestimation of
the diffusion constant compared to free-standing membranes (black-lipid membranes
or GUVs) [69–71]. However, our measured diffusion constants compare well to those
measured in cell membranes (0.8–3.7 µm2/s for different membrane tracers), and based
on the previously mentioned advantages, SLBs are the most suitable model system for the
present study.

Prior to the probing effects of protein–lipid interactions, we determined lipid dif-
fusion in a simplified SLB, consisting only of a matrix lipid and doped with a tracer
lipid. We tested whether these measurements compare well with those of other publica-
tions and whether the theoretical approximation allows assuming unhindered diffusion
in an obstacle-free system. SLBs were fabricated at a final lateral pressure of 25 mN/m,
where lipids cover a 63 Å2 area per molecule. This value was derived from the measured
isotherm, which further verified a homogeneous fluid membrane phase [72]. To verify
unconstrained lipid mobility, we first determined the diffusion constant of the fluores-
cent tracer lipid DOPE-NBD in an otherwise pure SOPC SLB. Here, a diffusion constant
of (2.4 ± 0.2) µm2/s was obtained (N = 46 measurements, S = 5 independent samples).
This value is, within error margins, identical to the diffusion constant of SOPC measured
by Fenz et al. ((2.5 ± 0.2) µm2/s) [19], also using NBD as tracer fluorophore, as well as
measured by Horton et al. ((2.3 ± 0.4) µm2/s) [35], using TR-DPPE as a tracer lipid [35].
Since the SLB here consisted only of tracer lipids and SOPC, but no additional components,
the Saffman/Delbrück theory is readily applied to theoretically calculate the diffusion
constant in an obstacle-free membrane, which amounted to 1.9 µm2/s. Here, the lipid
radius a = 4.5 Å (from the measured lipid area) and the lipid membrane height h = 4 nm
were used [73]. η = 0.1 kg/(m·s), η′ = 1·10−3 kg/(m·s), and G = 0.5772 were taken
from the original publication by Saffman and Delbrück [54]. The theoretical model is in
high agreement with the experimentally determined tracer diffusion constant, with the
experimental values slightly exceeding the theoretical estimate. It should be noted that
recent lipid molecule tracking experiments find that an extended Saffman–Delbrück model
must be used, when measurements on a single-molecule scale are performed, to correctly
describe the membrane hydrodynamics [74]. For our microscale measurements, however,
the venerable Saffman/Delbrück theory (Equation (S1)) applies. Hence, our diffusion con-
stants are typical of free lipid diffusion in a membrane [75], corroborating our conclusion
of unconstrained diffusion in an obstacle-free system for this membrane configuration.

We then tested whether the position of the lipid fluorophore label has a significant
impact on the diffusion constant and found that headgroup-labeled lipids generate fewer
friction effects. Using a SLB composition as before, with only the headgroup-labeled DOPE-
NBD exchanged with the NBD chain-labeled DOPE (NBD-DOPE), the diffusion constants
amounted to (1.9 ± 0.1) µm2/s (N = 9, S = 2) in comparison to (2.4 ± 0.2) µm2/s in the case
of DOPE-NBD (see Figure S1). Thus, the chain labeling causes a larger friction in the system.
For the following experiments, we decided to use headgroup-labeled lipids in order to
minimize any friction effects arising from the lipid label. Since the NBD spectrum overlaps
with the green fluorescence of the coupled proteins, the lipid DOPE with headgroup-
coupled fluorophore Cy5, i.e., DOPE-Cy5, was tested as a tracer molecule in the following
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experiments. To ensure comparability throughout the measurements, identical illumination
settings were used, and lamp intensities were chosen just high enough to ensure bleaching
of all fluorophores once they reached the center of the selected ROI.

3.2. Immobile Obstacles

GFP turned out to be an immobile obstacle using CP (see Figure S2), i.e., it exhibits
a diffusion constant that is at least two orders of magnitude slower than lipid diffusion,
which is the estimated detection limit of CP. With CP, no bright ring at the edge of the
ROI could be detected (see Figure S2), indicating no diffusion. Nevertheless, it is possible
that GFP diffuses very slowly, which is not detectable with CP. Other methods have
indeed shown that GFP is mobile when coupled to the SLB via a His-Tag, albeit very
slowly (0.026–0.009 µm2/s) [23]. Since the lipids will not ‘perceive’ the movement of GFP,
given these values, the NTA-GFP system thus served as an example to effectively study
immobile obstacles in the context of lipid diffusion in membranes. First, the diffusion
constants of tracer lipids were measured in SLBs with linker concentrations of 0 mol%,
0.005 mol%, 0.05 mol%, and 0.5 mol%. Diffusion constants were measured before and
after passivation with bovine serum albumin (BSA), a protein used to passivate the bilayer
against nonspecific interactions, as well as after GFP coupling, whose His-Tag specifically
binds to DOGS-NTA. In all of the latter experiments, GFP was confirmed to be immobile
on timescales of lipid diffusion.

Both an increase in the linker concentration and coupling of GFP led to a drop in
the diffusion constant of the tracer lipid. Figure 3 summarizes the recorded diffusion
constants of the NTA–GFP system. Intriguingly, increasing the linker concentration yielded
a systematic decrease of the tracer lipid diffusion constant (see Figure 3). Thus, replacing
already five out of one thousand SOPC lipids with DOGS-NTA led to a decrease in the
diffusion constant by 34%. Such a decrease in diffusion constant was also observed when a
lipid tracer with a chain label was used (see Figure S1). Besides the decrease in lipid mobility
with increasing tracer lipid concentration, mere passivation of the control sample with BSA
also resulted in a reduced diffusion constant by 18%. Even though BSA simply rests on
the membrane and is used to cover up potential defects on the SLB, the hydrodynamic
friction at the bilayer-BSA/buffer interface increases. GFP coupling further decreases the
lipid diffusion constant on average by 69%.
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Figure 3. Measured diffusion constants for the NTA–GFP system. DOGS-NTA concentrations
of 0 mol%, 0.005 mol%, 0.05 mol%, and 0.5 mol% were used. (a): SLB alone (circle), SLB after
BSA passivation (triangle), SLB after BSA passivation, and GFP coupling (box). Data points are
median ± median absolute deviation (MAD). (b): Table of diffusion constants for the NTA–GFP
system at pH 7.5. Diffusion constants are measured for different linker concentrations before and
after incubation with GFP. N: Number of measurements, S: Number of independent samples, X:
Passivation/coupling with the protein. The diffusion constants are measured at pH 7.5 (for changes
at pH 6.4, see Figure 4b). Diffusion constants are given as median ± MAD.
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A drastic increase in the friction parameter after GFP coupling indicates a high influ-
ence of friction at the protein-membrane interface. For the NTA-GFP system, we hence
considered the theoretical model from Evans/Sackmann (Equations (S2) and (S3)) to calcu-
late the friction parameter b (see Figure S3). The Saffman/Dellbrück model is no longer
applicable, since an unconstrained diffusion after the introduction of linker lipids and the
coupling of GFP no longer exists. The friction coefficients for SLBs doped with DOGS-NTA
are in the 0.4 · 108–2·108 Pa·s/m range and change only slightly with increasing amounts
of DOGS-NTA. These friction coefficients are in the same range as values derived by Fenz
et al. [19] and Purrucker et al. [59] using continuous photobleaching. They are also consis-
tent with friction coefficients obtained using other techniques [58,76]. Interestingly, after
GFP-coupling on the lipid head group, the friction coefficients dramatically increased to
values ≥ 1·109 Pa·s/m. This change by an order of magnitude cannot be explained by an
obstacle consisting of lipids alone, since friction coefficients within the membrane would
only change slightly in this case. Instead, b appears to be largely influenced by friction
at the membrane–protein interface. This is supported by the diffusion constant change
of tracer lipids after passivation with BSA, since BSA can only interact with the lipids at
the protein–membrane interface. Nevertheless, it is important to keep in mind that the
model only considers weak membrane–substrate interactions [57] by an effective friction
coefficient and does not consider individual contributions such as hydration forces or
surface roughness. Thickness-corrected coverslips are used as the substrate to diminish
surface roughness effects.

In addition to friction, charge-dependent effects could cause the immobility of GFP
as well as a significant drop in tracer lipid diffusion after GFP coupling. GFP is known to
carry a negative surface charge at pH 7.5, which was used in this study [77]. According
to Wang et al. [78], such negatively charged molecules can lead to nonspecific interactions
between SOPC—the main component of SLBs in this study—and the charged molecule.
This is justified by the structure of the lipid SOPC, which exhibits a zwitterionic headgroup
whose orientation highly influences lipid mobility: The phosphocholine consists of a posi-
tively charged choline group and a negatively charged phosphate group. This headgroup
reorients depending on charges in the molecular environment. When the positively charged
choline group is facing the surface, the head group is longitudinally oriented, resulting in
a higher packing density of the lipids. The lipid is then in the gel phase, which limits its
mobility. When the negatively charged phosphate group faces the surface, the head group
is kinked. In this case, lipids are less densely packed in a liquid phase and are consequently
more mobile [78]. It appears likely that the presence of the negatively charged GFP leads
to interactions with the positively charged choline group of SOPC and its transition to a
densely packed gel-phase. This is consistent with our observation of a decrease in the lipid
diffusion constant.

In the following, it is shown that an increase in pH results in a smaller drop in the
diffusion constant of the tracer lipid after GFP coupling. To test if the membrane and
GFP mobility changes when the protein effective charge is changed, experiments with the
NTA–GFP system at pH 6.4 were performed. This pH was chosen as it is closer to the pH
were GFP is neutral (isoelectric point 5.7, calculated with Prot pi, Version 2.2.29.152) while
avoiding the pH where histidine fused to the GFP becomes increasingly protonated (pKa
of 6) and less likely to bind to Ni(II)-NTA. Figure 4 illustrates the direct comparison of lipid
diffusion constants before and after GFP coupling at buffer pH 6.4 (see Figure 4) and 7.5
(see Figure 3).

To test if the change in pH has an effect only when GFP is coupled, we first determined
the diffusion constants of the tracer lipid before GFP coupling at pH 6.4. Figure 4 (circles)
shows that the tracer mobility perfectly agrees with the values measured at pH 7.5; therefore,
in the absence of GFP, no effect arises, as desired. Interestingly, after the coupling of GFP,
the diffusion constant of the tracer lipid decreases, but significantly less compared to the
measurements at pH 7.5. Specifically, instead of an average decrease of 69% at pH 7.5,
diffusion constants decrease by only 31% at pH 6.4. The faster diffusion of the tracer lipid
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can be attributed to the following: The charge-dependent interaction between GFP and
the SOPC headgroup is diminished; therefore, lipid headgroups remain in the kinked
orientation, keeping the lipid in the liquid phase. A second indication for the charge
dependent interactions is that at pH 6.4, the more neutral GFP leads to only half as many
charge-dependent interactions as the more negatively charged GFP at pH 7.5 (see Figure S4).
The mobility of GFP itself, however, was not affected by this change, and GFP remained
immobile at pH 7.5 and pH 6.4. Of note, BSA is also more negatively charged at pH 7.5
than at pH 6.4 [79]; therefore, BSA charge effects may also contribute to the higher diffusion
constant at pH 6.4

 

ff
ff

ff

ff
ff ff

ff
ff

ff
ff

ff ff
tt

ff

ff
ff

ff
ff

ff
ff

ff

ff

Figure 4. Diffusion constants for the NTA–GFP system. DOGS-NTA concentrations of 0.005 mol%,
0.05 mol%, and 0.5 mol% were used. (a): pH of the buffer: 7.5 or 6.4. SLB alone (filled circles (pH 7.5)
or unfilled circles (pH 6.4)) and after BSA passivation and GFP coupling (filled box (pH 7.5) or unfilled
box (pH 6.4)). Data points are median ± MAD. (b): Table of diffusion constants for the NTA–GFP
system at pH 6.4 (for changes at pH 7.5 see Figure 3b). N: Number of measurements, S: Number of
independent samples, X: Passivation/coupling with the protein. Diffusion constants are measured
for different linker concentrations before and after incubation with GFP. Diffusion constants are given
as median ± MAD.

3.3. Mobile Obstacles

As an example of a mobile obstacle, the protein NAVOG was investigated. NAVOG,
together with the SLB containing SOPC, DOPE-Cy5, and DOPE-Cap-Biotin lipids, form the
Biotin–Neutravidin system. In this case, in addition to the diffusion constants of the tracer
lipid, the diffusion constants of NAVOG were determined (see Figure 5).

Both the diffusion constant of the tracer lipid before and after protein coupling and
the diffusion constant of NAVOG exhibited a decrease with increasing DOPE-Cap-Biotin
concentration. Qualitatively, these results are in accordance with the study by Vaz et al. [80],
who report the direct dependency of the lateral diffusion of lipids and proteins on the
protein concentration in the membrane. Hence, the presence of the linker at the highest
concentration in comparison to the linker-lipid-free membrane led to a drop in the diffusion
constant of the tracer lipid by 22%. Coupling of NAVOG resulted in an additional average
decrease in the tracer lipid mobility by 31%.

As for the NTA–GFP system, the tracer lipid diffusion here also exhibits a linker
concentration dependency, which strongly decreases once the protein is coupled. For
NAVOG, a nearly linear dependency between linker and protein concentration can be
observed (see Figure S6). Therefore, the diffusion constant of the tracer lipid decreases with
the amount of bound protein. This suggests a change in friction that occurs in a similar
manner, independent of the system. Interestingly, NAVOG coupling resulted in the same
average breakdown as the coupling of GFP at pH 6.4 (31%), corresponding to a comparable
effective friction acting on the membrane lipids. The similar drop in membrane mobility
may be attributed to a similar membrane-surface interaction of the proteins, albeit some
differences can arise from the different protein sizes (28 nm2 for NAVOG; 5 nm2 for GFP).



Colloids Interfaces 2024, 8, 54 10 of 17

In this comparison, both proteins should be only slightly negatively charged (NAVOG at
pH 7.5 with pI 6.3 [81]; GFP at pH 6.4 with pI 5.7), which should result in only a slight
distortion of the matrix lipids (SOPC) into the gel phase. NAVOG turned out to be a mobile
obstacle for all the recorded conditions, with measured diffusion constants reported in
Figure 5. For linker concentrations of 0.025 mol% and 0.005 mol%, the number of binding
sites and, hence, the number of NAVOG were too small to have a measurable intensity
gradient with continuous photobleaching; therefore, no NAVOG diffusion constant could
be determined. On average, the diffusion constant of the protein NAVOG was 66% lower
than the diffusion constant of the lipid with bound NAVOG.
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Figure 5. Measured diffusion constants for the Biotin–Neutravidin system. DOPE-Cap-Biotin
concentrations of 0 mol%, 0.005 mol%, 0.025 mol%, 0.05 mol%, and 0.5 mol% were used. The
diffusion constants are measured at pH 7.5. (a): SLB alone (circle), SLB after BSA passivation
(triangle), SLB after BSA passivation and NAVOG coupling (box), and NAVOG diffusion constant
(diamond). Data points are median ± MAD. (b): Diffusion constants are measured for different linker
concentrations before and after incubation with NAVOG. N: Number of measurements, S: Number of
independent samples, X: Passivation/coupling with the protein. Diffusion constants are given as
median ± MAD. * D of protein NAVOG (not the tracer lipid).

As for the NTA–GFP system, the friction parameter b was calculated for the Biotin–
Neutravidin system from Equations (S2) and (S3) (see Figure S5). Here, the membrane
surface viscosity, ηm = 0.16·10−9 Pa·s/m, from Fenz et al. [19] and the hydrodynamic
radius of Neutravidin, a = 3 nm, were used. The latter value is based on a theoretical
calculation of protein diameters from PDB files according to the HydroPro algorithm [82].
For both the lipid and the protein, friction coefficients increased with increasing DOPE-
Cap-biotin concentration. Friction coefficients for the tracer lipid alone were in the range
of 1·108 Pa·s/m, which is similar to those in the NTA–GFP system and on the same order
of magnitude as reported by Fenz et al. [19]. After NAVOG coupling, the values strongly
increased from 4·107 Pa·s/m to 6·108 Pa·s/m with increasing linker density. Here, the
effective friction is significantly smaller in comparison to the friction generated by GFP
coupling in the NTA-GFP system at pH 7.5, i.e., >109 Pa·s/m.

All absolute diffusion constants of the tracer lipids measured in this study are in
the range of ∼1 µm2/s. Previous studies in the adhesion zone of cells have shown that
diffusion constants are of the same order of magnitude [2]. This demonstrates that the SLB
model system is well suited to mimick diffusion processes in cells close to an interface.

Membrane curvature was also shown to influence diffusion. For example, Kumar
et al. [32] showed in MD simulations that the diffusion constant drops with increasing
membrane curvature (1/radius > 0.8 nm−1). However, this only holds for high curvatures,
whereas small curvatures do not cause this effect (1/radius < 0.01 nm−1) [33]. Since the
curvature of the cell membrane in adherent regions is negligibly small (roughness around
20 nm [83]), as it is the case for the planar SLB on the substrate, any curvature effect
in this study should be negligible. It should be kept in mind, though, that in case of
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non-adherent cells or vesicle model systems, diffusion constants can be altered at high
membrane curvature.

For the following study, where the influence of cytoskeleton filament coupling to the
membrane is probed, and in order to enable a dense filament network formation, even
higher linker concentrations, up to 10 mol%, were used. Additionally, in the case of higher
linker concentrations, a declining trend in the diffusion constant is obtained. Figure 6
shows the change in the diffusion constant as a function of linker concentration for the
tracer before and after coupling of NAVTMR.
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Figure 6. Effect of higher linker concentration on diffusion constants in the Biotin–Neutravidin system.
(a) Change in diffusion constant relative to SLB alone (circle) for the SLB after NAVTMR coupling
(box) and the SLB after NAVTMR and actin coupling (diamond). Data points are median ± MAD.
(b) Comparison of experiment (Biotin–Neutravidin system) with the theory of Saxton for mobile
obstacles with γ = 1 and α = 0.2820 (solid line) or γ = 10 and α = 0.2820 (dashed line). Fit of Saxton’s
theory to the experimental data yields the effective obstacle size ao = 12 nm2, corresponding to
19 lipids, γ = 1, and α = 0.2820. Data points are median ± MAD.

Here, NAVTMR is used instead of NAVOG to allow for the subsequent imaging
of green-labeled actin (see Section 3.4). Since the diffusion constant exhibited a depen-
dency on the initial SLB fabrication pressure (see Figure S7), we plot the relative diffusion
constant here. To this end, we corrected the initial SLB fabrication pressure of the Biotin–
Neutravidin–Actin system (12 mN/m) for the initial pressure used in the Biotin–NAVOG
system (8 mN/m) and normalized the diffusion constants to the value of the linker-free
SLB. For all experimental conditions (SLB, after NAVTMR coupling, and after actin filament
coupling), a decrease in membrane mobility was observed when the linker concentration
in the SLB was increased. At 10 mol% linker concentration, the diffusion constant dropped
by 49% compared to the linker-free case. After NAVTMR coupling, the lipid diffusion
constant decreased, in the case of 5 mol% and 10 mol% linker concentrations, by 20% to
48%, respectively, in comparison to the SLB without NAVTMR.

For higher linker concentrations, we derived a measure of the effective obstacle size of
ao = 12 nm2 from Saxton’s theory for the case of mobile obstacles. To this end, a triangular
lattice was used as grid model (as stated in the SI section “1.3 Friction due to mobile
obstacles”). From the data, the jump rate γ was extrapolated for negligible c to γ = 1,
where jump rates of tracers and obstacles are identical. Figure 6 shows the comparison
of experimental data with Saxton’s theory (Equations (S4) and (S5)) for different jump
rates γ = 1 and 10. We then used Saxton’s theory as a fit function and set ao as a free
parameter to determine the effective size of the lipid complex. The best fit was found for
an effective obstacle size of ao = 12 nm2, which was less than 1

2 of the area the protein
covers on the lipid membrane (5.6 nm·5 nm = 28 nm2 [84]). Since this effective obstacle size
corresponds to 19 lipids that are restricted in mobility, the theory suggests that next to the
two linker lipids bound to the protein, several neighboring lipids in the membrane plane are
part of the obstacle. Interestingly, Saxton’s theory accurately represents the experimentally
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determined values at concentrations >0.5 mol%, but it underestimates the decrease in tracer
lipid mobility in the 0.005 mol% to 0.5 mol% linker lipid regime. Since deviations could
not be explained by a higher γ or a larger effective obstacle size, an extended theoretical
framework would be desirable that correctly describes the diffusion dynamics in the low
obstacle concentration regime as well as for the limit of immobile obstacles.

3.4. Filament to Mobile Obstacle Coupling

We then studied the influence of cytoskeleton filament coupling on the mobility of the
membrane, since the anchoring of actin filaments to SLBs was recently shown to sort and
phase-separate lipids in the membrane—in a similar manner as reported here, but using
the highly different ternary lipid composition consisting of a saturated phospholipid, an
unsaturated phospholipid, and cholesterol [85]. In the Biotin–Neutravidin–Actin system of
this study (see Figure 1), phalloidin-biotin was coupled to Neutravidin on the SLB, and,
thereafter, actin filaments were bound to the Phalloidin-protein complexes. Due to the
substantial actin filament length of ~1–10 µm and the high phalloidin abundance on the
substrate, actin filaments could crosslink several of the mobile Neutravidin obstacles. Since
coupling effects were determined to become significant at linker concentrations ≥ 0.5 mol%,
linker concentrations up to 10 mol% were used. A representative image of actin filaments
bound to the SLB is shown in Figure 7. Note that in this system, NAVOG was replaced by
NAVTMR to avoid spectral overlap with the actin-stain 488 phalloidin.

ff
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൐
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Figure 7. Effect of actin-coupling on diffusion constants in the Biotin–Neutravidin system. Represen-
tative images of the SLB tracer lipid (purple) (a), of coupled NAVTMR (red) (b), and actin (green) (c)
after the last actin coupling step at 10 mol% linker concentration. (d) Overlay of (a–c). Scale bar in
(a–d) 25 µm.

Interestingly, actin filament coupling decreased lipid mobility (see Figure 6). In the case
of 0.5 mol%, 5 mol%, and 10 mol% linker concentration, the additional diffusion constant
drops amounted to 22%, 20%, and 11%, respectively. The 22% drop at 0.5 mol% suggests that
NAVTMR is crosslinked via actin filaments (length of ~1–10 µm) and creates obstacles of
larger effective size that significantly affect the tracer lipid mobility. At 5 mol% and 10 mol%
linker concentrations, the diffusion constants decrease less with actin filament crosslinking.
This appears to result from the a priori high density of protein–lipid obstacles, such that the
actin filament crosslinking, resulting in a larger obstacle size, is barely detectable. Overall,
actin coupling created lipid–protein complexes, yielding a higher effective friction for tracer
lipids within the SLB. A rough estimate of this obstacle size can be made using the theory
of Petrov and Schwille [56] (Figure S8). Intriguingly, in addition to detecting changes in
lipid diffusion constants, a significant change in the apparent SLB homogeneity occurred
after NAVTMR and actin coupling: The SLB appeared homogeneous when NAVTMR alone
was present or when actin alone without NAVTMR was incubated on the sample (see
control measurements in Figure S9). However, after the actin coupling, the SLB exhibited
a granular appearance. This finding matches previous studies [85] in which lipid phase
separation in the presence of actin filaments was observed. In the cited case, linker lipids
would colocalize with actin structures, whereas matrix lipids were expelled from these
regions. However, the ternary lipid–cholesterol mixture used in the cited work is well-
known to phase separate at particular temperatures and is therefore highly different from
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the lipid composition used in this study. Since the control measurement (see Figure S9)
excludes any nonspecific interaction of actin with the membrane and since DOPE-Cy5 did
not colocalize with actin filaments, we reasoned that the membrane texture arises from
the steric expulsion of tracer lipids from the locations of protein–lipid complexes. This
observation is of interest for more comprehensive study in a subsequent work.

4. Conclusions

Here, we investigated the effects of immobile and mobile obstacles on lipid mobility in
supported bilayer systems using continuous photobleaching. GFP coupled to DOGS-NTA
lipids served as an immobile obstacle system and exhibited a 69% decrease in the lipid tracer
diffusion constant in comparison to the obstacle-free system. Part of this breakdown could
be attributed to SOPC–GFP interactions, where the negative GFP charge would switch
SOPC from the liquid into the more densely packed gel phase. Repeated experiments at a
pH where GFP is neutral (but still immobile) resulted in a smaller 31% decrease in diffusion
constants. Neutravidin coupled to DOPE-cap-Biotin lipids in the bio-membrane served as a
mobile obstacle system. Interestingly, the coupling of Neutravidin to the bilayer resulted in
the same average decrease of the tracer lipid diffusion constant as for GFP at the pH where
it is neutral, suggesting a substantial friction effect at the membrane–protein interface.
Additional coupling of actin filaments to Neutravidin at high linker concentrations was
used as a potential crosslinker of obstacles and led to a maximum 53% breakdown of
tracer lipid mobility in comparison to the obstacle free case. The decrease in lipid mobility
is well described by the theory of Saxton at high linker lipid concentrations. Here, the
obstacle consisted of 19 membrane lipids associating with the initially formed lipid–protein
complex. This study highlights the dependency of lipid membrane mobility on linker lipid
concentration as well as on the concentration, charge, and type of the coupled protein.
We determined diffusion constants and friction parameters for the systems. We further
found that complex lipid–protein obstacles consisting of the linker lipid and Neutravidin
crosslinked by actin filaments can give rise to a visible change in membrane texture. This
comprehensive study of mobility changes in biological membranes provides new insights
into our present understanding of membrane mobility [1,2,15,16] and may further be
harnessed in semisynthetic systems or cell studies to create well-defined biomaterials with
tunable properties [7–9].

Supplementary Materials: The following supporting information can be downloaded at: https:
//www.mdpi.com/article/10.3390/colloids8050054/s1. Theory, Figure S1: Fatty acid labeled tracer;
Figure S2: SLB with bound protein after bleaching; Figure S3: Calculated friction parameter for the
NTA–GFP system; Figure S4: GFP intensity changes at 0 mol% linker concentration, as a function of
pH; Figure S5: Calculated friction parameter for the Biotin–Neutravidin system; Figure S6: NAVOG
intensity change, as a function of linker concentration of the Biotin–Neutravidin system; Figure S7:
Calibration data for initial pressure correction for the Biotin–Neutravidin–Actin system; Figure S8:
Diffusion constant as a function of obstacle radius; Figure S9: Representative images of the SLB before
and after coupling of proteins; Supplementary references; Video S1: Continuous Photobleaching.
Additional References are provided in the supporting information [86–88].
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SUPPORTING INFORMATION 

1. Theory

1.1 Diffusion in Biological Membranes 

The first theoretical model to calculate the diffusion constant of proteins in lipid membranes, proposed by 

Saffman and Delbrück, models the lipid membrane as an infinitely flat sheet of a homogeneous, viscous 

fluid. The model ignores the complex nature of the bilayer, which is naturally composed of various 

phospholipids, glycolipids, cholesterol, and proteins. Membrane proteins are represented as cylinders 

embedded in this viscous fluid with the symmetry axes pointing perpendicular to the membrane surface 

and without any molecular parts extending above or below the membrane. The diffusion constant of the 

membrane fluid is, in this case, logarithmically dependent on the size of the membrane embedded moiety 

[54]:  𝐷 = 𝑟²4𝑡 = 𝑘B𝑇4𝜋𝜂ℎ ∙ (log ( 𝜂ℎ𝜂′𝑎) −ɣ), (Eq. S1 ) 

where 𝑟² is the mean square displacement, 𝑡 the time, 𝑘B the Boltzmann constant, 𝑇 the temperature, 𝜂 the 

viscosity of the fluid representing the membrane, 𝜂′ the viscosity of the surrounding fluid, ℎ the height of 

the lipid membrane, 𝑎 the radius of the diffusing particle, and ɣ the Euler constant. As a first approximation, 

Eq. S1 can also be used to calculate the diffusion constant of lipids. One extension of this theory is given 

by Petrov and Schwille. They expanded the Saffman and Delbrück model to consider larger membrane 

inclusions as obstacles [56]. 

1.2 Friction Between SLB and Substrate 

In the case of SLBs, the interaction between the solid and the membrane results in an additional source of 

friction, which reduces the mobility within the membrane. Here, the theory of Evans and Sackmann 

introduces inertia-lacking equations of motion for objects in a fluid SLB and assumes proportionality 

between interfacial shear stress and membrane velocity. In this model, the friction coefficient of the moving 

object, 𝑏, is the key parameter to calculate the diffusion constant [57]: 

𝐷 = 𝑘B𝑇4𝜋𝜂m (14 𝜀2 + 𝜀𝐾1(𝜀)𝐾0(𝜀) )−1. (Eq. S2 ) 

Here, 𝜂m is the membrane surface viscosity, and 𝐾1 and  𝐾0 are the modified Bessel functions of second 

kind and first or zeroth order. 𝜀 is the dimensionless particle radius given by [57]: 𝜀 = 𝑎 ∙ √ 𝑏𝜂m, 
(Eq. S3) 

with 𝑎 as the real particle radius, and 𝑏 as the friction parameter. 



 

For low friction, the Saffman/Delbrück result is recovered, whereas for high friction, the diffusion 

coefficient depends strongly on the size of the diffusing particle. In our study, both the tracers and the 

proteins can be interpreted as diffusing particles, which is considered a disc-like particle, without further 

assumption. For this reason, the Evans/Sackmann model is well-suited to compare friction parameters 

between the different model systems. Like Saffman/Delbrück, the Evans/Sackmann description ignores the 

discrete nature of the bilayer.  

It should be noted that the Saffman/Delbrück and Evans/Sackmann models consider membrane-spanning 

probes, which were not present in our sample. Instead, lipids or lipids with proteins coupled to the 

membrane were present in the upper membrane leaflet. This setup was chosen on purpose to allow for an 

accurate estimate of obstacle concentrations. Moreover, membrane-spanning probes were shown to 

contribute additional friction due to interactions with the substrate [86,87] and would require the use of a 

polymer cushion beneath the SLB. Since a polymer cushion would increase the system complexity and, 

since for polymer cushions, the tethering was reported to yield an immobile fraction [45], this approach 

was not considered in this work. Nonetheless, a previous study points to an epitactic coupling between the 

lipids in both membrane layers [58]; therefore, some membrane-spanning effects may also arise in our case.  

1.3 Friction Due to Mobile Obstacles 

To deal with the variable nature of the membrane components, theories accounting for friction effects 

arising from mobile obstacles within the membrane have been developed [60,61]. The obstacles can be 

individual proteins or protein clusters on the membrane surface that diffuse more slowly with increasing 

size, thereby influencing the diffusion of the lipids in the membrane. In Saxton's theory, diffusion is 

considered as a random motion on a two-dimensional grid. Obstacles and particular lipids in the 

membrane, so-called tracers, are randomly distributed on the grid and can jump to adjacent free places. 

The relative jump rate 𝛾 is defined as the ratio of the jump rate of the tracers T to the jump rate of the 

obstacles H: 𝛾 = 𝛾T/𝛾H. In addition, the diffusion constant of the lipids depends on the concentration of the 

obstacles 𝑐, which is given as an area fraction defined by: (1 + 𝑎l𝑎o 𝑛l 𝑛o)−1
, with al as the area of the lipid, ao 

the effective area of the obstacle, and 𝑛1/𝑛0,  the molar ratio of lipid to obstacle. The relative diffusion 

constant 𝐷∗(𝑐) = 𝐷(𝑐)/𝐷(0) is defined with 𝐷(𝑐) and 𝐷(0) as the diffusion constants of the tracer lipid in 

the presence and absence of obstacles, respectively. Next to its dependence on obstacle concentration, the 

relative diffusion constant is also a function of the relative jump rate [60]:  𝐷∗(𝑐, 𝛾) = (1 − 𝑐) ∙ {[(1−𝛾)(1−𝑐)𝑓0+𝑐]2+4𝛾(1−𝑐)𝑓02}1 2⁄ −[(1−𝛾)(1−𝑐)𝑓0+𝑐]2𝛾(1−𝑐)𝑓0 ∙             (Eq. S4 ) 

and 𝑓0 = 1−𝛼1+(2𝛾−1)∙𝛼. (Eq. S5 ) 

Here, 𝛼 is a lattice-dependent constant. For a square lattice 𝛼 = 1 − 2π , for a triangular lattice 𝛼 = 0.282, and 𝛼 = 0.500 for a honeycomb lattice. Using Monte Carlo simulations, Saxton was able to show that the 

relative diffusion constant is independent of the choice of the lattice; therefore, a triangular lattice was used 

in this study [60]. 
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





–

    

sum test with n.s.: p > 0.05, * : p ≤ 0.05, ** : p≤ 0.01, ***: p ≤ 0.001.

















––









–



 













4.4 nm to 

6.5 nm size.













    







 

–

 
–

 


 
–


 
–
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4 ABSTRACT: We introduce superparamagnetic biomembranes as a
5 novel, actively tunable hybrid platform. The superparamagnetic
6 biomembranes are supported lipid bilayers (SLBs) with defined lipid
7 composition and site-specific coupling of proteins and super-
8 paramagnetic nanoparticles (MNPs). Application of magnetic field
9 gradients induces rapid and fully reversible lateral transport of lipid-
10 anchored MNPs with forces in the femtonewton range. Using single
11 magnetic tips as well as multiple magnetic tips and line structures, we
12 achieve parallelized and spatially defined MNP patterning. Transition
13 of the SLB from the liquid-crystalline phase to the gel phase enables
14 reversible immobilization of the patterned MNP distributions. Local
15 MNP accumulation displaces lipids and membrane-associated proteins,
16 including Neutravidin, mEGFP, and CD19, thereby generating inverse molecular gradients that are recognized by living cells. This
17 biocompatible substrate with dynamically controllable nanoparticle and molecular organization provides a versatile framework for
18 applications in bio- and nanotechnology.

19 KEYWORDS: Superparamagnetic nanoparticle, Supported lipid bilayer (SLB), Synomag, Magnetic forces, Molecular gradient,
20 Molecular pattern

21D ynamically tunable patterning of magnetic nanoparticles
22 (MNPs) underpins a broad range of applications,
23 including the fabrication of magnetic−nonmagnetic compo-
24 sites,1,2 the development of responsive sensing systems,3 and
25 the controlled activation of biological signaling pathways.4−6 A
26 variety of assembly strategies have been developed to position
27 colloids from the nanometer to the micrometer scale into
28 predefined architectures,7−10 including complex three-dimen-
29 sional structures and multicomponent lattices.1 However, the
30 realization of fully reversible and dynamically reconf igurable
31 nanoparticle patterns remains challenging. Moreover, only a
32 limited number of existing approaches are compatible with
33 biological environments or enable direct biofunctionalization
34 for biomedical applications.11,12

35 A promising strategy addressing several of these limitations
36 is creating dynamically changeable molecular gradients and
37 patterns via remote magnetic nanoparticle redistribution,
38 where magnetic nanoparticles are coupled to biomolecules
39 and remotely manipulated using magnetic fields in a contact-
40 free manner.13−15 Significant progress has been made in the
41 synthesis and biofunctionalization of MNPs exhibiting high
42 monodispersity, stability, and tailored magnetic responses.16−19

43 Magnetic actuation has been exploited to (i) induce a localized
44 nanoparticle redistribution and accumulation,20 (ii) to
45 generate mechanical forces,21−23 or (iii) produce localized
46 thermal e:ects17,24−27 When combined with signaling-relevant
47 biomolecules, these stimuli have been shown to modulate

48cellular processes such as polarization,28 neuronal activa-
49tion,29−31 cell di:erentiation,21 or growth.32 Yet, magnetic
50nanoparticle functionalized substrates that allow for a remote,
51dynamic redistribution of nanoparticles and associated
52molecules, are hitherto missing. Previous studies highlight
53the potential of supported lipid bilayer (SLB)-based magnetic
54model systems for studying membrane-associated transport
55processes on the single-particle level.33 While here the
56dynamics of individually tracked particles were analyzed, the
57present work establishes dynamically reconfigurable collective
58nanoparticle and biomolecular patterning on SLBs with active
59control over molecular gradients as well as a membrane phase-
60dependent immobilization.
61Here, we couple superparamagnetic nanoparticles to SLBs34

62to establish a two-dimensional, dynamically tunable platform
63for MNP patterning across nanometer-to-micrometer length
64scales. The resulting substrates are readily fabricated,
65biocompatible, and allow simultaneous functionalization with
66MNPs and biomolecules. Magnetic field gradients enable rapid,
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67 fully reversible, and contact-free redistribution of MNPs into
68 complex spatial patterns. Displacement of membrane-associ-
69 ated biomolecules by MNP accumulation generates inverse
70 chemical gradients that are recognized by living cells,
71 establishing superparamagnetic biomembranes as a versatile
72 platform for dynamic bio- and nanotechnological applications.
73 In order to create a biocompatible, dynamically tunable
74 substrate, a SLB is used. This simplified biomembrane
75 combines the advantage of a 4 nm flat, homogeneous sheet
76 with the control of the fluidity state via both lipid composition
77 and temperature. Moreover, doping the membrane with
78 headgroup modified lipids�henceforth called linker lipids�
79 in the upper leaflet of the SLB, enables to couple MNPs or

f1 80 proteins to the SLB (see Figure 1a). Biotinylated lipids served
81 as anchors for streptavidin coated MNPs with highest
82 biological aDnity (KD ∼ 10−15 M). Proteins were either
83 coupled competitively with the MNP to the biotinylated lipids
84 (e.g., Neutravidin−Oregon Green (NAVOG)) or the SLB was
85 additionally doped with nitrilotriacetic acid (NTA) headgroup
86 modified lipids to anchor proteins via the His-Tag−Ni2+‑NTA
87 interaction (KD ∼ 10−5 M), thus avoiding competitive coupling
88 (e.g., for monomeric Enhanced Green Fluorescent Protein
89 (mEGFP), Cluster of Di:erentiation 19 (CD19)). A fast and
90 fully reversible attraction of MNPs was observed, when a
91 magnetic tip was vertically approached at 10−100 μm
92 distances d above the SLB. Figure 1b shows an example
93 measurement, with the magnetic tip positioned at d = 20 μm
94 above the SLB. MNP are rapidly attracted into a densely
95 packed disc, with intensities starting to saturate within the first
96 5 min (see also Video S1). When the magnetic tip was
97 positioned at large distances (e.g., d = 2000 μm) no influence

98on the MNP motion was detected, in line with the
99measurement of magnetic forces, Fxy, vanishing at d ≥ 1000
100μm (see Figure S1). In this case, the MNPs fully redistributed
101over the SLB surface on di:usion limited time scales (∼1 h).
102As MNPs, dextran coated iron oxide (Fe2O3) cores exhibiting a
103flower-like multicore shape were chosen. These so-called
104Synomag MNPs are commercially available (see Materials and
105Methods) and are individually synthesized with a fluorescence
106or streptavidin coating. In our previous study, these MNPs
107showed to be superparamagnetic at ambient temperatures,
108which is important to maintain their monodispersity,
109maintaining colloidal stability while minimizing any induced
110dipolar interactions or irreversible chain formation.20 Figure 1c
111shows a transmission electron microscopy (TEM) image of the
112iron oxide cores of the MNPs exhibiting a narrow size
113distribution with average core diameter of 34 ± 8 nm (see also
114Novoselova et al.20 for a more detailed characterization). The
115fully functionalized streptavidin-coated particles exhibit a
116hydrodynamic diameter of approximately 70 nm. The
117custom-fabricated magnetic tip consists of two NdFeB
118magnets, cube and cuboid, and an attached spring steel tip
119(see Figure 1d and Materials and Methods for a more detailed
120description). The latter concentrates the magnetic field lines in
121the tip, which emerge as a strongly divergent field - throughout
122the manuscript characterized as gradients of the magnetic flux
123density B in z direction and within the xy plane. Together with
124the magnetic moment |m|=2.65•10−19 Am2 of the MNP
125(derived from fitting the Langevin equation to the magnet-
126ization curve, see Figure S2), these gradients give rise to the

127measured vertical and horizontal force components F m
B

z
z

d

d

z
= ·

Figure 1. Superparamagnetic biomembranes and system components. (a) Schematic of the superparamagnetic biomembrane. Superparamagnetic
nanoparticles (MNP) are coupled to the supported lipid bilayer (SLB) via specific lipid headgroup linkers. Similarly, proteins (Neutravidin,
mEGFP, or CD19) are coupled to a di:erent lipid headgroup linker. A vertically approached magnetic tip attracts the MNPs in the horizontal
plane. Proteins are displaced from the MNP accumulated regions. Lipid coupled MNPs exhibit a velocity v in the force field Fxy (gray arrows) and
di:use freely (lateral di:usion of lipid−MNP complex) with di:usion constant D in the absence of the magnetic field. Lateral motion of the MNPs
induces protein displacement (Pdisp), indicated by green arrows. (b) Micrographs of fluorescent MNPs during magnetic attraction and field free
‘relaxation’. During attraction, the magnetic tip was placed at a distance d = 20 μm above the SLB and at d = 2000 μm during relaxation. Scale bar:
50 μm. (c) TEM image of MNPs. The iron oxide (Fe2O3) core exhibits a flower-like multicore shape. The MNP cores are surrounded by a dextran
shell. For the SLB coupling via biotinylated lipids, MNPs are coated with streptavidin. Scale bar: 100 nm. (d) Schematic of the magnetic tip. (e)
Horizontal scan of the magnetic field of the tip, |Bxy|, at a distance d = 25 μm. (f) Magnetic field profile, |Bz|, at the center of the tip along the
vertical direction over several magnitudes of distances (blue). Calculated magnetic field gradient |∇Bz| (orange).
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= · + , respectively. The lateral

129 force Fxy drives the motion of the MNP within the horizontal
130 plane of the SLB, whereas Fz strongly increases toward the
131 center of the tip, where it can give rise to MNP detachment at
132 very small distances d ≤ 20 μm. To quantify the magnetic flux
133 density Bxy in the plane of the SLB, Scanning Hall Probe
134 Microscopy35 was performed at a tip distance of d = 25 μm
135 over a 100 × 100 μm2 area, yielding a maximum value of |Bxy| =
136 350 mT (Figure 1e). From a vertical scan of the magnetic flux

137
density Bz above the tip center, a value of

Bd

dz

z 6000 T/m at

138 small d was obtained (see Figure 1f, right). Thus, magnetic
139 forces of |Fz| ∼ 1.6 fN are applied to each MNP along d

140directly below the tip and similar forces are obtained from the
141magnetic flux density gradient within the horizontal plane of
142the SLB (see Figure S1).
143To first characterize the motion of the MNPs alone, only the
144MNPs and no additional proteins were coupled to the SLB.
145Video S2 demonstrates that the MNPs can be actively pulled
146to di:erent positions on the SLB by the single magnetic tip. In
147addition, a scratch was intentionally created in the SLB. Upon
148magnetic redistribution, the MNPs were observed to
149accumulate exclusively at the edge of the scratch, while no
150particles were detected within the scratched area, demonstrat-
151ing that MNPs are indeed specifically coupled to the SLB
152 f2rather than freely di:using on the substrate. Figure 2a shows
153the magnetic field-induced attraction and field-free relaxation
154dynamics of the MNPs. The measured fluorescence intensities

Figure 2. System dynamics: Switching between dynamic and static MNP distributions. (a) Measured magnetic force induced MNP attraction and
field free relaxation dynamics. After 5 min of MNP attraction the intensity starts to saturate, corresponding to a dense MNP packing. Under field
free conditions, MNPs redistribute. The accumulation is fully reversible. (b) Selected time points of fluorescent MNP recordings during magnetic
field attraction and field free relaxation. Intensities are averaged over circular lines and evaluated as MNP concentration along the radial direction r
in the following analysis. Scale bar: 20 μm. (c) Temporal change of MNP concentration for selected radii and time points (dots = data points, lines
= fit) with magnetic tip at d = 20 μm above the SLB. Attraction and field free relaxation dynamics are fitted using

( )( )I r t I t( , ) ( ) 1 exp
v r

r

t

max

( )
= ·

·

, as a solution of the first-order di:erential equation k I I t( ( ))
dI

dt
max

= · , with k
r

r

v( )
= and

( )I r t I t( , ) ( ) exp
r

rD t
0 4 ( )

2

= · , the 2D time-dependent solution of Fickś law, to determine v and D, respectively. The magnetic force field Fxy(r)

is calculated from v according to the equation Fxy (r) = v (r)•(γMNP + γmem). ( )I r t I t( , ) ( ) exp
r

rD t
0 4 ( )

2

= · is correctly applied only at r ≥ 20 μm,

where D saturates and MNPs di:use freely (lateral di:usion of lipid−MNP complexes). (d) An immobilization and release of MNP pattern is
realized by switching a DPPC−lipid-based SLB, with main transition temperature Tm = 42°C, from its fluid-crystalline phase to its gel phase and
vice versa. Magnetic tip distance d ≈ 40 μm.
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155 are taken to be directly proportional to the MNP
156 concentration. After 5 min, a spot of approximately 50 μm is
157 accumulated (d = 20 μm) and the mean intensity starts to
158 saturate. For longer accumulation times (e.g., over 40 min), the
159 intensity per pixel at the spot center saturates and the spot size

f3 160 diameter slowly increases further (see Figures 2b and 3c).
161 Here, removal of the tip (i.e., placement at d = 2000 μm)
162 initiates the system relaxation, where lipid−MNP complexes
163 di:use over the SLB until they are homogeneously distributed.
164 Figure 2b shows fluorescence images at selected time points
165 showing the attraction and complete redistribution of MNPs.
166 For the following analysis, the radial system symmetry is
167 utilized, and the average intensity per radius over time is
168 evaluated. Figure 2c shows the radial coordinate system and
169 selected circles. For the case of magnetic attraction, the MNP
170 velocity toward the magnetic tip, v (r), scales with the
171 e x p o n e n t i a l i n t e n s i t y i n c r e a s e a s

172 ( )( )I r t I t( , ) ( ) 1 exp
v r t

r
max

( )
= ·

·

. From this, the attrac-

173 tion force Fxy (r) = v (r)•(γMNP + γmem) is calculated,
174 accounting for the hydrodynamic drag acting on the
175 membrane-coupled MNP arising from the surrounding
176 aqueous medium and the lipid membrane. Here, γMNP =
177 6πηa denotes the Stokes friction coeDcient of the MNP with
178 hydrodynamic radius a = 35 nm in the aqueous bu:er of
179 viscosity η = 1 × 10−3 Ns/m2. The membrane contribution
180 γmem was calculated using the Sa:man-Delbrück hydrodynamic
181 expression for a membrane-coupled object, where

182 mem l R

4

ln( / )

mem

SD C

=

·

. Here, ηmem = 2 × 10−9 Ns/m2 is the 2D

183 area-related viscosity, lSD the Sa:man-Delbrück length and RC

184 the radius of the coupled object of approximately 10 nm,
185 consistent with reported values for supported lipid bilayers.36

186 Under these conditions, the resulting attraction force is in
187 the femtonewton regime and increases gradually with
188 decreasing distance from the magnetic tip, reaching a
189 maximum value of approximately |Fxy,max) (r) | = 1.2 fN at |r|

190 = 8 μm (d = 20 μm). Directly below the tip, the force decays to
191 0, since the total force vector F(r) continuously changes its
192 orientation with decreasing r toward the magnetic tip,

193eventually pointing perpendicular away from the substrate
194(at |r| = 0). For the case of field free relaxation and assuming an
195unconstrained MNP motion, the MNPs follow the di:usion

196
equation, with ( )I r t I t( , ) ( ) exp

r

rD t
0 4 ( )

2

= · . Fitting the

197temporal intensity decay, yields the r - dependent di:usion
198constant D(r), which at large radii r yields the true di:usion
199constant D(|r|→ ∞) ∼ 0.37 μm2/s. At smaller radii, i.e. |r| ≲ 20
200μm, the MNP motion is inhibited by the densely packed
201MNPs of the accumulated spot. Note, the MNP dynamics
202changes depending on the accumulated spot size, since larger
203spots exhibit higher MNP concentrations at larger radii.
204Hence, care must be taken to determine the true D from the
205limit behavior (|r|→ ∞). The obtained di:usion coeDcient is
206lower than that of freely di:using lipids in fluid SLBs and likely
207reflects the coupled motion of a larger membrane-associated
208complex. In particular, multivalent interactions between the
209streptavidin-coated MNPs and multiple biotinylated linker
210lipids are expected to increase the e:ective hydrodynamic
211coupling radius and membrane drag. This interpretation is
212consistent with the e:ective coupling radius of approximately
21310 nm estimated from the Sa:man−Delbrück formalism. Still,
214the measured di:usion coeDcient remains within the expected
215range for membrane-coupled nano-objects and proteins.37

216Next, we sought to test in how the membrane phase a:ects the
217MNP dynamics. To this end, we fabricated a SLB with DPPC
218matrix lipid. Since DPPC features a main phase transition
219temperature of Tm= 42 °C, switching the sample temperature
220between 37 and 45 °C changes the SLB phase from a gel to a
221liquid crystalline state and vice versa. Figure 2d shows the
222MNP intensity change below the magnetic tip, when the SLB
223switches from the gel to a liquid crystalline phase. In the gel
224phase, the SLB bound MNPs are immobilized and are only
225attracted toward the tip, after heating the membrane to ∼45
226°C. When the magnetic tip is removed and the temperature
227drops to ∼37 °C, the accumulated MNP pattern is ‘frozen’.
228Subsequent heating to ∼45 °C releases the MNPs to
229redistribute on the SLB. Video S3 shows the corresponding

Figure 3. Variation of MNP concentration and pattern formation. (a) MNP concentration as a function of lipid-linker concentration in the SLB for
homogeneously distributed MNPs in the absence of magnetic fields. At high lipid-linker concentrations, MNPs are densely packed and the MNP
concentration saturates. Insert: Semilog representation of the same data. The data are best described by the fit of c (x) ∼ a + b•log(x). (b)
Schematic of magnetic force-induced MNP accumulation at di:erent magnetic tip distances d. (c) Micrographs of accumulated MNPs after 5 and
40 min with color maps, showing the calculated MNP concentrations. The color scale was limited to exclude the highest and lowest 1% of
intensities, while preserving absolute concentration values. Magnetic tips were positioned at 20, 40, 60, 80, and 100 μm. The MNP lipid linker
concentration was 0.1 mol %. Scale bar: 50 μm. (d) MNP pattern formation on SLBs using a double tip (scale bar: 100 μm), triple tip (scale bar:
100 μm), razor blade (scale bar: 20 μm), or soft ferro-/diamagnetic composite stencil (scale bar: 100 μm). Micrographs show the MNP pattern
after magnetic attraction.
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Figure 4. MNP create inverse molecular gradient pattern of either lipids or proteins as bioactive substrates. (a) Fluorescent NBD-lipids in the SLB
are displaced by lipid coupled MNPs. Thus, an artificially, locally phase separated SLB is obtained. Scale bar: 10 μm. (b) Neutravidin−Oregon
Green (NAVOG) coupled to biotinylated lipids is displaced by the MNPs. Next to a single MNP spot free of NAVOG (scale bar: 20 μm), a regular
line pattern of MNP and NAVOG (scale bar: 100 μm) is created. Premanipulation NAVOG fluorescence images in Figure S5. (c) Quantitative
analysis of single-spot MNP accumulation geometries. (i) Representative fluorescence images of MNP and NAVOG distributions from b with
evaluated line profile positions indicated. (ii) Corresponding fluorescence intensity line profiles demonstrating the inverse spatial distribution of
MNPs and NAVOG. (iii) Local spatial correlation analysis along the evaluated line. (iv) Pearson correlation analysis shown as scatter plot,
revealing a strong spatial anticorrelation between MNP and NAVOG distributions (corr = −0.9878 for single spot accumulation and corr =
−0.5663 for stripe geometries). (i) to (iv) from left to right. (d) Clinically relevant natural killer cells, expressing a Chimeric Antigen Receptor
(CAR) against Cluster of Di:erentiation 19 (CD19) are seeded on a CD19 functionalized SLB. After MNP accumulation, CD19-CAR cells
recognize regions of high CD19 concentration, while avoiding CD19 depleted regions. Scale bar: 100 μm.
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230 experiment, serving as a proof-of-principle to dynamically
231 ‘freeze and release’ created MNP patterns.
232 Furthermore, in order to convert measured MNP intensities
233 into concentrations, we performed a calibration measurement,
234 where the MNP linker lipid doping of the SLB was
235 systematically increased (see Figure 3a). After MNP coupling
236 to the SLB, the average fluorescence intensity of the
237 homogeneously distributed MNPs was determined. While for
238 low linker concentrations between 0.0001 mol % and 0.1 mol
239 % a near linear dependency of the MNP intensity was
240 obtained, above 30% linker concentration, the MNP
241 fluorescence signal was saturating. The latter arose from the
242 dense coverage of the whole SLB surface by MNPs
243 corresponding to a concentration of about 240 MNPs/μm2

244 (for a hydrodynamic MNP diameter of 70 nm). This start and
245 limit behavior enabled to convert MNP intensities into
246 absolute concentrations, where the data was best described
247 by the relation c (x) ∼ a + b•log(x), with linker concentration
248 x, MNP concentration c, as well as fit parameters a = 87
249 MNPs/μm2 and b = 36 MNPs/μm2. This relation can be used
250 for future experiments to estimate MNP concentrations in
251 advance. It should be noted, that all experiments in this article
252 were performed in the 0.05 mol % or 0.1 mol % lipid-linker
253 regime, as here MNP concentrations are low enough to
254 minimize particle−particle collisions while maintaining a
255 considerable fluorescence signal. To further investigate the
256 MNP concentration dependency on the magnetic tip-SLB
257 distance and the time course of the MNP accumulation, MNPs
258 were attracted at di:erent distances d of the magnetic tip (20,
259 40, 60, 80, 100 μm) and the measured intensity was converted
260 into MNP concentrations (see Figure 3b). Figure 3c shows
261 example images of accumulated MNPs after 5 and 40 min (for
262 all images see Figure S3). Utilizing the intensity-concentration
263 conversion relation, colormaps of the MNP concentration
264 distribution are calculated. For all d, a significant MNP
265 accumulation is observed. Fluorescence spots at d = 20 μm
266 exhibit high, local MNP concentrations within the accumu-
267 lation region with sharp edges, whereas at d = 100 μm a lower
268 MNP concentration with shallow intensity increase toward the
269 center is observed (see also Figure S4). Intriguingly, MNPs are
270 only stably attracted toward the magnetic tip up to a finite
271 radius from the center. In the present system, this transition is
272 observed at radii r ≥ 60 μm (see Figure 3c), where Fxy

273 approaches the thermal fluctuation force Ftherm. Here the MNP
274 motion is di:usion dominated, the thermal force prevails over
275 the magnetic force. Only for radii r > 60 μm, the magnetic
276 force governs the motion of the MNPs. Small magnetic tip-
277 SLB distances of d = 20 μm exhibit steep concentration
278 gradients of up to 70%, whereas at d = 100 μm only 20%
279 concentration changes occur across the accumulated spot.
280 Hence, variation of d and time enables to systematically
281 modulate the local MNP concentrations between 10−80
282 MNPs/μm2. Accordingly, the applied magnetic attraction
283 forces are changing (see Figure 1f and Figure S1). In some
284 cases, for d ≤ 20 μm, forces in the vertical direction directly
285 below the tip were high enough to pull MNPs o: the
286 membrane. As a consequence, MNP densities in the center of
287 the accumulated spot partially decreased (e.g., Figure 3c, d =
288 20 μm after 40 min).
289 Finally, to verify the variability of MNP pattern formation on
290 SLBs, other magnetic stimuli were created. It should be noted,
291 that the modulation of magnetic flux densities on the μm-scale
292 with gradients of ∼103 T/m is diDcult to realize, wherefore

293new magnetic stimuli had to be designed. Among them are a
294double tip, triple tip, razor blade, or soft ferro-/diamagnetic
295composite stencil (see also Material and Methods). Figure 3d
296verifies that the magnetic field generated by them results in
297equivalent MNP pattern on the SLB. By using a soft ferro-/
298diamagnetic composite stencil attached to the cubic magnet,
299stripe-like MNP patterns could be generated (Figure 3d).
300Owing to the lower e:ective magnetization and the larger
301structural dimensions of the PDMS composite compared to
302the piano-wire tips, the resulting magnetic field gradients are
303expected to be lower in magnitude and more spatially
304extended. Both the magnetic field gradient and the
305corresponding magnetic force were estimated based on
306simulations using the model by Yang et al.38 for comparable
307geometries, yielding gradient and force values in the range of
308∼104 T/m and ∼0.3 fN, respectively. Still, the obtained
309gradients were suDcient to induce robust and highly
310reproducible MNP distribution over large-areas on the SLB.
311Local intensity maxima within the stripe patterns likely arise
312from small spatial variations in the magnetic field distribution
313and transient local increases in MNP density rather than
314irreversible nanoparticle aggregation. Interestingly, when SLBs
315were functionalized with fluorescent lipids or proteins in
316addition to the MNP coupling, molecular gradient pattern of
317either lipids or proteins inverse to the MNP pattern could be
318 f4created (see Figure 4). Importantly, this redistribution was
319observed both for competitively coupled proteins and for
320orthogonally anchored His-tagged proteins coupled via Ni2+-
321NTA lipids (see Video S4), demonstrating that the e:ect is not
322restricted to competitive binding to biotinylated linker lipids.
323First, fluorescent NBD-lipids were integrated into the SLB
324membrane and showed to be displaced by the lipid coupled
325MNPs. Thus, a local lipid phase separation39 in the SLB is
326actively induced (Figure 4a). Second, when NAVOG was
327coupled to the lipids, the accumulation of MNPs displaced the
328proteins. Minor fluorescence intensity heterogeneities were
329already present prior to magnetic actuation, likely originating
330from local variations in protein surface density or fluorescence
331intensity fluctuations within the SLB system (see Figure S5).
332Cluster removal by ultracentrifugation will be tested in future.
333Here, next to a single MNP spot free of NAVOG, also regular
334line patterns of alternating MNPs and NAVOG were created
335(Figure 4b). Quantitative fluorescence intensity line profile
336analysis confirmed the spatial anticorrelation between MNP
337accumulation and protein distribution (Figure 4c). For single-
338spot accumulation geometries, the MNP and protein
339fluorescence distributions exhibited an almost perfect inverse
340spatial correlation (Pearson correlation coeDcient: corr =
341−0.9878), whereas stripe-like patterns generated using the soft
342ferro-/diamagnetic composite stencil showed a broader but
343still pronounced anticorrelation (corr = −0.5663). Finally, a
344CD19 functionalized SLB was produced in order to test, how
345cells would recognize the actively generated protein gradients
346(Figure 4d). Prior to cell addition, the patterned MNP
347distributions were immobilized by cooling the DPPC-based
348SLB below its phase transition temperature, thereby suppress-
349ing further lateral MNP redistribution. The magnetic tip was
350subsequently removed before cell seeding, ensuring that cells
351were exposed only to static molecular patterns in the absence
352of active magnetic actuation. Note that DPPC is chosen as
353matrix lipid here, allowing the structures of the displaced
354CD19 to be ‘frozen’. Consequently, no magnetic tip is required
355during cell experiments, thereby avoiding potential artifacts in
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356 cellular behavior induced by the magnetic tip. As an example,
357 we used the clinically relevant natural killer cells expressing a
358 Chimeric Antigen Receptor (CAR) against Cluster of
359 Di:erentiation 19 (CD19), which are recently used in the
360 field of CAR-therapy in cancer research.40,41 Following MNP
361 accumulation, CD19-CAR cells selectively recognized regions
362 with high local CD19 concentration, while avoiding areas
363 depleted of CD19. Notably, the cell-depleted region extended
364 beyond the densely packed MNP core, indicating that the
365 laterally displaced CD19 gradient extends over larger distances
366 than the central MNP accumulation spot visible in
367 fluorescence microscopy. Since CAR NK cells spatially
368 integrate receptor−ligand interactions across their entire
369 contact area, even moderate local reductions in CD19 density
370 surrounding the MNP-rich region may influence cell position-
371 ing. We envisage further applications of local protein
372 accumulation and patterning for activating cell signals, which
373 are dependent on absolute protein concentrations and
374 clustering.

42,43 No significant uptake of MNPs by the cells
375 was observed under the experimental conditions used here,
376 indicating that the observed cellular behavior originated from
377 the CD19 pattern on the substrate rather than nanoparticle
378 internalization. Potential e:ects associated with cellular MNP
379 uptake have been investigated by us before in detail.20 Notably,
380 the cell-depleted region extended beyond the densely packed
381 MNP spot. We attribute this observation to a slight increase in
382 MNP concentration in the vicinity of the central accumulation
383 spot compared to the background MNP density on the SLB.
384 Even this moderate local increase appears suDcient to reduce
385 the local CD19 density below the threshold required for CAR
386 NK cell adhesion. Since various types of cells are capable of
387 sensing molecular concentration gradients on the order of 1−

388 10% across the cell,44 the molecular gradients created here
389 would suDce to induce a biological reaction. Examples of
390 molecular gradients triggering specific cell signals include cell
391 polarization, cell reorientation and morphogenesis45 or
392 directed cell motion (Haptotaxis).46

393 In summary, we introduce superparamagnetic biomem-
394 branes as a novel and actively tunable hybrid platform. We
395 demonstrate fully reversible spatial control of magnetic
396 nanoparticles (MNPs) on supported lipid bilayers (SLBs)
397 and introduce quantitative assays that characterize system
398 components with nano- to micrometer-scale precision. The
399 platform is biocompatible and enables biological functionality,
400 including the active redistribution of biomolecules and the
401 modulation of cell adhesion through spatially controlled
402 molecular densities. The presented platform may therefore
403 provide a versatile tool for the spatial organization of
404 biomolecules and the investigation of biological responses to
405 dynamic molecular gradients. In particular, the use of
406 structured soft ferromagnetic templates may enable the
407 generation of complex and spatially extended biomolecular
408 landscapes over large areas, which could become useful for
409 future studies on directed cell migration, cell guidance, and
410 spatially resolved receptor signaling. Beyond biotechnological
411 patterning of MNPs and biomolecules, this approach provides
412 a versatile framework for nanotechnological applications in
413 which MNPs are remotely repositioned and magnetized or
414 locally heated to generate condensed-matter stimuli.
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SUPPLEMENTARY INFORMATION 

Materials and Methods 

All lipids: SOPC (1-stearoyl-2-oleoyl-sn-glycero-3-phosphocholine), DOPE-cap-biotin (1,2-

dioleoyl-sn-glycero-3-phosphoethano-lamine-N-(cap biotinyl), DPPC (1,2-dipalmitoyl-sn-

glycero-3-phosphocholine) and DOGS-NTA (1,2-dioleoyl-sn-glycero-3-[(N-(5-amino-1-

carboxypentyl)iminodiacetic acid)succinyl] (nickel salt)) were purchased from Avanti Polar 

Lipids (Birmingham, AL, USA) and used without further purification. Synomag®-CLD-redF 

(surface: streptavidin, diameter: 70nm) were produced upon request by Micromod 

Partikeltechnologie GmbH (Rostock, GER) and were used as superparamagnetic nanoparticles. 

Thickness-corrected glass coverslips (d = 170 ± 5 µm, Paul Marienfeld, Lauda-Königshofen, 



GER) were cleaned as follows: ultrasonication in a 2% Hellmanex solution (Hellma, Müllheim, 

GER) for 15 min followed by two cycles of ultrasonication for the same duration in ultrapure 

water. Ultrapure water was produced by a water purification system (ELGA Purelab Flex, 

Veolia, High Wycombe, UK). After each ultrasonic treatment, coverslips were rinsed 10 times 

with ultrapure water. Supported Lipid Bilayers (SLBs) were prepared with a film balance 

(Biolin Scientific, KSV Nima, Gothenburg, SWE) using the Langmuir-Blodgett technique1 for 

the first layer, and a modified Langmuir-Schäfer technique for the second layer. As 

modification for the second layer, the glass substrate with the first layer was pressed onto the 

second lipid layer and into the subphase. The subphase was ultra-pure water. The first 

membrane layer consisted of 2 mg/ml pure SOPC or DPPC. In the second layer, SOPC or DPPC 

were used as matrix lipid combined with different concentrations of the linker lipids DOPE-

cap-biotin and DOGS-NTA. All SLB layers were prepared at a transfer pressure of 25 mN/m 

and constantly kept under water. After preparation, the water was exchanged for phosphate 

buffered saline (PBS; 140 mM NaCl, 3 mM KCl, 10 mM Na2HPO4, 2 mM, KH2PO4, pH 7.5 

with 1% Penicilin/Streptomycin (P/S) (Sigma-Aldrich, St. Louis, MO, USA)) In order to 

passivate the SLB surface and to diminish unspecific binding, SLBs were incubated with BSA 

(Bovine Serum Albumin Fraction V, ITW Reagents, Monza, ITA) dissolved in PBS 

(0.5 mg/ml) for 15 min. Afterwards SLBs were incubated with synomag® MNPs (16 µg/ml) for 

1h and rinsed 10-times with PBS. For competitive protein coupling, MNP and NAVOG 

(Thermo Fisher Scientific, Waltham, MA, USA) were incubated simultaneously at a MNP to 

protein ratio of 1:5. In contrast, mEGFP and CD19 (Sino Biological, Beijing, CHN) were not 

competitively coupled. Instead, they were attached via His-tag-mediated binding to the DOGS-

NTA lipids in the SLB. mEGFP (10 µg/ml) or CD19 (0.9 µg/ml) was incubated on the SLB 

overnight. After ten washing steps with PBS, MNPs were added as described above. 



Fluorescence images were acquired in widefield epi-fluorescence mode using either the IX73 

(for manual imaging) or IX83 (for automated imaging) microscope systems from Olympus 

(Olympus Corporation, Tokyo, JPN) equipped with a 60x, NA 1.25 objective (Olympus 

Corporation, 60x Planfluor PH3 UPLFLN60XOIPH/1.25, Tokyo, JPN) was used. SLBs were 

examined at room temperature, 37 °C, or 45 °C. Heating was controlled by the Tempcontroller 

2000-2 (PeCon GmbH, Erbach, GER) with corresponding heating stage. 

The single-tip configuration consisted of a cube magnet (5 x 5 x 5 mm³, NdFeB), a cuboid 

magnet (10 x 4 x 1.2 mm³, NdFeB), which were magnetically coupled and used as a single 

magnetic unit, and a custom-fabricated tip (piano wire of key C8 (88th key), which was heated 

in the flame of a Bunsen burner and manually pulled apart). For the double- and triple-tip 

configuration, two or three custom-fabricated tips, respectively, were mounted onto the 

magnetic unit. Alternatively, a commercially available razor blade was cut to size and attached 

to the magnetic unit to obtain the razor blade configuration. For the soft ferro-/diamagnetic 

composite stencil configuration, a master mold was first fabricated prior to PDMS casting and 

subsequent attachment to the cubic magnet. The fabrication procedure is described in detail 

below: For fabrication of photoresist master molds, prime grade 4" Si wafers with thickness of 

0.5 mm (Nova Electronic Materials, Flower Mound, TX, USA) were laser-diced into 30 mm 

substrates using a laser cutting device. The substrates were cleaned by sequential puddle rinsing 

with acetone, isopropanol and water, followed by drying with nitrogen flow. Photoresist master 

molds for PDMS casting were fabricated using the negative-tone photoresist AZ 125nXT-10B 

(MicroChemicals GmbH, Ulm, GER). The resist was spincoated (WS-400B-6NPP/LITE, 

Laurell Technologies Corporation, Lansdale, PA, USA) with final spin speed of 1600 rpm to 

3000 rpm for 12 s to reach a film thickness of approximately 20 µm to 50 µm. Edge bead 

removal was performed using AZ EBR solvent (MicroChemicals GmbH). After soft baking at 

130 °C for 13 min, the samples were exposed for 128 s through a chromium photomask (parallel 



stripes with a width of 40 µm and equal spacing of 40 µm) using a mask aligner (MJB3, SUSS 

MicroTec SE, Garching, DE). Development was carried out with AZ 726 MFI developer 

(MicroChemicals GmbH) for 60 s to 90 s, followed by rinsing with ultrapure water and nitrogen 

drying. To fully crosslink the photoresist and improve mechanical stability for repeated PDMS 

replication, the patterned master molds were flood-exposed for 256 s without a mask. Soft ferro-

/diamagnetic composite stencils were fabricated using the master molds described above. For 

the “magnetic” layer, a PDMS-iron composite was prepared by mixing iron (Fe) micron powder 

(grain size 5 µm; Nanografi Nano Teknoloji A.Ş., Ankara, TUR) with PDMS prepolymer and 

curing agent at a mass ration of 0.5 g iron powder, 1.5 g prepolymer and 0.2 g curing agent 

(SYLGRADTM 184 Silicone Elastomer Kit, DOW Silicones Deutschland GmbH, Wiesbaden, 

GER). The mixture was dispensed onto the master mold and spin-coated (100 rpm, 60 s, 

200 rpm s-1, Spin150, Semiconductor Production Systems, Putten, NLD), and afterwards cured 

overnight at 65 °C. After curing, the PDMS-iron layer was carefully peeled off the master mold. 

The resulting structured PDMS-iron layer, containing the negative replica of the master mold, 

was placed with the patterned side facing upward on a glass substrate. A conductive PDMS-

graphite composite was then prepared by mixing graphite micron powder (grain size 5-10 µm, 

Nanografi Nano Teknoloji A.Ş.) with PDMS prepolymer and curing agent (0.18 g graphite 

powder, 1.82 g prepolymer and 0.2 g curing agent). This mixture was dispensed onto the 

structured surface and spin-coated (3000 rpm, 60 s, 200 rpm s-1). The assembly was cured 

overnight at 65 °C. After curing, the completed PDMS stamp was carefully released from the 

glass substrate, trimmed to size and mounted onto the cubic magnet for subsequent use as a soft 

ferro-/diamagnetic composite stencil. In this configuration, the diamagnetic graphite layer is 

important to concentrate the magnetic field lines within the iron-rich PDMS phase, thereby 

enhancing the local magnetic field gradients sufficiently to enable the formation of stripe-like 

MNP patterns on the SLB. 



For all experiments, the respective magnetic tip configuration was controlled using a 

micromanipulator (Inject man 4, Eppendorf SE, Hamburg, GER). 

For Transmission electron microscopy (TEM), MNP in buffer solution (0.05 mg/ml) were 

dropped onto Formvar coated nickel grids (200 mesh, S162N-100, Plano GmbH, Wetzlar, 

Germany) and left to sediment for 1 min. Solution remaining on the grid was removed between 

each step using filter paper. After sedimentation, the sample was negatively stained twice for 3 

to 5 s and 30 s by subsequently placing the grid onto two separate drops of 2 % uranyl acetate. 

The remaining solution was removed and the grid was left to air dry. Imaging was performed 

on a Jeol JEM-2100Plus (Akishima, Tokyo, Japan), operating in bright field mode at an 

acceleration voltage of 80 kV. 

For Scanning Hall Probe Microscopy, the magnetic flux density field of the magnetic tip was 

determined by scanning a motorized Hall element above the tip, using a self-made setup.2 The 

scan parameters were: pixel size = 1x1 µm2, scan area = 100x100 pixel, probe size = 5 µm, bias 

current = 7 µA, sensitivity = 200 ± 0.5 ohm/T. 

The NK92 cell line used in this study was generated at the Department of Pediatrics at the 

University Hospital Essen, by stable lentiviral transduction with mNeonGreen (NG) genetically 

fused to the Chimeric Antigen Receptor (CAR) against the respective protein of interest, here 

CD19. This resulted in the stable CAR NK Cell Line: NK92 CD19 NG. Cells were maintained 

in 9 ml RPMI (Gibco, Thermo Fisher Scientific, Waltham, MA, USA) medium, supplemented 

with 10 % FCS (Fetal Calf Serum, Gibco), 1 % P/S and 250 IU Interleukin-2 (Proleukin® S 

18x106 IU, Clinigen Healthcare, Schiphol, NDL). Cultures were maintained in T25 flasks at 

37°C with 5% CO2, passaged and additionally diluted with fresh medium weekly. For 

experiments 1×105 cells were seeded onto SLBs. Prior to cell addition, the PBS on the SLBs 

was exchanged with L-15 Medium (Gibco) supplemented with 10 % FCS, 1 % P/S and 250 IU 

Interleukin-2.  For magnetic pattern generation in the cell experiments, DPPC-based SLBs were 



heated well above the lipid phase transition temperature to approximately 56 °C in order to 

induce membrane fluidity and enable lateral MNP redistribution. A magnetic tip positioned at 

a distance of approximately 40 µm from the SLB surface was used to accumulate MNPs for 

approximately 30 min. Subsequently, the system was cooled to 37 °C while maintaining the 

magnetic tip position in order to prevent field-free MNP redistribution during membrane 

solidification. After complete cooling and stabilization of the SLB for approximately 1 h at 37 

°C, the magnetic tip was removed prior to cell addition. Fluorescence images of the cells were 

acquired approximately 20 min after cell seeding. Importantly, cells were therefore exposed 

only to immobilized MNP patterns in the absence of active magnetic field gradients during 

incubation and imaging. No obvious indications of substantial nanoparticle internalization were 

observed on experimental timescales. 

Custom-written Matlab (Version R2021a, The MathWorks Inc., Natick, MA, USA) scripts 

were used for quantitative image analysis. For the force calculation from MNP accumulation, 

fluorescence images were acquired at time points 0, 5, 30, 100, 240, 300, 600, 900, 1200, 1500, 

1800, 2100, and 2400 s. The image corresponding to the final time point, exhibiting the highest 

MNP accumulation, was used to identify the central reference point of the accumulated spot. 

Fluorescence intensity, serving as a measure of MNP concentration, was evaluated as a function 

of time for each radius. For the analysis of the diffusion coefficient from the relaxation of the 

MNP, an image acquired at the end of the accumulation phase was used to determine the center 

of the MNP distribution. Concentric radii up to a distance of 40 µm from the center were 

defined. Fluorescence intensity, serving as a measure of MNP concentration, was evaluated 

over time for each radius. Images were acquired every 20 s for a total duration of 45 min. The 

velocity and diffusion coefficient of MNPs were determined as described in the main text. From 

the velocity the magnetic force distribution 𝑭୶୷ was obtained.  

 



SUPPLEMENTARY IMAGES 

 

Figure S1: Magnetic force profiles of single magnetic tip at different distances d. Lateral 

magnetic force 𝑭௫௬ calculated from lateral scans of the magnetic flux density of the tip at 

distances 𝑑 = 25 µm, 𝑑 = 40 µm, 𝑑 = 60 µm, 𝑑 = 80 µm, 𝑑 = 100 µm, and 𝑑 = 1 mm. 

 

Figure S2: Magnetization curve of MNP at 300 K. The Langevin function 𝑀 =𝑀଴L(𝛽𝑚𝐻) = 𝑀଴ ቂcoth(𝛽𝑚𝐻) − ଵఉ௠ுቃ is used as fit function (red line) to determine the 

magnetization of the MNPs. Here 𝑀 is the magnetization, 𝑀଴ the saturation magnetization, 𝐻 

the applied magnetic field and 𝛽 = ଵ௞ా், with 𝑘୆ the Boltzmann constant and 𝑇 the temperature. 



 

Figure S3: Micrographs of fluorescent MNPs during magnetic attraction. During 

attraction, the magnetic tip was placed at distances 𝑑 = 20 µm, 40 µm, 60 µm, 80 µm, 100 µm 

above the SLB. Scale bars 100 µm. Flourescence intensity was globally normalized across all 

images. Micrographs at distance 𝑑 = 20 µm are further analysed for Figure 2b left (gray), 

Figure 2c left (gray). Micrographs for all distances at 5 min and 40 min are further analysed for 

Figure 3c.  



 

Figure S4: Dynamics of MNP attraction as a function of d. a: During magnetic attraction of 

fluorescent MNPs, the magnetic tip was approached to the MNP-SLB in steps of 20 µm, placing 

the tip at distance 𝑑 = 100 µm, 80 µm, 60 µm, 40 µm and 20 µm. Scale bar 100 µm. At each 

position, the tip resided for 40 min until a new equilibrium state was (nearly) achieved. b: 

Change of MNP accumulated spot radius over time. c: Change of MNP concentration over time. 

See also Video S5. 



 

Figure S5: Fluorescence images of NAVOG-functionalized SLBs prior to magnetic 

manipulation. Local fluorescence intensity heterogeneities and bright spots are already present 

before magnetic MNP accumulation, indicating that these features do not originate from 

magnetic nanoparticle-induced protein redistribution. Scale bar: 20 µm. 
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Abstract 
CAR-engineered natural killer (CAR-NK) cells are promising effectors for solid tumor immunotherapy, yet 
the organizational principles governing their immune synapses remain poorly understood. Here, we 
establish a biomimetic supported lipid bilayer (SLB) platform to systematically investigate how antigen and 
adhesion ligand density shape CAR-NK synapse architecture. Using B7 Homolog3 (B7-H3)-specific CAR-
NK cells derived from NK-92, KHYG-1 and primary human NK cells, we quantitatively compare synapses 
formed on defined SLBs with those established on head and neck squamous cell carcinoma (HNSCC) and 
hepatocellular (HCC) cells. 
We identify multiple distinct CAR synapse morphologies, including multifocal, edge-ring and centralized 
receptor organizations, demonstrating that CAR-NK cells do not adopt a single stereotypic synaptic 
architecture. Instead, synapse topology emerges as a ligand-dependent organizational continuum governed 
by the combined availability of B7-H3 and ICAM-1. Mapping these morphologies across defined ligand 
combinations revealed a predictive “synapse phase space” that links target-cell ligand composition to 
emergent CAR interface states. 
Importantly, specific SLB conditions accurately reproduced the synapse architectures observed on UM-14C 
and UM-17A tumor cells, demonstrating that complex tumor-associated interfaces can be reconstructed 
using reductionist ligand environments. Together, our findings establish a predictive framework for CAR-
NK synapse organization and provide mechanistic insight into how antigen and adhesion landscapes shape 
engineered immune-cell interfaces. 
 
 
1. Introduction 
Cancer remains one of the leading causes of mortality in industrialized countries, including Germany1 and 
the United States2, despite major advances in surgery, radiotherapy, and chemotherapy3,4. In recent years, 
immunotherapies have significantly improved clinical outcomes by harnessing the patient’s immune system 
to selectively eliminate malignant cells5–7. Among these approaches, chimeric antigen receptor (CAR)-
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engineered immune cells have emerged as a powerful strategy for redirecting cytotoxic effector functions 
toward tumor-associated antigens8. 
CAR T-cell therapies have demonstrated remarkable efficacy in hematological malignancies 8–12. However, 
their translation to solid tumors remains limited by multiple biological and physical barriers, including 
immunosuppressive tumor microenvironments13–15, heterogeneous antigen expression 14,16,17, restricted 
tumor infiltration18,19, and on-tumor/off-target toxicities 20,21. These limitations have motivated the 
exploration of alternative effector cell types with improved intrinsic anti-solid-tumor properties. 
Natural killer (NK) cells therefore represent a particularly promising platform for CAR engineering, as they 
are considered intrinsically better suited for targeting solid tumors than conventional CAR-T cells22,23. In 
addition to their innate ability to recognize and eliminate transformed cells in a non-MHC-restricted manner, 
NK cells can promote pro-inflammatory immune responses and retain endogenous cytotoxic activity even 
in the absence of CAR target recognition, thereby enabling dual-mode tumor elimination 24. Importantly, 
CAR-NK cell therapies have been associated with a reduced risk of cytokine release syndrome compared 
to CAR-T cells, highlighting their potential safety advantage for clinical translation25–27. Clinically relevant 
NK cell sources include primary NK cells28 as well as established cell lines such as NK-92 29,30 and KHYG-
1 31,32, which enable “on-the shelf” products. 
A central determinant of CAR-NK cell function is the formation of the immune synapse, which serves as 
the physical and molecular interface for target recognition, receptor organization, and signal integration26. 
Despite its importance, the structural principles governing CAR synapse formation, particularly in NK cells, 
remain incompletely understood. This is especially relevant in solid tumor settings, where spatial 
heterogeneity of antigen expression and adhesion molecule availability may critically influence synapse 
architecture and cytotoxic output18. 
The transmembrane glycoprotein B7 Homolog3 (B7-H3 or CD276) represents a clinically relevant CAR 
target that is frequently overexpressed in head and neck squamous cell carcinoma (HNSCC) and other 
epithelial malignancies, while exhibiting limited expression in most healthy tissues 33,34. This expression 
profile makes B7-H3 an attractive antigen for CAR-based immunotherapy, particularly in the context of 
solid tumors where target accessibility and specificity are critical determinants of therapeutic efficacy. 
Supported lipid bilayers (SLBs) provide a powerful biomimetic platform to systematically dissect immune 
cell–target interfaces under defined molecular conditions. As planar, compositionally tunable membranes, 
SLBs allow precise control over antigen and adhesion ligand density, thus allowing the reduction of 
complex cellular interfaces to defined molecular parameters. Previous studies have established SLBs as 
robust models for studying T cell immunological synapses 35–38; however, their potential to recapitulate 
CAR-NK cell synapse organization and function remains less explored. 
In this study, we establish a defined SLB system functionalized with B7-H3 and intracellular adhesion 
molecule 1 (ICAM-1) to investigate how ligand density governs CAR-NK cell synapse architecture. Using 
B7-H3-specific CAR-NK cells derived from NK-92, KHYG-1, and primary human NK cells, we 
systematically compare biomimetic interfaces formed on SLBs with immunological synapses established 
on B7-H3-expressing tumor cell lines representing distinct epithelial malignancies. Beyond descriptive 
characterization of synapse morphology, we identify a ligand density-dependent organizational regime in 
which CAR and lymphocyte function-associated antigen 1 (LFA-1) distribution patterns are encoded by the 
combined availability of antigen (B7-H3) and adhesion molecules (ICAM-1). Strikingly, this relationship 
facilitates the construction of a quantitative “synapse phase space”, in which distinct synaptic architectures 
can be predicted based on local B7-H3 and ICAM-1 expression levels. This framework allows the synaptic 
organization formed on heterogeneous tumor cells to be mapped onto a defined ligand landscape derived 
from SLB measurements, thereby enabling prediction of CAR-NK cell interface architecture directly from 
target cell surface composition. 
 
 
2. Results  
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Figure1:Generation and enrichment of B7-H3- and CD19-specific CAR-NK cells for SLB synapse 
assays. a, Schematic illustration of the experimental system used to investigate CAR-NK cell 
immunological synapse formation on SLBs. CAR-NK cells interact either with antigen-presenting cancer 
cells or with biomimetic SLBs functionalized with B7-H3 and ICAM-1 ligands. b, Design of the second-
generation lentiviral CAR construct. The CAR backbone comprises a CD8 leader peptide, and antigen-
specific scFv, a CD34-derived C6 hinge region enabling magnetic enrichment with anti-CD34 microbeads, 
the CD28 transmembrane and intracellular signaling domains, and the CD3 ζ activation domain. A 
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fluorescent mNeonGreen (mNG) reporter was included downstream the CD3 ζ domain to identify 
transduced cells. c, Overview of CAR-NK cell populations generated in this study. Two NK cell lines (NK-
92 and KHYG-1) and primary human NK cells from three independent donors were transduced with either 
B7-H3-specific or CD19-specific CAR constructs, yielding 10 experimental cell populations. d, Flow 
cytometry plots of NK-92- and KHYG-1- derived CAR-NK cells after MACS, showing high frequencies 
of mNG-positive CAR-expressing cells in both B7-H3-CAR and CD19-CAR populations. e, Flow 
cytometric analysis of primary human NK cells from three donors before and after MACS enrichment. Top 
panels show B7-H3-CAR-transduced cells and bottom panels CD19-CAR-transduced cells. Histograms 
demonstrate efficient enrichment of mNG-positive CAR-expressing cells to >98% purity following MACS 
sorting. 

 
Robust generation of highly enriched B7-H3-specific CAR-NK cell populations for biomimetic 
synapse studies 
To investigate CAR-NK cell synapse architecture on tumor cells and SLBs (Figure 1a), we generated a 
panel of CAR-expressing NK cell populations using a second-generation lentiviral CAR construct 
containing a CD8 leader peptide, a CD34-derived hinge region (C6), CD28 transmembrane and intracellular 
domains, and the CD3ζ signaling chain (Figure 1b). The extracellular scFv was directed either against B7-
H3 or, as a specificity control, against CD19. All constructs additionally encoded the fluorescent reporter 
mNeonGreen (mNG) downstream of CD3ζ. 
Using these vectors, we transduced the NK cell lines NK-92 and KHYG-1 as well as primary human NK 
cells from three independent donors, generating ten distinct CAR-NK populations (Figure 1c). CAR-
positive cells were enriched by CD34-based magnetic sorting as described previously39 . Flow cytometry 
revealed CAR expression frequencies of 81–84% in enriched NK-92 and KHYG-1 populations (Figure 1d). 
In primary NK cells, transduction efficiencies increased from 29–40% before enrichment to >98% after 
sorting (Figure 1e). Forward scatter profiles indicated preserved cell integrity across all populations. These 
experiments yielded highly enriched CAR-positive NK-92, KHYG-1, and primary NK cell populations for 
subsequent synapse imaging analyses.   
 
B7-H3 CAR-NK cells mediate antigen-specific cytotoxicity and serial tumor cell killing 
To validate the functionality of the generated CAR-NK populations, we analyzed synapse formation and 
cytotoxicity against B7-H3-positive UM-14C tumor cells. Confocal imaging demonstrated stable contacts 
between B7-H3 CAR-NK cells and UM-14C targets across NK-92, KHYG-1, and primary NK cell 
populations (Figure 2a). Pronounced CAR-derived fluorescence accumulated at the contact interface, 
consistent with directed receptor recruitment and mature synapse formation. In contrast, CD19 CAR-
expressing control cells failed to establish stable tumor cell contacts. 
Live-cell imaging further revealed dynamic CAR-NK-mediated cytotoxicity (Figure 2b). Shortly after 
initial contact, multiple UM-14C cells accumulated around localized killing regions, followed by detectable 
apoptosis after ~75 min and extensive tumor cell elimination during prolonged incubation. After 16 h, NK-
92 B7-H3 CAR-NK cells eliminated ~80% of UM-14C target cells. 
Quantitative analysis revealed marked differences in cytotoxic potency between CAR-NK populations 
(Figure 2c,d). NK-92 B7-H3 CAR-NK cells showed the strongest anti-tumor activity, reaching ~50% target 
cell death within 2 h and a maximal apoptosis fraction of 74%. In contrast, KHYG-1 B7-H3 CAR-NK cells 
displayed slower killing kinetics and a maximal apoptosis fraction of 24%. Neither NK-92 nor KHYG-1 
CD19 CAR controls induced substantial killing, confirming antigen specificity. 
Primary B7-H3 CAR-NK cells also mediated efficient cytotoxicity with a maximal apoptosis fraction of 
46% (Figure 2c). To minimize CAR-independent killing, experiments with primary NK cells were 
performed in the presence of a blocking antibody cocktail. Despite analysis at a higher effector-to-target 
ratio (3:1 versus 1:1 for cell lines), primary B7-H3 CAR-NK cells induced substantial tumor cell  
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Figure 2: Cytotoxic activity of (primary) CAR-NK cells against UM-14C tumor cells. a, Brightfield 
and confocal microscopy images showing immunological synapse formation between different CAR-NK 
cell types and UM-14C cells. CAR-NK cells are masked in white, while UM-14C cells are shown in orange. 
Scale bar: 10 µm. b, Representative merged images of PH and EPI of NK-92 B7-H3 CAR-NK cells (green) 
on UM-14C (E:T 1:1) during a killing assay. Scale bar: 50 µm. c, Killing efficiency of different CAR-NK 
cells at effector-to-target ratios of 1:1 (cell lines) and 1:3 (primary cells) against UM-14C cells. d, Maximum 
apoptosis fraction induced by different CAR-NK cell lines and primary CAR-NK cells, including target-
specific CARs and CD19 CAR controls. e Serial killing analysis showing the number of tumor cells 
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eliminated per individual CAR-NK cell. Box plots indicate median and mean numbers of kills per effector 
cell: NK-92 B7-H3 NG (median = 2.0, mean = 2.5), KHYG-1 B7-H3 NG (median = 1.0, mean = 1.2), and 
primary NK cells (median = 1.0, mean = 1.9). 
 
elimination, whereas untransduced and CD19 CAR-expressing primary NK cells showed minimal 
cytotoxicity. 
To relate cytotoxicity to receptor expression, surface levels of B7-H3 CAR and LFA-1 were quantified 
across all populations (Figure 2d). Primary NK cells exhibited the highest CAR expression, followed by 
NK-92 and KHYG-1 cells. Among the engineered cell lines, higher CAR expression correlated with 
stronger cytotoxicity in NK-92 cells. In contrast, LFA-1 expression was highest in KHYG-1 cells, indicating 
that killing efficiency was not solely determined by adhesion receptor abundance. 
Additional killing assays were performed using UM-17A and HLE tumor cells (Figure S1). HLE cells 
expressed very low B7-H3 levels, whereas UM-14C and UM-17A cells showed overexpression (Figure 
S2). Overall, CAR-mediated killing was substantially more efficient against UM-14C and UM-17A cells 
than against HLE cells, indicating that sufficient antigen availability is critical for efficient CAR-NK 
cytotoxicity. 
Despite comparable B7-H3 expression on UM-14C and UM-17A cells, killing efficiency was markedly 
lower on UM-17A cells, where NK-92 and KHYG-1 B7H3 CAR-NK cells reached maximal apoptosis 
fractions of ~25% and ~15%, respectively. In contrast, both CAR-NK populations eliminated UM-14C cells 
substantially more efficiently, suggesting additional tumor-intrinsic factors beyond B7-H3 abundance. On 
HLE cells, overall cytotoxicity remained weak. Under these conditions, KHYG-1 B7-H3 CAR-NK cells 
showed the strongest activity (~20% apoptosis), whereas NK-92 B7-H3 CAR-NK cells induced minimal 
killing. NK-92 CD19 CAR cells exhibited low but detectable cytotoxicity (~10%), while all remaining 
populations remained below 5% apoptosis induction. These findings indicate that under low-antigen 
conditions, additional cellular properties may contribute to tumor cell elimination. 
Single-cell tracking further revealed pronounced differences in serial killing capacity (Figure 2e). NK-92 
B7-H3 CAR-NK cells showed the strongest multi-killing phenotype, eliminating up to five tumor cells per 
effector cell during the 16 h observation period. KHYG-1 B7-H3 CAR-NK cells killed a maximum of two 
target cells, whereas primary B7-H3 CAR-NK cells eliminated up to four. Together, these findings identify 
NK-92 B7-H3 CAR-NK cells as the most potent and persistent cytotoxic population among the investigated 
NK cell models. NK-92 and primary B7-H3 CAR-NK cells were therefore selected for subsequent 
comparative synapse analyses. 
 
Multicolor mapping of CAR and LFA-1 organization identifies distinct synaptic interface states 
reproduced by defined biomimetic SLBs 
To investigate the spatial organization of antigen recognition and adhesion receptors during CAR-NK 
synapse formation, we performed multicolor confocal imaging of B7-H3 CAR-NK cells interacting with 
tumor cells and analyzed CAR and LFA-1 distribution at the contact interface. Across all tumor cell 
conditions, six recurrent synapse categories were identified based on characteristic CAR and LFA-1 
organization patterns (Figure 3a). 
LFA-1 distributions could be grouped into three principal morphologies. Category 1 showed a relatively 
homogeneous interface distribution without pronounced enrichment. Categories 3, 4, and 6 displayed radial 
intensity gradients decreasing from the synapse center toward the periphery, whereas Categories 2 and 5 
exhibited reduced intermediate intensity combined with an additional peripheral maximum, indicating 
preferential outer-interface accumulation. CAR organization displayed greater structural diversity. 
Categories 1, 2, and 4 showed pronounced peripheral CAR enrichment resembling edge-ring (ER) 
morphologies, Category 3 exhibited a broad multipattern (MP)-like organization, Category 5 combined 
central (CP) and peripheral enrichment characteristic of ER+CP architectures, and Category 6 represented 
an intermediate ER+MP hybrid state. 
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Figure 3: Multicolor analysis of CAR-B7-H3 and LFA-1 at varying target cell concentrations. 
Multicolor mapping of CAR and LFA-1 organization identifies distinct synaptic interface states reproduced 
by defined biomimetic SLBs. a, Representative confocal images of six synapse categories defined by 
structural differences. The first row shows CAR-B7-H3 NG, the second row LFA-1 staining (antibody-
labelled), and the third row the corresponding merged images. Scale Bar: 5 µm. b, Radial intensity and 
Pearson correlation profiles for each category, shown as mean ± 95% confidence interval. Radial distances 
are normalized to the distance from the cell center, and fluorescence intensities are normalized to the mean 
cellular intensity. c, Distribution of synapse categories across different experimental conditions for NK-92 
B7-H3 NG and primary NK cells, grouped by similar distribution patterns. d, Quantification of the ratio of 
enrichment in high enrichment region (HIR), the ratio of HIR area between B7-H3 and LFA-1, and the 
overlap of B7-H3 HIR with LFA-1 HIR for each category. 
 
Radial intensity analysis confirmed the distinct spatial signatures of all six synapse categories (Figure 3b). 
Despite partial co-localization, Pearson correlation analysis revealed no significant global correlation 
between CAR and LFA-1 distributions, indicating largely independent receptor organization within the 
interface. 
To establish a reductionist biomimetic model, we next analyzed CAR-NK cell interactions with SLBs 
functionalized with defined combinations of B7-H3 and ICAM-1. B7-H3-containing SLBs supported robust 
adhesion and stable contact zone formation, whereas control bilayers lacking antigen failed to induce stable 
interactions (Figure S3a,c). CAR engagement additionally induced pronounced lateral redistribution of 
fluorescent membrane lipids within the bilayer, indicating active interface remodeling during synapse 
formation (Figure S3b). 
Three-dimensional confocal imaging further revealed distinct redistribution behaviors of CAR and LFA-1 
on both tumor cells and SLBs (Figure S4). CAR molecules showed strong and nearly complete recruitment 
into the contact interface, whereas LFA-1 displayed only moderate enrichment and remained broadly 
distributed across the cell surface, indicating fundamentally different organizational principles for antigen 
recognition and adhesion receptors. 
We next examined whether defined SLB ligand compositions could reproduce the synapse morphologies 
observed on tumor cells (Figure 3c). Distinct tumor cell lines induced characteristic synapse category 
distributions. HLE cells predominantly induced Category 2 synapses together with lower frequencies of 
Categories 1 and 5 in NK-92 CAR-NK cells, whereas primary CAR-NK cells additionally displayed 
Categories 3 and 4. UM-14C cells similarly induced mainly Category 2 synapses accompanied by 
Categories 1 and 4, while primary cells again showed additional Categories 3 and 5. In contrast, UM-17A 
interactions were dominated by Category 6 with low frequencies of Category 4, and occasional Category 1 
synapses in primary CAR-NK cells. 
Importantly, defined SLB conditions closely reproduced the tumor-associated synapse distributions 
observed for both UM-14C and UM-17A cells. For NK-92-derived CAR-NK cells interacting with UM-
14C cells, SLBs containing 0.5 mol% B7-H3 and 0.01 mol% ICAM-1 most accurately matched the tumor-
associated morphology distribution, whereas primary CAR-NK cells showed highest similarity to SLBs 
containing 0.01 mol% B7-H3 and 0.01 mol% ICAM-1. For NK-92-derived CAR-NK cells interacting with 
UM-17A cells, SLBs containing 10 mol% B7-H3 and 10 mol% ICAM-1 most closely reproduced the 
observed synapse distribution. These findings demonstrate that defined antigen and adhesion ligand 
densities are sufficient to recapitulate complex tumor cell-induced synaptic architectures in a minimal 
biomimetic system. 
Finally, quantitative comparison of CAR and LFA-1 high-intensity regions (HIRs) revealed category-
specific differences in receptor overlap and enrichment behavior (Figure 3d). Across most categories, ~50% 
of CAR-enriched regions overlapped with LFA-1-positive domains, whereas Categories 4 and 6 showed 
lower overlap values (~30%), indicating stronger spatial segregation. In Categories 4–6, HIR area and 
enrichment ratios were close to one, indicating comparable HIR size and enrichment for both receptors. In 
contrast, Categories 1–3 displayed HIR area ratios below one and enrichment ratios above one, 
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demonstrating that CAR formed smaller but more densely enriched assemblies, whereas LFA-1 occupied 
broader and less enriched interface regions. Together, these findings establish that CAR and LFA-1 form 
partially overlapping but spatially distinct supramolecular assemblies whose organization is strongly shaped 
by the ligand environment and can be reconstructed using defined biomimetic SLBs. 
 
Ligand-defined phase space of CAR patterning predicts synaptic interface architecture in NK-92-
derived and primary CAR-NK cells 
We next investigated how antigen availability and adhesion strength shape CAR organization in biomimetic 
and tumor cell-derived synapses formed by B7-H3 CAR-NK cells. Fluorescence imaging identified four 
recurrent CAR organization patterns at the contact interface: multipattern (MP), edge ring (ER), central 
point (CP), and edge ring plus central point (ER+CP) morphologies (Figure 4a). In all configurations, CAR 
molecules accumulated in spatially confined membrane regions distinct from surrounding non-enriched 
areas. 
Radial CAR intensity analysis confirmed distinct spatial signatures for each morphology class (Figure 4b). 
CP interfaces showed strong central CAR accumulation followed by a monotonic peripheral decrease, 
whereas MP interfaces displayed a broad central plateau gradually declining toward the interface edge. ER 
morphologies exhibited pronounced peripheral enrichment, while ER+CP interfaces combined peripheral 
CAR accumulation with an additional central density maximum. Analysis of high-intensity region (HIR) 
geometry further revealed an inverse relationship between normalized HIR area and receptor density, with 
smaller HIRs displaying stronger CAR enrichment (Figure 4b, insert). 
We next analyzed how defined ligand environments regulate CAR organization in NK-92-derived (Figure 
4c) and primary human B7-H3 CAR-NK cells (Figure 4d). CAR-NK cells were incubated either on SLBs 
containing defined combinations of B7-H3 and ICAM-1 or with tumor cell lines exhibiting distinct 
endogenous ligand profiles. HLE cells expressed very low B7-H3 levels, whereas UM-14C and UM-17A 
cells showed intermediate B7-H3 expression. ICAM-1 expression was low on HLE and UM-14C cells and 
high on UM-17A cells (Figure S2). Under all conditions, CAR-NK cells formed stable synapses on both 
SLBs and tumor cells. 
Increasing either B7-H3 or ICAM-1 density progressively enhanced interface spreading and increased 
CAR-enriched region size, indicating cooperative regulation of synapse expansion by antigen recognition 
and integrin-mediated adhesion. In contrast, CAR density in non-enriched membrane regions remained 
relatively constant at ~600 CARs µm⁻² across all conditions, whereas CAR-enriched regions reached local 
densities of 800–1800 CARs µm⁻². 
Distinct interface topologies emerged under defined ligand-density regimes. In the absence of ICAM-1 or 
at very low ICAM-1 concentrations (<0.01 mol%), MP morphologies predominated. At intermediate 
ICAM-1 densities (0.01–1 mol%), ER and ER+CP architectures became increasingly frequent, whereas 
pure CP morphologies occurred exclusively at the highest tested B7-H3 and ICAM-1 densities (10 mol% 
each), indicating that centralized CAR accumulation requires strong simultaneous antigenic and adhesive 
stimulation. 
Despite similar ligand-dependent organizational trends, primary CAR-NK cells formed structurally distinct 
interfaces compared with NK-92-derived CAR-NK cells. Primary cells generated smaller CAR-enriched 
regions, exhibited fewer ER+CP morphologies, and more frequently formed simple ER structures. In 
addition, maximal contact areas reached ~500 µm² in NK-92-derived CAR-NK cells but rarely exceeded 
200 µm² in primary NK cells, likely reflecting their smaller overall cell size. 
Interestingly, NK-92-derived CAR-NK cells displayed lower overall CAR surface density but stronger local 
receptor accumulation within the interface. In contrast, primary CAR-NK cells exhibited high constitutive 
CAR abundance with only modest additional enrichment at CAR-enriched regions (Figure S5), suggesting 
a more limited dynamic range for further receptor recruitment. 
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Figure 4: Antigen and ICAM-1 densities cooperatively regulate CAR patterning and synaptic 
interface organization in NK-92-derived and primary CAR-NK cells. 
a, Representative fluorescence images illustrating four recurrent CAR organization patterns observed at 
CAR-NK cell contact zones (CZ): multipattern (MP, top left), edge ring (ER, top right), central point (CP, 
bottom right) and edge ring plus central point (ER+CP, bottom left). Black outlines indicate the total contact 
area and green outlines delineate CAR-enriched regions used for quantitative segmentation. Scale bars: 5 
µm. b, Radial CAR density profiles corresponding to the four interface classes shown in a. Multipattern 
interfaces display broad central enrichment (n=492), ER interfaces peripheral accumulation (n=705), CP 
interfaces strong receptor enrichment at the center with declining peripheral density (n=57), and ER+CP 
interfaces combine central and peripheral maxima (n=389). Solid lines represent the mean profile, shaded 
areas indicate the 95% confidence interval (mean ± 1.96 SEM). Insert, inverse relationship between 
normalized HIR density (IHIR/ICZ) and relative HIR area (AHIR/ACZ) for NK-92-derived and primary CAR-
NK cells. c, Quantitative analysis of CAR-enriched contact interfaces formed by B7-H3 CAR-NK-92 cells 
on SLBs containing defined B7-H3 and ICAM-1 densities, or on tumor cell lines (HLE, UM-14C and UM-
17A) expressing endogenous ligand levels. Bubble size indicates contact area (µm²), and color intensity 
denotes mean CAR surface density within enriched and non-enriched membrane regions. Each bubble 
represents at least n ≥ 49 cells per condition. d, Corresponding quantitative analysis for primary human B7-
H3 CAR-NK cells. Primary NK cells formed overall smaller CAR-enriched contact regions but displayed 
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similar ligand-dependent trends in interface expansion and receptor enrichment. Marker size and color 
coding are identical to c. n ≥ 55 for each bubble. 
 
Mapping synaptic morphologies across all B7-H3 and ICAM-1 combinations revealed a continuous ligand-
dependent organization landscape in which discrete CAR interface states emerged as a function of combined 
antigenic and adhesive input. This defines a two-dimensional phase space of CAR-NK synapse architecture, 
allowing tumor cells and biomimetic SLBs to be positioned according to their ligand composition and 
enabling prediction of synaptic organization directly from target-cell surface properties. 
Together, these findings establish ligand density-dependent CAR patterning as a central organizational 
principle governing CAR-NK synapse architecture. 

 
3. Discussion  
CAR-engineered immune cells have emerged as powerful effectors for cancer immunotherapy8,9,12,40, yet 
the structural principles governing CAR synapse organization and their relationship to functional outcomes 
remain incompletely understood. Here, we establish a quantitative and mechanistic framework for CAR-
NK cell interface formation using a reductionist SLB system and complementary tumor cell models. Our 
data show that CAR-NK synapse architecture is not stochastic but follows a ligand-density-dependent 
organizational landscape defined by antigen (B7-H3) and adhesion molecule (ICAM-1) availability. This 
phase space enables prediction of synaptic topology directly from target-cell ligand composition. 
Ligand-dependent synaptic organization observed in SLBs closely recapitulated morphologies on UM-14C 
and UM-17A tumor cells. Across all regimes, we observed strong structural concordance between artificial 
and cellular interfaces, indicating that SLBs capture essential biophysical determinants of CAR-NK synapse 
formation. This allowed mapping of tumor cell states onto defined antigen–adhesion combinations within 
the phase space. 
Robust quantitative analysis of CAR-NK synapses requires homogeneous effector populations. However, 
primary NK cells are difficult to engineer due to low and variable transduction efficiency, limited 
persistence, and toxicity-associated constraints. Lentiviral transduction in particular leads to heterogeneous 
CAR expression and reduced reproducibility41. These limitations necessitate robust enrichment strategies 
for quantitative imaging studies. 
We previously established a CD34-based magnetic enrichment strategy for CAR-NK purification39. Here, 
this approach consistently yielded highly enriched CAR-positive populations across primary NK cells and 
NK-92 and KHYG-1 lines. CAR positivity exceeded 98% in primary cells, enabling reliable comparative 
synapse quantification. This homogeneity was essential, as CAR expression variability strongly influences 
clustering and downstream signaling. 
NK cell platforms differ substantially in their biological properties. NK-92 and KHYG-1 cells provide 
standardized, reproducible systems and are widely used for CAR studies due to stable expansion and 
cytotoxicity41,42. In contrast, primary NK cells exhibit higher physiological relevance but increased donor 
variability and signaling heterogeneity41. Consistent with this, we observed distinct functional and 
expression profiles across all platforms despite comparable enrichment efficiency. 
Together, these systems provide complementary advantages: NK cell lines enable controlled mechanistic 
studies, while primary NK cells preserve physiological relevance. This standardized framework allows 
direct comparison of synapse formation and cytotoxic function across effector types. 
Functionally, B7-H3 CAR-NK cells formed productive, antigen-specific cytotoxic synapses characterized 
by CAR accumulation at the effector–target interface and efficient tumor cell killing. CD19 CAR controls 
failed to form stable synapses or induce cytotoxicity, confirming antigen specificity. CAR redistribution 
was highly organized and activation-dependent rather than passive. 
This spatial organization aligns with known immune synapse principles. Classical T cells form SMAC 
structures with central TCR accumulation43, while natural NK cells exhibit coordinated receptor and granule 
polarization44. Inhibitory NK synapses show distinct integrin-centered architectures with reduced 
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cytoskeletal dependence45. CAR-T synapses, in contrast, often display fragmented receptor clusters rather 
than classical SMAC organization43. Our data indicate that CAR-NK synapses combine features of natural 
NK and engineered CAR interfaces as suggested before26. 
B7-H3 CAR-NK cells also mediated efficient cytotoxicity across HNSCC models (UM-14C, UM-17A), 
consistent with previous reports in multiple tumor entities46–48. We frequently observed collective killing 
events, where multiple effectors engaged single or multiple targets simultaneously, a phenomenon also 
described for CAR-T cells49. Such cooperative behavior may enhance killing efficiency in dense tumor 
microenvironments50. 
Cytotoxic efficiency depended strongly on antigen density. Low B7-H3 expression (e.g., HLE cells) resulted 
in weak susceptibility, consistent with antigen threshold effects51. Nevertheless, synapses still formed even 
at low antigen levels, suggesting high sensitivity of CAR systems. Residual ICAM-1/LFA-1 interactions 
likely contribute to stabilization under low antigen conditions. Prior work suggests that even ~200 antigen 
molecules may be sufficient for CAR activation52. Experimental studies in CAR-T cells have suggested that 
relatively low antigen densities may already trigger cytotoxic activation, whereas substantially higher 
antigen abundance is required for maximal downstream signaling and cytokine release52,53. 
Importantly, CAR density alone did not predict cytotoxicity. NK-92 cells showed stronger killing than 
KHYG-1 cells despite lower or comparable CAR expression, while primary NK cells exhibited high CAR 
levels but intermediate killing. This indicates that receptor abundance alone is insufficient, and that synaptic 
organization and signaling competence are additional key determinants. 
Serial killing capacity varied across systems, with NK-92 cells showing the highest activity, KHYG-1 the 
lowest, and primary cells intermediate. Serial killing is a hallmark of NK biology and reflects synapse 
stability and efficient detachment54. Similar behavior has been described for CAR-T cells and is associated 
with high overall therapeutic efficacy55. These differences likely reflect intrinsic variations in synaptic 
dynamics and re-engagement efficiency. 
Adhesion signaling further modulated function. KHYG-1 cells expressed high LFA-1 levels and showed 
strong ICAM-1-dependent spreading, also reported in other sudies56, yet weak cytotoxicity, highlighting 
that integrin abundance alone does not guarantee functional potency. In natural T cells, LFA-1 lowers 
activation thresholds57, while in natural NK cells LFA-1 alone is sufficient to initiate activation58, promote 
granule polarization59 and supports actin remodeling for secretion60. Beyond its mechanical adhesive role, 
ICAM-1 recognition has therefore been proposed to function as a contextual cue enabling NK cells to 
distinguish pathogen-infected or transformed cells from freely circulating particles lacking stable adhesive 
contacts61. 
Referring to its early activating role in natural NK cells, we observed partly related behavior in our 
experiments. LFA-1 engagement alone partially induced CAR organization patterns such as ER and MP 
structures, suggesting a role in early synaptic patterning. However, as early signaling was not directly 
measured, this remains speculative. Integrin signaling has also been shown to modulate CAR-T toxicity 
without impairing efficacy62, supporting a regulatory role in engineered systems. 
Our analysis revealed a predominant synapse architecture characterized by central enrichment of LFA-1 in 
conjunction with B7-H3 clustering at either the peripheral ring or the central zone of the CAR-NK 
immunological synapse. When interpreted in the context of our observed killing efficiency data, this synapse 
configuration may represent a functionally superior architecture for the induction of target cell lysis, 
consistent with principles established for CAR-T cells, where morphological Synapse Quality predicts 
effectiveness63. that IS quality is predictive of cytotoxic effectiveness. However, given the inherent 
differences between CAR-T and CAR-NK cell biology, as well as the distinct target antigen (B7-H3 vs. 
CD19), direct comparisons should be made with caution. Further characterization of activation markers, 
including degranulation markers and downstream signaling molecules, will be required to fully validate 
these findings in the context of CAR-NK cell-mediated cytotoxicity. 
To dissect ligand dependence, we used SLBs with defined B7-H3 and ICAM-1 densities. SLBs faithfully 
reproduced tumor cell synapse morphologies, including MP, ER, CP and combinational states, validating 
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their physiological relevance. CAR engagement induced receptor redistribution and ligand reorganization, 
confirming active synaptic remodeling. 
Synapse spreading was strongly dependent on combined ligand availability. Low antigen or low adhesion 
alone resulted in reduced interface size, whereas combined low-level ICAM-1 and B7-H3 synergistically 
increased spreading. Thus, coordinated antigen recognition and integrin engagement are required for 
physiological synapse expansion. 
The observed behavior aligns with theoretical models of immune synapse self-organization64, where 
receptor size differences and adhesion energies drive spatial segregation. Depending on binding energy and 
adhesion strength, systems transition between multifocal clusters, ring-like structures, and centralized 
assemblies. Active cytoskeletal transport reverses this organization from centralized adhesion with 
peripheral signaling receptors to centralized signaling receptors with a peripheral adhesion ring, producing 
classical SMAC structures64. 
Natural immune synapses reflect these regimes: activating natural T cells show centralized TCR 
organization43, natural activating NK cells exhibit polarized granule secretion and peripheral integrin 
enrichment60, while inhibitory NK synapses resemble passive adhesion-dominated, characterized by central 
integrin accumulation and comparatively limited dependence on cytoskeletal-driven receptor transport45. 
Thymocyte synapses show multifocal architectures consistent with intermediate multipattern regimes65. 
Our observations indicate that CAR-NK synapses adopt multiple organizational states rather than a single 
fixed architecture. Unlike physiological TCRs, CAR receptors differ in signaling properties and ligand 
recognition geometry, and CAR-T synapses have previously been described as fragmented multifocal 
receptor clusters with limited classical SMAC organization43. Consistent with this, CAR-NK cells 
predominantly formed fragmented cluster-like receptor assemblies under low ICAM-1 availability, 
resembling intermediate passive self-organization states. Increasing ICAM-1 density promoted peripheral 
edge-ring structures, either alone or together with central CAR accumulations (ER+CP morphologies), 
indicating that enhanced adhesive engagement promotes increased spatial ordering. Pronounced centralized 
CAR accumulation emerged only under very high ICAM-1 and B7-H3 densities, consistent with highly 
stabilized synaptic states requiring both strong antigenic and adhesive input. 
Unlike classical models predicting strict spatial separation between antigen receptors and LFA-1/ICAM-1 
domains, LFA-1 in CAR-NK synapses did not segregate into mutually exclusive peripheral adhesion zones. 
Instead, LFA-1 exhibited morphology-dependent radial distributions across the synapse. In most 
organizational states, LFA-1 declined progressively from the center toward the periphery, although the 
extent of this decay varied between morphologies. In edge-ring architectures (categories 2 and 5), this 
decline was accompanied by peripheral LFA-1 enrichment, producing composite distributions with both 
central and ring-like features. Particularly striking were perforated low-LFA-1 regions within dense central 
adhesion domains in category 6, resembling perforated LFA-1 patterns previously reported in thymocyte 
synapses65. Together, these findings suggest that CAR-NK synapses deviate from strict receptor segregation 
paradigms of classical T-cell synapse models and instead exhibit hybrid organizational regimes in which 
CAR signaling and adhesion remain partially interwoven across the synaptic interface. 
SLBs were dynamic and underwent ligand reorganization upon CAR engagement, indicating active 
feedback between receptor binding and membrane structure. While powerful for controlled analysis, SLBs 
lack tumor-intrinsic features such as mechanical heterogeneity and additional costimulatory signals. This 
imposes limitations on physiological interpretation. 
Additional limitations include: (i) uncertain absolute ligand densities due to differing coupling chemistries 
(His-tag vs streptavidin), requiring empirical optimization; (ii) high technical complexity limiting large-
scale screening; and (iii) time-resolved imaging constraints, as each channel reflects dynamic processes 
captured at slightly different states. 
Future work should employ higher temporal resolution and simultaneous multichannel imaging to resolve 
dynamic synapse evolution. 
In conclusion, we define a quantitative phase space governing CAR-NK synapse organization as a function 
of antigen and adhesion density. CAR-NK cells do not adopt a single synaptic architecture but instead 
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occupy multiple ligand-dependent regimes spanning fragmented, ring-like, and centralized states. These 
morphologies are conserved between SLBs and tumor cells, supporting the predictive power of the model. 
Our findings show that CAR synapse topology emerges from cooperative interactions between CAR 
signaling, integrin adhesion, and membrane self-organization. CAR-NK synapses thus represent hybrid 
structures combining features of natural NK synapses and engineered receptor systems. 
Most importantly, the identified ligand-dependent phase space enables prediction of synapse architecture 
from tumor ligand composition, providing a framework for rational targeting and CAR design. More 
broadly, immune synapse topology emerges as a tunable, emergent property of engineered immune cells 
linked directly to target-cell molecular composition. 

4. Materials and Methods 
 
Reagents 
All lipids: SOPC (1-stearoyl-2-oleoyl-sn-glycero-3-phosphocholine), DOPE-Cy5 (1,2-dioleoyl-sn-glycero-
3-phosphoethanolamine-N-(Cyanine 5)), DOPE-cap-biotin (1,2-dioleoyl-sn-glycero-3-phosphoethano-
lamine-N-(cap biotinyl), and DOGS-NTA (1,2-dioleoyl-sn-glycero-3-[(N-(5-amino-1-
carboxypentyl)iminodiacetic acid)succinyl] (nickel salt)) were used without further purification. 
Recombinant proteins included bovine serum albumin (BSA), human B7-H3 (CD276, His-tagged 
extracellular domain), biotinylated human ICAM-1 (CD54 extracellular domain (His & AVI Tag), 
Biotinylated), and streptavidin. 
Cell culture media (RPMI 1640, DMEM, L-15, DPBS) were supplemented with 10% FCS and 1% 
penicillin-streptomycin unless otherwise stated. RPMI was additionally supplemented with 250 U/mL IL-2 
(Proleukin® S 18x106 IU). 
All Antibodies for multicolor staining and FACS analysis were used according to manufacturers 
instructions: Atlantic BlueTM Anti-Human CD11a (Proteintech Group, Rosemont, IL, USA ), CD276 PE-
conjugated monoclonal antibody (Miltenyi Biotec, Bergisch-Gladbach, GER), CD34 PE-conjugated 
monoclonal antibody (clone QBEND/10; Invitrogen, Regensburg, GER; MA1-10205), PE-conjugated anti-
human CD54 (ICAM-1) Antibody (Miltenyi Biotec, Bergisch-Gladbach, GER), PE anti-human CD11a 
Antibody (BioLegend, San Diego, CA, USA). 
 
CAR Construct Design and CAR-NK Cell Generation 
Second-generation CAR constructs were optimized for human codon usage containing a scFv specific for 
either B7-H3 (clone 376.96)46 or CD19 (clone FMC63)39, a CD34-derived hinge (C6)66, a CD28 
transmembrane and co-stimulatory domain, and a CD3ζ signaling domain and are expressed under the 
control of the MPSV promotor as described previously67. Using a flexible linker, mNeonGreen (mNG)68 
was fused downstream of the CD3ζ signaling cassette at the C-terminal of the CAR to enable quantitative 
detection of CAR-expressing cells. 
Replication-deficient lentiviral particles were pseudotyped with baboon endogenous retroviral envelope 
lacking the R-peptide (BaEV-Rless), and produced in HEK293T cells as previously described39. After 48 h, 
viral supernatant was filtered (0.45-µm), concentrated (10,000 × g, 2 h, 4°C), and stored at −80°C. 
Transduction of the activated primary human NK-cells or the NK-92 and KHYG-1 cell lines was performed 
on RetroNektin® (Takara)-coated plates as described39,69. Transduction rates between 12-27% for the cell 
lines NK-92 and KHYG-1 and 29-62% for the primary NK-cells were selected to perform MACS 
enrichment via the C6-hinge to enrich for CAR-positive cells66. 
 
CAR NK cells 
The NK cell lines KHYG-1 and NK-92 were obtained from DSMZ (Braunschweig, Germany) and were 
expanded in RPMI-1640 medium supplemented with 10% heat-inactivated fetal calf serum (FCS-HI), 1% 
penicillin/streptomycin (P/S), and 250 U/ml IL-2 under standard culture conditions. Primary human NK-
cells were isolated from healthy donors from leukoreduction system chambers (LRSCs) provided by the 
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Institute of Transfusion medicine at the University Hospital Essen, approved by the local ethics committee 
(24-12172-BO). After Ficoll density gradient centrifugation (Ficoll® Paque Plus Cytiva, Sigma Aldrich), 
peripheral blood mononuclear cells (PBMCs) were co-cultured with K562/41BBL/mb15/mb21 feeder 
cells70, kindly provided by Winfried Wels (Frankfurts, at a PBMC to feeder cell ratio of 3:2 in RPMI-1640 
medium supplemented with 10% FCS-HI, 1% P/S, and 40 U/ml IL-2 for one week until transduction of 
NK-cells. 
 
Tumor Cell Lines 
UM-14C (UM-SCC-14C), UM-17A (UM-SCC-17A), and HLE (hepatocellular carcinoma-derived 
epithelial line) were cultured in DMEM supplemented with 10% FCS and 1% penicillin-streptomycin at 
37°C and 5% CO₂. Cells were passaged every 2–3 days using trypsin-EDTA and used within defined 
passage ranges (tumor cells: 50-100). 
Cells were selected based on differential endogenous expression of B7-H3 and ICAM-1, as validated by 
flow cytometry (Figure S2). 
Tumor cells are seeded into 8-well glass-bottom slides at a density of 2×104 cells per well for time-laps 
measurements on the IX83 setup, or at a density of 2×104 -6×104 cells per well for TIRF and Confocal 
imaging on the Nikon or Abberior setup (see Imaging section). 
 
Supported Lipid Bilayers (SLB) 
SLBs were generated using a Langmuir-Blodgett/Langmuir-Schäfer deposition system (KSV Nima, Biolin 
Scientific). Bilayers consisted of SOPC as matrix lipid with controlled incorporation of DOGS-NTA and 
DOPE-cap-biotin as functional linker lipids at defined molar fractions (0.01–10 mol%). 
Fluorescent DOPE-Cy5 was included for visualization when required. Bilayers were formed at a surface 
pressure of 25 mN/m and transferred onto cleaned glass coverslips under aqueous conditions. 
SLBs were passivated with BSA (0.5 mg/mL, 15 min) prior to functionalization. Sequential protein coupling 
was performed as follows: 
(i) B7-H3 (0.7 µg/mL, 14 h) via Ni-NTA linkage, (ii) streptavidin (0.3 µg/mL, 45 min) and (iii) ICAM-1 
(0.4 µg/mL–7 ng/mL, 1 h) 
For dual-functionalized SLBs, B7-H3 coupling was performed first, followed by streptavidin and ICAM-1 
in separate steps. Between all steps, BSA passivation was repeated to minimize nonspecific binding. 
All functionalization steps were performed in PBS. Prior to imaging, PBS was exchanged for L-15 medium. 
Approximately 2×10⁴ CAR-NK cells were added per SLB. 
Ligand densities are reported as mol% of linker lipid (0.01–10 mol%). 
 
Imaging (TIRF, Confocal, Polarization-Resolved Microscopy) 
TIRF imaging was performed on a Nikon Eclipse Ti2 system equipped with a 100x oil immersion objective 
(NA 1.49) and a 488 nm excitation laser. Emission was collected at 525/45 nm. The penetration depth of 
the evanescent field was adjusted to ~150 nm.  
Confocal images (except of the ones for determination of the CAR concentration and area of contact zone) 
were also acquired with the same setup using the 405 nm and 488 nm laser lines for excitation and 525/50 
nm and 452/45 nm emission filter respectively. 
All confocal imaging required for calibration and analysis of contact zones was performed on an Abberior 
Expert Line system with a 60x water-immersion objective (NA: 1.2) and polarization-sensitive detection. 
Excitation was achieved with 488 nm pulsed laser, followed by 500-550 nm emission. For polarization-
resolved detection, parallel and perpendicular emission channels were recorded and corrected using a G-
factor calibration. Total intensity was reconstructed according to: Itotal = Iparallel + 2·G·Iperpendicular, with G the 
fraction of the detection efficiencies of the parallel and perpendicular channel. 
All live-cell imaging was conducted at 37°C using environmental control systems. 
Images were processed using Fiji (v1.54f), Omero (v5.29.2) and MATLAB (vR2021a). 
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Killing Assays and Single-Cell Dynamics 
Time-lapse imaging was performed on an Olympus IX83 inverted microscope equipped with a 60x oil-
immersion objective (NA 0.65-1.25) and a temperature-controlled stage (37°C). CAR-NK cells were added 
to tumor cells at effector-to-target ratios between 1:1 and 1:3. 
Prior to co-culturing with target cells, primary NK-cells were incubated with monoclonal REAfinity™ 
antibodies against NKG2D, DNAM-1, NKp30, NKp44, NKp46, and NKp80 (Miltenyi Biotec) to block the 
activating NK-cell receptors as previously established39. 
Images (PH and excitation: 470/40 nm + emission: 525/50 nm) were acquired every 5 min over 16 h or 
every 6 min over 13 h for the primary NK cells. Target cell death was determined based on morphological 
features consistent with apoptosis (membrane blebbing, fragmentation). 
Single-cell killing analysis included only CAR-NK cells remaining in the field of view for the entire 
experiment. Cells without killing events were excluded from serial killing quantification. 
 
Molecular Brightness Measurement 
Absolute quantification of CAR surface molecules was performed using molecular brightness calibration 
of mNeonGreen fused to the CAR construct. 
Recombinant mNeonGreen was expressed in E. coli BL21(DE3) and purified via Ni-NTA affinity 
chromatography. Protein purity and concentration were verified spectrophotometrically. 
FCS was used to determine the confocal volume of the Abberior setup using Rhodamine 110 (D = 
430 µm²/s) as a reference standard. 
Molecular brightness (mB) was defined as photon count rate per molecule under defined optical conditions 
and calculated as: 𝑚஻ =

௕ேಲ*௏, where b is the slope of the intensity–concentration relationship, NA is 
Avogadro’s constant, and V is the confocal volume. The calibrated brightness was 
4.2 ± 0.3 kHz/(µW·molecule). 
 
Quantitative Image Analysis and CAR Density Mapping 
Fluorescence intensities were converted into absolute molecule numbers using: ூ (⁄ ௧*௉)௠ಳ , where I is pixel 
intensity, t dwell time, P laser power, and mB molecular brightness. 
CAR densities were calculated by normalizing molecule numbers to the effective pixel area (𝐴௘௙௙=𝜋𝜔଴, 𝜔଴: 
lateral beam waist). Synaptic interfaces were segmented using a custom MATLAB pipeline based on 
intensity thresholding and morphological reconstruction. 
Only membrane-localized CAR signal (corrected by FCS-derived membrane fraction, see below) was used 
for quantitative analysis. 
 
FCS-Based Separation of Membrane and Cytoplasmic CAR Populations 
FCS was used to deconvolve membrane-associated and cytoplasmic CAR fractions at the plasma membrane 
plane. 
When the confocal volume intersects the membrane, fluorescence fluctuations originate from both: (i) 2D 
lateral diffusion of membrane-bound CAR and (ii) 3D diffusion of cytoplasmic CAR. 
The correlation function was modeled as: 𝐺(𝜏)=𝑓௠௘௠𝐺ଶ஽(𝜏)+𝑓௖௬௧𝐺ଷ஽(𝜏) . Cytoplasmic diffusion parameters 
were first determined from measurements performed in the cytosol and subsequently fixed during 
membrane fits to reduce parameter covariance. 
This sequential fitting approach yields the membrane-associated fraction fmem, which was used to correct 
intensity-based quantification: 𝐼௠௘௠=𝑓௠௘௠𝐼௧௢௧௔௟ . Across all measurements, the membrane-associated fraction 
was determined to be 𝑓௠௘௠=0.82 (see Figure S6). This correction ensures that only plasma membrane-
resident CAR molecules contribute to surface density measurements. 
 
Correction for Non-Fluorescent Fraction of mNeonGreen 
To account for non-fluorescent mNG molecules resulting from incomplete chromophore maturation or 
improper protein folding, an additional correction factor was applied. The fraction of fluorescent mNG 
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molecules was determined spectrophotometrically from absorbance measurements at 280 nm, reporting 
total protein concentration, and at 506 nm, reporting mature fluorescent mNG. 
Concentrations were calculated according to the Beer-Lambert law, 𝐴=𝜀 ∙ 𝑐 ∙ 𝑙, where 𝐴 is the absorbance, 𝜀 the molar extinction coefficient, 𝑐 the concentration and 𝑙 the optical path length. The fluorescent fraction 
of mNG was obtained from the ratio 𝑅௠ேீ= ௖್ೝ೔೒೓೟௖೟೚೟ೌ೗ = ஺ఱబల⋅ఌమఴబ஺మఴబ⋅ఌఱబల, using extinction coefficients of 𝜀ଶ଼଴=44,475𝑀-ଵ𝑐𝑚-ଵand 𝜀ହ଴଺=116,000𝑀-ଵ𝑐𝑚-ଵ. This analysis yielded a fluorescent fraction of 𝑅௠ேீ=0.67 (see 
Figure S6), indicating that approximately 67% of mNG-tagged CAR molecules were fluorescent under the 
experimental conditions. 
Consequently, membrane-associated CAR numbers were corrected for the non-fluorescent population 
according to 𝑁஼஺ோ= ே೘೐೘ோ೘ಿಸ = ே೘೐೘଴.଺଻ . This correction accounts for CAR molecules carrying non-fluorescent 
mNeonGreen and provides an estimate of the total CAR abundance independent of fluorophore maturation 
efficiency. 
The final CAR abundance was obtained by correcting the measured signal for both the membrane-associated 
fraction determined by FCS (𝑓௠௘௠=0.82) and the fluorescent fraction of mNG (𝑅௠ேீ=0.67) according to: 𝑁஼஺ோ=𝑁௧௢௧௔௟ ⋅ 𝑓௠௘௠ ⋅ ଵோ೘ಿಸ 

 
Flow Cytometry (FACS) 
Flow cytometry was performed at the Core Facility Flow Cytometry of the Heinrich-Heine-Universität, 
Düsseldorf, German, using a CytoFLEX-S system. On CAR-NK cells CAR and adhesion molecule 
expression was detected via CD34-PE and anti-LFA-1 staining. Tumor cell ligand expression was analyzed 
using anti-B7-H3 and anti ICAM-1 antibodies. For detachment of tumor cells, Accutase was used to 
minimize proteolytic cleavage of surface proteins and ensure accurate quantification of cell surface B7-H3 
and ICAM-1 expression. Quantification was performed using Quantibrite PE beads for calibration. 
 
Statistical Analysis 
Statistical analyses were performed in MATLAB. The multicolor analysis was carried out using the 
Kruskal-Wallis test. For metrics yielding a significant result (p < 0.05), pairwise post-hoc comparisons were 
conducted using Dunn's test with Bonferroni correction for multiple comparisons (15 pairs). Comparisons 
between same SLB conditions was performed using Wilcoxon rank-sum tests. Significance levels were 
defined as p > 0.05 (n.s.), ≤0.05 (*), ≤0.01 (**), and ≤0.001 (***). 
 
Use of AI-assisted tools in manuscript preparation 
The authors used ChatGPT (OpenAI, 2025) to support improvements in language clarity, spelling, and 
readability. Elicit was used as a supportive tool for literature search and identification of relevant 
publications. Claude (Anthropic) was used to assist with programming-related tasks and code optimization 
during data analysis and visualization. 
All scientific interpretations, experimental design decisions, data analyses, and conclusions presented in this 
manuscript were made independently by the authors, who take full responsibility for the content of the work. 
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Figure S1: Killing efficiency of different CAR-NK cell lines against tumor cells. Cytotoxic activity of NK-92 and 
KHYG-1 cells engineered to express either a B7-H3-specific CAR (targeting construct) or a CD19-specific CAR 
(control construct) against tumor target cells. a, Cytotoxicity against UM17A cells. b, Cytotoxicity against HLE cells. 
Killing efficiency was determined under the indicated experimental conditions. Effector-to-target ratios of 1:1. 
 



 
 
Figure S2: Quantitative surface protein densities determined by flow cytometry. a, Absolute surface abundances 
of B7-H3 (green) and ICAM-1 (purple) on the tumor cell lines UM17A, UM14C, and HLE, as determined by 
quantitative flow cytometry. Color intensity scales with the measured number of surface proteins per cell. Based on B7-
H3 expression levels, UM17A and UM14C are classified as intermediate-target tumor cell lines, whereas HLE displays 
low target antigen expression. b, Absolute surface abundances of CAR (light green) and LFA-1 (pink) on the indicated 
CAR-NK cell lines. Color intensity corresponds to the quantified number of proteins present on the cell surface. 
 
 
 



 
 
Figure S3: Antigen-specific formation of CAR-NK cell contact zones on simplified tumor-mimetic SLBs. 
Brightfield and total TIRF microscopy images of CAR-NK cells interacting with SLBs serving as a minimal model of 
the tumor cell membrane. a, SLBs functionalized with B7-H3, the target antigen of the CAR construct, promote robust 
adhesion of B7-H3-CAR NK cells and the formation of stable cell–bilayer contact zones. b, Engagement of B7-H3-
CAR NK-92 cells with B7-H3-functionalized SLBs induces lateral reorganization of fluorescent lipids within the 
bilayer, indicating active remodeling of the membrane interface. c, B7-H3-CAR NK cells fail to establish stable contacts 
with unfunctionalized SLBs. d, No stable binding is observed on SLBs functionalized with the irrelevant control antigen 
CD19, demonstrating that contact formation is specifically mediated by recognition of B7-H3. Scale bars: 10 µm. 
 
 
 
 



 
 
Figure S4: Differential redistribution of CAR and LFA-1 during immune synapse formation on supported lipid 
bilayers. Representative confocal z-stack of a B7-H3-CAR NK-92 cell. a, building an immunological synapse with a 
UM-14C tumor cell. b, the same recruitment of receptors is observed on a SLB functionalized with 10 mol% B7-H3 
and 10 mol% ICAM-1. The B7-H3 CAR is shown in green and LFA-1 in magenta. B7-H3 CAR molecules are strongly 
enriched at the cell–bilayer interface, indicating pronounced recruitment into the immune synapse, whereas LFA-1 
remains distributed across the cell surface with only modest accumulation at the contact site. Scale bar: 5 µm. 
Corresponding three-dimensional rendering shown in Video S1 (B7-H3-CAR-NK92 cell on UM-14C tumor cell) and 
Video S2 (B7-H3-CAR-NK92 cell on SLB) illustrating the distinct spatial localization of CAR and LFA-1 during 
synapse formation. 
 
 

 
Figure S5: Antigen-dependent enrichment of B7-H3 CAR at the contact interface on SLBs and tumor cells. 
Enrichment factor of B7-H3 CAR within the cell–bilayer contact zone formed on SLBs containing varying densities of 
B7-H3 and ICAM-1. a, CAR-NK92 cells. b, Primary CAR-NK cells. Color scale indicates the overall CAR surface 
density on non-engaged cells, as determined by quantitative flow cytometry, whereas circle size represents the degree 
of CAR enrichment within the contact zone, determined by the fraction of intensity in the HIR divided by the intensity 
in the remaining CZ. CAR-NK92 cells exhibit lower overall surface receptor densities but show pronounced CAR 
accumulation at the synaptic interface. In contrast, primary CAR-NK cells display high constitutive CAR surface 
abundance accompanied by only modest additional enrichment at the contact zone, consistent with a limited dynamic 
range for further receptor recruitment. 
 



 
Figure S6: Determination of correction factors for membrane localization and fluorophore maturation.  
a, Representative FCS measurement acquired with the confocal volume positioned at the plasma membrane. The 
autocorrelation curve was fitted using a two-component diffusion model comprising a membrane-associated (2D) and 
a cytoplasmic (3D) CAR population. The cytoplasmic diffusion time was fixed to the value determined from cytosolic 
measurements (𝜏௖௬௧ = 26 ms). Residuals of the fit are shown below. b, Membrane-associated CAR fraction (𝑓௠௘௠) 
obtained from the FCS analysis shown in panel a. Each data point represents an independent measurement (n=10). The 
median membrane-associated fraction was 0.82. c, Absorbance spectrum of purified mNeonGreen used to determine 
the fraction of fluorescent molecules. Absorbance at 280 nm and 506 nm was used to quantify total and fluorescent 
protein concentrations, respectively. d, Fluorescent fraction of mNeonGreen (𝑅௠ேீ) determined from absorbance 
measurements according to the Beer–Lambert law. Each data point represents an independent measurement (n=19). The 
median fluorescent fraction was 0.67. 
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Background: Head and neck squamous cell carcinoma (HNSCC) remains difficult to treat due to 

heterogeneous antigen expression and an immunosuppressive tumor microenvironment. The 

epidermal growth factor receptor variant III (EGFRvIII) is a tumor-specific splice form without 

detectable protein expression in normal tissues. Nevertheless, its low and often heterogeneous 

expression in HNSCC limits its usability as target antigen for immunological therapy with chimeric 

antigen receptor (CAR) T-cells. As full-length EGFR is robustly/consistently (over)expressed in 

HNSCC and frequently co-expressed with EGFRvIII, we investigated whether EGFR could serve as 

a secondary target for a non-signaling CAR (nsCAR), thereby potentially enhancing target cell 

recognition and cytotoxicity while minimizing off-target effects. 

Methods: Primary human T-cells were engineered to express EGFRvIII-specific CARs alone or in 

combination with EGFR-directed nsCARs. Functional activity was evaluated using in vitro 

cytotoxicity assays, time-resolved killing dynamics, and fluorescence microscopy to assess 

immunological synapse (IS) formation in HNSCC cell lines with defined EGFRvIII expression levels. 

Results: EGFRvIII CAR T-cells exhibited clear target antigen density-dependent cytotoxicity. Co-

expression of EGFR nsCARs specifically enhanced tumor cell killing under low antigen conditions 

and accelerated killing kinetics, while the nsCAR alone was non-cytotoxic. Fluorescence imaging 

revealed co-localization of CAR and nsCAR proteins at the IS.  

Conclusions: EGFR nsCAR co-expression provides a modular strategy to enhance EGFRvIII CAR T-

cell efficacy in low-antigen solid tumors by potentially stabilizing IS formation and thereby 

increasing cytotoxicity. This dual-targeting approach may improve cellular immunotherapy in 

HNSCC and other solid cancers and warrants further investigation regarding in vivo efficacy, 

persistence, and broader applicability. 
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Introduction  

Head and neck squamous cell carcinoma (HNSCC) is the seventh most common cancer worldwide 

with 890,000 cases diagnosed and 450,000 deaths per year [1, 2]. Treatment modalities for 

HNSCC primarily comprise combinations of surgery, radiation therapy, chemotherapy, and 

targeted therapies, including antibody therapies with the epidermal growth factor receptor 

(EGFR)-antibody Cetuximab and immune checkpoint inhibitors (ICIs) such as Nivolumab or 

Pembrolizumab, targeting the immunosuppressive PD-1/PD-L1 interaction between the cytotoxic 

T-lymphocytes and the malignant cells within the tumor microenvironment (TME) [3-5]. Still, the 

5-year overall survival of HNSCC remains poor, as up to half of patients with locally advanced 

disease develop locoregional recurrence and/or distant metastases [3, 4]. 

 Targeted personalized therapies with chimeric antigen receptors (CARs) represent a new 

powerful immunotherapeutic strategy to redirect autologous T-cells against antigens expressed 

on malignant or non-malignant cells. When expressed on T-cells, CARs enable efficient 

recognition and elimination of antigen-positive cells in an HLA-independent manner [6]. While 

CAR T-cell therapy has achieved major clinical breakthroughs in hematological malignancies of 

the B-cell lineage, its translation to solid tumors remains limited due to substantial challenges 

(reviewed in [7]), including (i) heterogeneity of target antigen expression among malignant cells; 

(ii) restricted trafficking and infiltration of CAR T-cells into tumors, which comprise a complex 
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milieu of malignant cells, stromal fibroblasts, extracellular matrix, vasculature, and 

immunosuppressive cells; (iii) a hostile tumor microenvironment characterized by hypoxia, 

nutrient deprivation, and elevated immunosuppressive mediators; and (iv) limited persistence 

and functional fitness of CAR T-cells within tumor tissue. Nevertheless, some solid tumors have 

shown responsiveness to CAR T-cell therapy, particularly when a tumor-associated and relatively 

homogeneously expressed target antigen is available. Notable recent examples are the 

disialoganglioside GD2 in neuroblastoma or glypican-3 in several tumor entities, where recent 

clinical studies have demonstrated feasibility and specific activity of target antigen-directed CAR 

T-cells [8, 9]. Building on this concept, other tumor-specific antigens (TSAs) are being investigated 

to enable more selective targeting approaches in solid tumors [10]. 

One of the most frequently altered signaling pathways in HNSCC involves the epidermal 

growth factor receptor (EGFR), a transmembrane receptor tyrosine kinase that plays a crucial role 

in regulating cell proliferation, survival, and differentiation in epithelial tissues [11]. 

Overexpression or aberrant activation of EGFR has been detected in the majority of HNSCC cases 

and contributes to tumor progression and therapy resistance [12]. Among EGFR variants, the 

mutant form EGFRvIII is of particular interest because it is tumor-specific and lacks detectable 

protein expression in normal tissues. EGFRvIII arises from an in-frame deletion of exons 2 to 7 in 

the extracellular domain of EGFR, removing 267 amino acids and resulting in a shortened protein 

that is capable of constitutive, ligand-independent signaling [13-16]. Although the kinase activity 

of EGFRvIII is weaker than the enzyme activity of ligand-activated full-length EGFR, its residual 

constitutive activity is nevertheless sufficient to confer a survival advantage to tumor cells of 

various origins [17, 18]. Specifically, expression of EGFRvIII promotes cell proliferation, invasion, 
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and tumor progression in different model systems and can indirectly enhance neoangiogenesis 

through upregulation of pro-angiogenic factors such as VEGF via downstream signaling pathways 

[19-21].  

Importantly, the deletion generates a novel tumor-specific junctional epitope that is 

absent in full-length EGFR, thereby enabling selective targeting. This unique neoepitope, together 

with the restricted expression of EGFRvIII in tumor tissue, has made it an attractive candidate for 

immunotherapeutic strategies. Indeed, EGFRvIII CAR T-cells have demonstrated selective 

recognition of EGFRvIII-expressing tumor cells and have shown safety and feasibility in early-

phase clinical trials in patients with recurrent glioblastoma (GBM); however, clinical efficacy has 

been limited, potentially due to antigen heterogeneity and antigen loss under therapeutic 

pressure [22, 23]. More recently, dual-targeting strategies have been explored to overcome these 

limitations. In a small cohort of patients with recurrent GBM, treatment with EGFRvIII CAR T-cells 

engineered to secrete a bispecific T-cell engager (BiTE) targeting EGFR and CD3ε resulted in 

encouraging initial responses and manageable toxicity following a single intraventricular 

administration. However, despite these promising early outcomes, disease progression ultimately 

occurred, likely reflecting the ongoing challenges of antigen escape and tumor heterogeneity in 

this setting [24, 25].  

CAR T-cells are highly sensitive to target antigen density on tumor cells [26-28].Their 

function can diminish considerably when target antigen expression levels fall below a critical 

threshold which varies depending on the specific target and the affinity and avidity of the single 

chain variable fragment (scFv) in the CAR construct [26, 29-31]. In addition, considering the tumor 

heterogeneity and the specific down-regulation or loss of target antigen expression, different 
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strategies have been proposed to improve tumor recognition, including the co-expression of a 

second CAR in bicistronic constructs or the use of tandem CAR designs targeting multiple tumor-

associated antigens [32-35]. However, the functional consequences of simultaneously engaging 

two distinct antigens – particularly with respect to CAR T-cell activation, persistence, and 

susceptibility to antigen-loss variants – are complex and remain poorly understood. 

Here, we explored a dual-targeting approach based on the co-expression of a 2nd 

generation CAR with CD28 costimulation, specifically recognizing EGFRvIII, alongside a CAR 

without any signaling domains (non-signaling CAR, nsCAR) that targets a second antigen or 

epitope. The nsCAR is designed to enhance target cell recognition without directly triggering T-

cell activation, thereby providing an additional layer of target engagement and potentially 

improving specificity while minimizing off-target effects. We hypothesized that this modular 

strategy will improve CAR T-cell performance under conditions of heterogeneous antigen 

expression by increasing functional avidity and reducing vulnerability to antigen-loss mechanisms. 

 

Methods 

Cells culture 

HEK293T and DK-MG cells were obtained from the German Collection of Microorganisms and Cell 

Cultures (DSMZ, Germany). HNSCC cell lines were obtained from the University of Michigan (UM, 

USA), the University of Turku (UT, Finland), or from the University of Düsseldorf (UD, Germany). 

Primary human fibroblasts (Fibro) from a healthy donor were described previously [36]. Several 

EGFR knockout (KO) cell lines, UM-14CKO, UT-24AKO and UM-10BKO, were previously generated in 

our laboratory by using lentiviral CRISPR/Cas9 technology [37]. All adherent cells were cultured 
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in DMEM GlutaMAX medium supplemented with 10% fetal bovine serum (FBS), 100 U/mL 

penicillin, and 100 μg/mL streptomycin (all from Thermo Fisher Scientific, Germany). 

Primary human T-cells were collected from peripheral blood of healthy adult donors who 

gave informed consent according to the protocols approved by the local ethics committee of the 

University Hospital Düsseldorf. Peripheral blood mononuclear cells (PBMCs) were separated by 

density-gradient centrifugation using Ficoll-Paque (Cytiva Europe, Germany) and cultured in 

IMDM (Sigma-Aldrich, Germany) supplemented with 10% FBS, 100 U/mL penicillin, 100 μg/mL 

streptomycin, 2 mM L-glutamine (all from Thermo Fisher Scientific), and 100 U/mL interleukin-2 

(IL-2 (Proleukin; Novartis, Switzerland) on 6-well plates pre-coated with CD3 (Thermo Fisher 

Scientific) and CD28 antibodies (BD Biosciences, USA) to activate and expand T-cells, as described 

before [37]. All cells were maintained at 5% CO2, 95% humidity, and 37 °C. 

 

RT-PCR Analysis for EGFRvIII identification  

Total RNA was extracted from 5 × 10⁶ cells using the NucleoSpin® RNA Kit (Macherey-Nagel, 

Germany) following manufacturer's instructions. cDNA was synthesized via two-step reverse 

transcription-PCR. First-strand cDNA was generated from 1 µg total RNA using Random Hexamer 

primers (Thermo Fisher Scientific), and M-MuLV Reverse Transcriptase (New England Biolabs, 

USA). For EGFRvIII detection, a subsequent PCR was performed using gene-specific primers 

flanking the deletion of exons 2 to 7, as described by Sok et al. [38]. PCR amplification was 

performed using Phusion® High-Fidelity DNA Polymerase (New England Biolabs). The thermal 

cycling conditions consisted of denaturation at 94 °C, annealing at 55 °C, and extension at 72 °C 

for 1 min each, repeated for a total of 38 cycles. Amplification products were analyzed by agarose 
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gel electrophoresis. For confirmatory cDNA sequencing, DNA fragments corresponding to EGFR 

and EGFRvIII were excised from the gel and subjected to sequencing by Seqlab-Microsynth 

(Germany). 

 

Lentiviral Expression Constructs 

All lentiviral vectors are derivatives of the puc2CL6 vector [39] and were generated using standard 

cloning techniques.  

Constructs used for the comparative analysis of different promoters were generated by PCR 

amplification of the promoters from donor plasmids and subsequently cloned into our standard 

enhanced green fluorescent protein (GFP) vector (p2CL6EGwo). The myeloproliferative sarcoma 

virus (MPSV), human phosphoglycerate kinase 1 (hPGK), spleen focus-forming virus (SFFV), and 

human elongation factor 1-α (hEF1α) promoter constructs were also previously published [40-

42]. Human promoters derived from Fanconi anemia C and G (FANCC and FANCG, not published, 

personal communicated by Prof. Dr. Detlev Schindler, Würzburg) genes and in addition, a murine 

promoter from phosphoglycerate kinase (mPGK) gene were included in the promoter analysis 

[43]. 

EGFR cDNA was cloned out of pBABEpuro-ERBB2 (a gift from Matthew Meyerson 

(Addgene plasmid # 40987) [44]) in our lentiviral vector and then the EGFRvIII splice form was 

generated by removing exons 2–7 in the EGFR gene via overlap PCR. EGFR protein sequence 

information corresponds to UniProt accession P00533. EGFRvIII corresponds to the natural EGFR 

variant VAR_066493 (deletion of amino acids 30–297). To express EGFRvIII and neomycin 



9 
 

phosphotransferase npt II (NEO) genes separated by a ribosome entry site (IRES) in different 

levels, three promoters were chosen (MPSV, hEF1α and hPGK).  

We used CARs directed to EGFRvIII based on scFvs derived from two mAbs: murine 3C10 

(CAR 9 referred to CAR EGFRvIIIA) and humanized murine 3C10 (CAR 6 referred to CAR EGFRvIIIB; 

CAR 8 referred to CAR EGFRvIIIC; CAR 1 referred to CAR EGFRvIIID) from Novartis patent 

US2017/0008963A1 [45] and humanized 139 scFv (referred to CAR EGFRvIIIE) from patent 

WO2012/138475A1 [46]. All EGFRvIII scFv sequences (CAR EGFRvIIIA-E) were codon optimized for 

human using the internal algorithm of Thermo Fisher GeneArt and cloned into our self-

inactivating lentiviral vector expressing a CD19 CAR with CD8 leader and a c6 hinge off a viral 

MPSV U3 promoter [47]. For expression of two transgenes all second-generation CARs were 

inserted behind tagBFP (referred to as BFP) or mCherry in front of the T2A site [41, 42]. The 

control FMC63-based CD19, Cetuximab-based EGFR, DRB2-based CD33, and BIWA8-based 

CD44v6 CAR constructs were previously published [37, 42, 47, 48]. The FMC63-based CD19 and 

Cetuximab-based EGFR scFv were used for nsCAR design with the human Ig heavy chain leader 

peptide under control of the MPSV U3 promoter and equipped with a NGFR-derived hinge region 

(n3), CD8 transmembrane, and without costimulatory domains [49]. 

The codon-optimized firefly luciferase/GFP fusion (LucGFP) vector was previously 

published [47, 50].  

 

Lentiviral production and cell transduction 

Lentiviral particle production in HEK293T cells was carried out as previously described [41, 42, 

50]. For pseudotyping, either vesicular stomatitis virus glycoprotein (VSV-G; 6 µg per transfection) 
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or codon-optimized baboon endogenous virus envelope lacking the R-peptide (BaEV-Rless; 1 µg 

per transfection) was used. Cell culture supernatants containing replication-deficient lentiviral 

particles were collected 48 hours post-transfection, filtered through a 0.45-µm filter, and either 

used directly or concentrated 5-fold by centrifugation at 10,000 × g for 2 hours at 4 °C. Viral 

supernatants were applied fresh or stored at −80 °C unƟl use. TransducƟon of HNSCC cell lines 

and CD3/CD28-prestimulated primary human T-cells was performed in the presence of 10 µg/mL 

protamine sulfate (Sigma-Aldrich). 72 hours after expansion and transduction, CAR T-cells were 

enriched with the MACS system (magnetic cell sorting, Miltenyi Biotec, Germany) by CD34 

microbeads or CD271/LNGFR MACSelect microbeads as described in Bister et al. [47, 49], 

following the manufacturer’s protocol. 

 

Flow cytometry analysis and sorting 

To assess EGFR and EGFRvIII surface expression, HNSCC cells were stained with anti-EGFR (PE or 

APC Conjugate, Miltenyi Biotec) and EGFRvIII Recombinant Rabbit Monoclonal Antibody (clone 

RM419, Invitrogen, USA) and 2nd antibody Anti-rabbit IgG (H+L) F(ab’) 2 Fragment (PE Conjugate, 

Cell Signaling Technology, USA) following manufacturer’s instructions. For the detection of CARs 

or nsCARs on T-cells in the three fractions (pre-MACS, flow-through, and post-MACS), staining 

was performed using anti-CD34 (clone QBend-10, Thermo Fisher Scientific) or anti-CD271 

antibodies (clone ME20.4, Miltenyi Biotec). After staining and washing, cells were resuspended in 

MACS buffer containing either PI (Thermo Scientific) or DAPI (Miltenyi Biotec) for live/dead cell 

discrimination. Data were acquired on either a MACSQuant X flow cytometer (Miltenyi Biotec) or 
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CytoFLEX S flow cytometer (Beckman Coulter, USA), and analysed using FlowJo software (BD 

Biosciences).  

Fluorescence-activated cell sorting was performed at the Core Facility Flow Cytometry at the 

Heinrich-Heine University Düsseldorf, Germany. For sorting of EGFRvIII-positive cells, 5 × 106 cells 

were stained with an anti-EGFR-PE antibody (Miltenyi Biotec), washed and sorted. Sorted cells 

were washed again, resuspended in fresh culture medium and further cultured under standard 

conditions. 

 

Cytotoxicity assay 

CellTiter96® AQueous One Solution Cell Proliferation Assay  

To assess the cytotoxicity of effector T-cells, the CellTiter96® AQueous One Solution Cell 

Proliferation Assay (Promega, USA) was used. Target cells (2 × 104 target cells per well) were 

seeded in tissue culture-treated 96-well plates and incubated overnight at 37 °C. On the following 

day, MACS-selected transduced T-cells were added at different effector to target cell (E:T) ratios 

ranging from 3:1 to 0.01:1. Co-cultures were incubated for 16–20 hours at 37 °C, unless stated 

otherwise. After incubation, wells were washed three times with PBS to remove non-adherent T-

cells and dead target cells. The CellTiter96® reagent was added according to the manufacturer’s 

instructions. The number of viable, adherent target cells was quantified by measuring absorbance 

at 490 nm using a Sunrise™ microplate reader (TECAN, Switzerland).  

 

Luciferase Luminescence Cytotoxicity Assay  
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The cytotoxicity of CAR T-cells on target cell lines (UM-14CKO+EGFRvIIIhigh and DK-MG), which were 

successfully transduced with the luciferase transgene, was measured via luciferase cytotoxicity 

assay. Target cells (2 × 104 target cells per well) were seeded in white TCT 96-well plates with a 

transparent bottom (Nunclon 96 Flat Bottom White Polystyrol LumiNunc FluoroNunc, Thermo 

Fisher Scientific) and cultured overnight at 37 °C. On the following day, MACS-selected transduced 

T-cells were added at different effector to target cell (E:T) ratios ranging from 3:1 to 0.01:1. Co-

cultures were incubated for 16–20 hours at 37 °C. After incubation, the medium from each well 

was removed, and 100 µL of cell culture medium supplemented with D-luciferin (OZ Biosciences, 

France) at a final concentration of 0.75 µg/mL was added. The number of viable tumor cells was 

determined by measuring the luminescence with the Infinite M200 PRO plate reader (TECAN).  

 

For both cytotoxicity assays the percent lysis was calculated as: 100% - (absorption of target cells 

incubated with T-cells/absorption of target cells only x 100). 

  

Microscopy 

For visualization of the IS, 2 × 104 UM-14CKO+EGFRvIIIhigh cells were seeded in 8-well glass bottom 

chamber slide (Ibidi, Germany). On the following day, doubly transduced CAR/nsCAR T-cells were 

stained using an anti-CD34-FITC antibody (QBend-10, Thermo Fisher Scientific) (labelling the c6 

hinge region of the CAR) and an anti-NGFR-PE-Vio770 antibody (Miltenyi Biotec) (labelling the n3 

hinge region of the nsCAR), according to manufacturer’s protocols.  

Subsequently, stained CAR/nsCAR T-cells were co-cultured with the target cells, and IS formation 

was analyzed by fluorescence microscopy using an IX83 microscope system (Olympus, Japan) 
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equipped with a 60× oil-immersion objective (NA 0.65–1.25) and CellSense Dimensions software 

(Olympus, version 1.18). In addition, cells were monitored with a confocal Nikon ECLIPSE Ti2 

microscope (Nikon, Japan), equipped with a 100× oil-immersion objective (NA 1.49) and NIS-

Elements AR-SP software (Nikon). CAR and nsCAR expression were visualized using CD34FITC 

(green) and NGFRPE-Vio770 (red), respectively. BFP-positive T-cells appeared in blue, and UM-

14CKO+EGFRvIIIhigh cells were visualized in phase contrast (PH, grayscale). Contrast settings 

(channels: PH, 377/447 nm, 470/525 nm and 545/620 nm) were adjusted to maximize the 

visibility of the IS. Analysis was performed with Omero software (Open Microsoft Environment, 

version: 5.30.1). 

 

Results 

EGFRvIII expression profiles of primary HNSCC cell lines 

To investigate EGFRvIII (Figure 1A) expression at mRNA levels in HNSCC, a panel of 

established HNSCC cell lines was analyzed by RT-PCR using primers flanking the deletion of exons 

2 to 7. This primer design allowed discrimination between the truncated EGFRvIII transcript (236 

bp) and the full-length EGFR transcript (1037 bp) [38]. As shown in Figure 1B, full-length EGFR 

mRNA (1037 bp) was detected in all HNSCC cell lines, in primary human fibroblasts (Fibro), and 

the EGFRvIII-positive glioblastoma line DK-MG [51]. Clear EGFRvIII PCR products were observed 

in DK-MG, UM-14C and UT-24A cells and the specificity of the bands was confirmed by 

sequencing. Flow cytometric analysis (Figures 1C–D) demonstrated surface expression of EGFR 

(blue bars) across all HNSCC cell lines with variable intensity, whereas EGFRvIII (red bars) was not 
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reliably detected on cells, including the three PCR-positive cell lines, as detected using a 

previously described monoclonal antibody targeting the deletion-specific amino acids [52]. 

 

 

Figure 1: EGFRvIII expression in WT HNSCC cell lines. (A) Schematic structure of EGFR and EGFRvIII. The EGFRvIII 

variant is characterized by an in-frame deletion of exons 2–7 in the full-length EGFR gene. The domains of EGFR are 

shown, labeled domains L1 (also known as domain 1), CR1 (domain 2), L2 (domain 3) and CR2 (domain 4), respectively 

(adapted from Gan et al. 2009 [53]). (B) RT-PCR analysis of EGFRvIII mRNA expression. EGFRvIII mRNA levels were 

assessed in HNSCC cell lines by RT-PCR. A representative ethidium bromide-stained agarose gel shows PCR products 

for EGFR (1037 bp) and EGFRvIII (236 bp). Primary human fibroblasts (Fibro) served as negative control for EGFRvIII, 

while DK-MG cells were used as a positive control. Multiple HNSCC cell lines were analyzed. (C+D) Flow cytometric 

analysis of EGFRvIII protein expression. Cell lines were stained using a recombinant rabbit monoclonal anti-EGFRvIII 

antibody followed by a PE-conjugated anti-rabbit IgG (H+L) F(ab’)₂ secondary antibody. EGFR expression was detected 

using APC- or PE-conjugated anti-human EGFR antibodies. (C) Relative mean fluorescence intensity (MFI; y-axis) of 

EGFRvIII and EGFR expression in HNSCC cell lines. EGFRvIII data represent the mean ± SEM of three independent 
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experiments. (D) Representative histograms of EGFRvIII (red), EGFR (blue), isotype staining with secondary antibody 

or isotype alone (dark green), and unstained cells (black). Normalized cell count is plotted against the fluorescence 

intensity. 

 

Generation of HNSCC cell lines with differential EGFRvIII expression 

To reliably test EGFRvIII CAR T-cells, we sought to generate HNSCC cell lines lacking the 

full-length EGFR and overexpressing EGFRvIII at defined levels. For this purpose, we cloned seven 

internal promoter elements into a self-inactivating (SIN) lentiviral vector expressing the green 

fluorescent protein (GFP) in the previously described EGFR CRISPR/Cas9 knockout (KO) cells UM-

14CKO and UT-24AKO [37] (Figure S1A). These included two viral U3 promoters derived from the 

spleen focus-forming virus (SFFV) and the myeloproliferative sarcoma virus (MPSV), four human 

promoters derived from the human elongation factor-1 alpha (hEF1α), phosphoglycerate kinase 

(hPGK), and the Fanconi anemia C and G (FANCC and FANCG) genes as well as one promoter 

derived from the murine phosphoglycerate kinase gene (mPGK) [40-43]. Transduction of EGFR KO 

cells at limiting dilutions with VSV-G-pseudotyped recombinant lentiviral particles enabled to 

directly compare the strength of the different promoters by measuring the transgene expression 

levels in flow cytometry. As shown in Figure S1B, the viral promoters SFFV and MPSV drove the 

strongest GFP expression levels at gene transfer efficiencies <25% in both, UM-14CKO and 

UT-24AKO cells. The lentiviral vectors with the mPGK, hPGK and hEF1α promoters achieved similar 

GFP expression levels, that were lower than those of the viral promoters. The expression levels 

of GFP in the cells transduced with the vectors containing the FANCC and FANCG promoters were 

very low. Based on these findings, SFFV was selected as promoter to achieve high EGFRvIII 
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transgene expression levels, whereas the hEF1α and hPGK promoters were chosen to generate 

intermediate and low expression levels, respectively. 

 

 

Figure S2: Comparison of the strength of different internal promoters in a SIN lentiviral vector to drive GFP as a 

marker gene. (A) Schematic representation of the LV expression vector. The internal promoters drive the expression 

levels of the GFP transgene. (B) Evaluation of infectious titer (TU/mL) and GFP mean fluorescence intensity (MFI) of 

LV vectors in EGFR KO cell lines UM-14CKO and UT-24AKO. Cells were analyzed for GFP expression 5 days after 

transduction by flow cytometry. Only samples containing fewer than 25% GFP-positive cells were included in the flow 

cytometry analysis. Means ± SEM from three independent experiments are shown. 

 

We next generated EGFRvIII expression vectors with an IRES-neoR cassette incorporating 

these three internal promoters (Figure 2A). VSV-G lentiviral particles were used to transduce UM-

14CKO and UT-24AKO cells at limiting dilutions, followed by Geneticin selection until all non-

transduced cells were eliminated. EGFRvIII expression was detected using a commercially 

available directly conjugated anti-EGFR antibody targeting domain III of the extracellular region, 
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which selectively recognizes EGFRvIII in EGFR KO cells [54]. Importantly, the anti-EGFR staining in 

WT cells detected both EGFR isoforms.  

 

 

Figure 2: Artificial overexpression of EGFRvIII at different levels in HNSCC cell lines. (A) Schematic representation 

of the lentiviral EGFRvIII expression vector. The internal promoters (iP: hPGK, hEF1α and SFFV) drive expression of 

the EGFRvIII transgene and via an IRES site also the Geneticin resistance gene nptII (neoR). (B-D) UM-14CKO and UT-

24AKO cells were transduced with LV EGFRvIII expression vectors. EGFRvIII-positive EGFRKOcells were further purified 

by flow sorting, generating new EGFRvIII-expressing cell lines. (B+C) Flow cytometry analysis of EGFRvIII protein 

expression after sorting. UM-14C and UT-24A cells were stained with (B) an anti-EGFRPE antibody for EGFR and 

EGFRvIII expression. Left: EGFR expression is shown by histogram. Right: Means ± SEM of MFI values of EGFRvIII-

positive EGFRKO UM-14C and UT-24A cells as well as the corresponding UM-14C and UT-24A KO, WT and control cells 

transduced with an empty vector (data from three independent experiments) are shown. (C) EGFRvIII expression was 

additionally determined using an EGFRvIII-specific recombinant rabbit monoclonal antibody and a PE-conjugated 

anti-rabbit IgG (H+L) F(ab’)₂ secondary antibody. Data are presented as mean ± SEM from two independent 
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experiments. (D) RT-PCR analysis of EGFRvIII mRNA expression. EGFRvIII mRNA levels were assessed in HNSCC cell 

lines artificially overexpressing EGFRvIII by RT-PCR. A representative ethidium bromide-stained agarose gel shows PCR 

products for EGFR (1037 bp) and EGFRvIII (236 bp). WT cell lines (UM-14CWT and UT-24AWT), their corresponding 

EGFRKO derivatives, and the three EGFRvIII-overexpressing cell lines generated using different internal promoters were 

analyzed.  

 

As shown in Figure 2B, EGFR KO cells transduced with vectors containing the viral SFFV promoter 

exhibited high levels of EGFRvIII expression, whereas cells transduced with vectors utilizing the 

hEF1α promoter showed intermediate EGFRvIII expression levels. These findings were further 

confirmed by staining with an EGFRvIII-specific antibody (Figure 2C). Subsequent experiments 

therefore used cells where the EGFRvIII cDNA was driven by either the SFFV or hEF1α promoters, 

hereafter referred to as EGFRvIIIhigh and EGFRvIIImid, respectively. 

RT-PCR analysis with primers flanking the deletion of exons 2 to 7 confirmed the overexpression 

of the truncated EGFRvIII transcript in the EGFRvIII overexpressing HNSCC cell lines (Figure 2D). 

Interestingly, despite efficient EGFR knockout on protein level (assessed by flow cytometry), full-

length EGFR transcripts remained detectable in both WT and KO cells, consistent with potential 

transcription of CRISPR/Cas9-induced mutant EGFR mRNA(s) that prevent stable protein 

expression. EGFRvIII overexpression led to a marked reduction in the full-length EGFR amplicon 

alongside a strong increase in the EGFRvIII-specific product, probably due to preferential 

amplification of the shorter fragment under competitive PCR conditions. The effect was most 

pronounced in UM-14C cells, where the increasing EGFRvIII expression levels led to diminished or 

almost undetectable full-length EGFR signal. 
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Characterization of EGFRvIII specific CAR T-cells 

To characterize different EGFRvIII-specific CAR T-cells, five scFv sequences targeting EGFRvIII were 

obtained (see Materials and Methods), optimized for human codon-usage and cloned into our 

second generation CAR lentiviral backbone (Figure 3A), containing a CD8 leader peptide, a CD34-

derived hinge (C6), the CD28 transmembrane and cytoplasmic regions and the CD3-chain, all of 

human origin [37]. An EGFR-specific CAR derived from the monoclonal antibody cetuximab served 

as a positive control, while CD19 CAR T-cells were used as a negative control [37]. In the bi-

cistronic CAR vectors, the TagBFP fluorescent protein was included upstream of the T2A sequence 

as a reporter for genetically modified cells. Primary human T-cells were transduced with the 

respective CAR vectors and enriched for CAR expression by the MACS technology utilizing CD34 

microbeads as published previously [47]. Analysis of BFP-expressing cells demonstrated that the 

percentage of CAR positive T-cells ranged from 42–54% before and exceeded 92% after MACS 

enrichment (Figure 3B). Only samples with >90% CAR T-cells were used for cytotoxicity assays. 
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Figure 3: Design, enrichment, and cytotoxicity of CAR-positive T-cells. (A) Lentiviral CAR expression vector 

expressing the blue fluorescent protein TagBFP and a second-generation CAR construct. The vector contains either 

CD19, EGFR, or EGFRvIIIA–E-specific scFvs, followed by the CD28 transmembrane (TM) and cytoplasmic (CP) domains 

and the CD3ζ signaling chain. A BFP reporter gene is co-expressed via a T2A sequence. Transgene expression is driven 

by the MPSV promoter. (B) Transduction and enrichment efficiency of CAR-positive T-cells. Transduced T-cells were 

analyzed by flow cytometry before magnetic separation (Pre-MACS), in the flow-through fraction and after MACS 

selection (Post-MACS). CAR-positive cells were quantified based on BFP co-expression. Representative histograms 

show CAR expression (x-axis) plotted against normalized cell count (y-axis). Percentages of CAR-positive cells 

represent mean ± SEM from at least three independent experiments. (C) CAR T-cell cytotoxicity. The target cell lines 
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UM-14CKOEGFRvIIIhigh and DK-MG were co-cultured with CD19, EGFR and EGFRvIIIA–E CAR T-cells or untransduced T-

cells (no virus) for 16 to 20 hours. Target cell lysis according to the E:T ratio (x-axis) is plotted against the percentage 

of lysed target cells (y-axis). Data represent mean ± SEM of at least three independent experiments. 

 

To assess functional differences between the EGFRvIII CAR constructs, cytotoxicity was evaluated 

using UM-14CKOEGFRvIIIhigh and the EGFRvIII expressing DK-MG cells (Figure 3C). All EGFRvIII CAR 

T-cell variants efficiently lysed UM-14CKOEGFRvIIIhigh cells with comparable activity, while showing 

very limited activity against DK-MG cells. Based on these results, two constructs, EGFRvIIID and 

EGFRvIIIE CAR T-cells were selected for further characterization. 

 

EGFRvIII CAR T-cells exhibit antigen level-dependent cytotoxicity  

To evaluate the cytotoxic potential of EGFRvIII-specific CAR T-cells, we performed co-culture 

killing assays using WT cells (UD-06, UD-05, UM-14C, UT-24A) or their EGFRKO counterparts (UM-

14CKO, UT-24AKO). Additionally, we also used the latter two cell lines engineered to express 

intermediate or high levels of EGFRvIII for cytotoxicity assays. Cells were also transduced with 

empty vectors as control. As shown in Figure 4, EGFR CAR T-cells killed all four WT EGFR-positive 

cell lines but did not exert any detectable cytotoxic activity against the UM-14CKO and UT-24AKO 

cells. Both EGFRvIII CAR T-cell variants showed only very limited activity against WT cells, but in 

the UM-14CKO cells overexpressing EGFRvIII, the cytotoxic activity of EGFRvIIID and EGFRvIIIE CAR 

T-cells correlated nicely with the EGFRvIII target antigen expression levels: almost 60% of UM-

14CKO+EGFRvIIImid cells and roughly 80% of UM-14CKO+EGFRvIIIhigh cells were lysed at effector-to-

target ratios of 3:1. For the UT-24 set of cells, the killing efficiency was generally lower and the 
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differences in the cytotoxicity against UT-24KO+EGFRvIIImid und UT-24KO+EGFRvIIIhigh cells were not 

as pronounced (Figure 4). 

 

 

Figure 4: CAR T-cell cytotoxicity against different HNSCC cell lines. Different WT and genetically engineered UM-

14C/UT-24A cells were co-cultured with CD19, EGFR, EGFRvIIID or EGFRvIIIE CAR T-cells or untransduced (no virus) T-

cells for 16 to 20 hours. Target cell lysis at different E:T ratios (x-axis) is plotted against the percentage of lysed target 

cells (y-axis). Data represent mean ± SEM of at least three independent experiments. 

 

CARs and non-signaling CARs (nsCARs) can be co-expressed on the same T-cell 

Unlike classical CARs, nsCARs consist only of an antigen-binding domain, a hinge, and a 

transmembrane region and therefore cannot mediate activation and killing of T-cells [55]. In order 

to enhance the weak cytotoxic activity of EGFRvIII CAR T-cells against cells with low antigen levels, 

we co-expressed 2nd generation CARs and nsCARs on the same T-cell (Figure 5A). To this end, we 

generated mCherry-labeled CAR constructs targeting CD33 [47], EGFRvIII (D and E variants), and 
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CD44v6 (a splice variant frequently expressed in HNSCC [42]). These standard CAR constructs 

were paired with nsCARs directed against CD19 (negative control) or EGFR (positive control) 

(Figure 5B). To minimize the risk of homologous recombination between the two CARs during 

lentiviral integration, we employed a leader sequence derived from the human Ig heavy chain (R) 

for the nsCARs - instead of the CD8 leader (J) used in the CAR vectors, and replaced the CD28 

transmembrane domain with the counterpart of CD8. To enable flow cytometric detection and 

magnetic-activated cell sorting (MACS) of nsCAR-expressing cells, we incorporated an NGFR-

derived hinge region (n3) instead of the CD34-derived c6 hinge [47, 49]. Standard cytotoxicity 

assays revealed that the T-cells expressing the three complete CARs, namely CD44v6, EGFRvIIID 

and EGFRvIIIE, efficiently and specifically killed HNSCC cell lines, while the negative control CAR 

against CD33, as well as nsCARs directed against EGFR and CD19, did not mediate cytotoxicity 

(Figure 5C). 
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Figure 5: Concept, design and cytotoxicity of CAR and nsCAR T-cells. (A) Schematic representation of dual-targeting 

CAR T-cell strategies. Second generation CARs (c6 hinge, CD34-derived) were combined with non-signaling CARs 

(nsCAR; n3 hinge, NGFR-derived), which lack signaling domains and bind a second tumor-associated antigen epitope. 

(B) Lentiviral expression vectors encoding 2nd generation CARs or nsCARs. The 2nd generation CAR vector contains 

either CD44v6, CD33, or EGFRvIIID-E-specific scFvs, the c6-hinge, CD28 transmembrane and cytoplasmic regions, and 

the CD3ζ chain. An mCherry reporter was co-expressed via a T2A sequence. nsCAR contains EGFR- or CD19-specific 

scFvs, the n3-hinge, and the CD8 transmembrane domain. (C) Killing efficiency of CAR and nsCAR T-cells against WT 

and genetically engineered UM-14C cells. Primary human T-cells were singly transduced with lentiviral constructs 

encoding 2nd generation CAR or nsCARs. Cells were CAR or nsCAR positive T-cells (>90%) were co-cultured with UM-

14C cells for 16 to 20 hours at varying E:T ratios. Target cell lysis at different E:T ratios (x-axis) is plotted against the 

percentage of lysed target cells (y-axis). Data represent mean ± SEM of at least three independent experiments. 
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To enable efficient co-expression of both constructs in the same T-cells, we generated lentiviral 

vectors pseudotyped with VSV-G for the CAR and BaEV-Rless for the nsCAR. After titration, we co-

transduced primary human T-cells with both vectors, thereby avoiding competition between the 

viral particles for the same cellular entry receptor and ensuring higher percentages of double-

positive cells [56]. As the shorter nsCARs consistently exhibited much higher transduction 

efficiencies (72–79%) than the CARs (6–19%) (Figure S2), we enriched the double-positive T-cells 

using CD34 microbeads only, thus yielding a CAR-positive T-cell population with >90% purity. Co-

expression analysis demonstrated that up to 79% of T-cells co-expressed both CAR and nsCAR 

when EGFR nsCARs were used (Figure S2). NGFR microbead-based enrichment was performed for 

cells transduced with nsCARs alone. Only MACS-enriched T-cells were used in subsequent 

functional analyses.  

 

 

Figure S2: Enrichment of T-cells co-expressing CAR and nsCAR constructs. Dot plots show CD34 expression (x-axis) 

versus NGFR expression (y-axis). Primary human T-cells expressing only the EGFR nsCAR were enriched with NGFR 

microbeads, whereas cells expressing only the CD44v6 CAR or the CD44v6 CAR together with the EGFR nsCAR were 
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enriched using CD34 microbeads. Before and after MACS separation, gene transfer efficiency was assessed by staining 

with CD34-FITC and NGFR-APC antibodies. Representative experiments are shown. Numbers indicate the percentages 

of cells within each quadrant. 

 

The cytotoxicity of EGFRvIII CAR T-cells can be enhanced by additional nsCARs  

Next, we co-cultured CAR/nsCAR double-positive T-cells with UM-14CWT, UM-14CKO+EGFRvIIImid 

and UM-14CKO+EGFRvIIIhigh target cells and assessed the cytolytic activity in standard killing 

assays. As shown in Figure 6, no cytotoxicity occurred with CD33 CAR T-cells, independent of the 

nsCARs. In contrast, CD44v6 CAR T-cells killed the target cells very efficiently, thus no influence of 

the co-expression of nsCARs was detectable. Consistent with previous observations, neither 

EGFRvIII CAR T-cells alone nor in combination with nsCARs induced measurable cytotoxicity 

against UM-14CWT cells. However, the limited cytotoxicity of EGFRvIIID CAR T-cells against UM-

14CKO+EGFRvIIImid cells was clearly enhanced by EGFR nsCAR co-expression, increasing the killing 

efficiency from ~65% to nearly 100% at the 3:1 E:T ratio, and from ~40% to ~80% at a 1:1 ratio. In 

UM-14CKO+EGFRvIIIhigh cells, EGFRvIIID CAR T-cells already exhibited high cytotoxicity, which was 

slightly enhanced by co-expression of EGFR nsCARs. A similar trend was also observed for 

EGFRvIIIE CAR T-cells when using UM-14CKO+EGFRvIIImid cells as targets.  

 



27 
 

 

Figure 6: Killing efficiency of CAR/nsCAR T-cells. Primary human T-cells were singly or doubly transduced, and CAR- 

or CAR/nsCAR double positive cells were enriched using CD34 microbeads. Cells were co-cultured with UM-14C cells 

for 16 to 20 hours at varying E:T ratios. Target cell lysis at different E:T ratios (x-axis) is plotted against the percentage 

of lysed target cells (y-axis). Data represent mean ± SEM of at least three independent experiments. 

 

Co-expression of CARs and nsCARs accelerates and enhances target-cell killing 

To understand the killing dynamics of singly positive CAR T-cells and CAR/nsCAR co-expressing T-

cells, MACS-enriched T-cells were co-cultured with UM-14CKO+EGFRvIIImid cells and the 
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cytotoxicity measured after 6, 10 and 20 hours, respectively. As shown in Figure 7, nsCAR co-

expression did not further enhance the antitumor activity of EGFRvIIIE or CD44v6 CAR T-cells at 

any time point. In contrast, EGFRvIIID CAR/EGFR nsCAR T-cells exhibited moderately increased 

cytotoxicity at early time points compared with EGFRvIIID CAR T-cells alone. At 10 hours, EGFRvIIID 

CAR T-cells lysed ~25% of target cells, whereas CAR/nsCAR co-expressing T-cells achieved ~50% 

lysis. After 20 hours, the additive effect of the nsCAR expression became more pronounced: ~75% 

of target cells were lysed by EGFRvIIID CAR / EGFR nsCAR T-cells compared with <40% by EGFRvIIID 

CAR T-cells alone. This enhancement was also observed at an E:T ratio of 1:1. 
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Figure 7: Killing dynamics of CAR/nsCAR T-cells. Primary human T-cells were either singly transduced with an 

EGFRvIIID-E or CD44v6-specific CAR, or doubly transduced with additional EGFR- or CD19-specific nsCAR constructs. 

CAR- and/or nsCAR-positive cells were enriched using CD34 microbeads and co-cultured with UM-14CKO+EGFRvIIImid 

cells for 6, 10, and 20 hours at varying E:T ratios. Target cell lysis at different E:T ratios (x-axis) is plotted against the 

percentage of lysed target cells (y-axis). Data represent mean ± SEM of at least three independent experiments. 

 

Differential recruitment of CAR and nsCAR at the immunological synapse 

To investigate whether enhanced cytotoxicity of CAR/nsCAR T-cells can be linked to IS formation, 

we used fluorescence microscopy to visualize the CAR and nsCAR protein distribution during the 

T-cell–tumor cell interactions. For these experiments, CAR/nsCAR T-cells were stained with hinge-

specific antibodies (CD34FITC for CAR, NGFRPE-Vio770 for nsCAR) and co-cultured with 

UM-14CKO+EGFRvIIIhigh cells. Additionally, CAR T-cells were identifiable by BFP expression. 

Without target cell contact (Figure 8, No IS), both CAR (green) and nsCAR (red) proteins were 

evenly distributed across the surface of CAR/nsCAR T-cells (blue). Upon target recognition (Figure 

8, CAR/nsCAR IS), both EGFRvIIID CAR and EGFR nsCAR proteins accumulated at the IS, indicating 

coordinated recruitment of both constructs to the contact zone between the target and the 

effector cell. EGFRvIIID CAR /CD19 nsCAR T-cells also formed synapses with the target cells (Figure 

8, CAR IS). However, in contrast to CAR proteins, which localized exclusively to the IS, the nsCAR 

proteins targeting CD19, which was not expressed on these tumor cells, did not localize to the IS. 

These results demonstrate that, in double-positive T cells, CAR and nsCAR proteins are co-

recruited to the same IS when both target antigen epitopes are present on the tumor cell, thereby 

strengthening the interaction between effector and target cells. 
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Figure 8: Visualization of the IS. The IS was analyzed by fluorescence microscopy, visualizing the EGFRvIIID CAR 

(CD34FITC antibody, green) and EGFR or CD19 nsCAR (NGFRPE-Vio770 antibody, red) proteins on MACS-enriched 

CAR/nsCAR T-cells (BFP expression, blue) in relation to UM-14CKO+EGFRvIIIhigh cells (phase contrast). Contrast settings 

(channels: PH, 377/447 nm, 470/525 nm and 545/620 nm) were adjusted to maximize the visibility of the IS. 

 

Discussion 

CAR T-cell therapy has revolutionized the treatment landscape for hematologic malignancies of 

the B-cell lineage, yet its role in solid tumors remains markedly limited due to the scarcity of 

tumor-specific antigens, the heterogeneous target antigen expression profiles, the suppressive 

tumor microenvironment, restricted trafficking and infiltration of CAR T-cells into tumors and 

limited persistence and functional fitness of CAR T-cells [7, 57]. 

 

EGFRvIII as a target antigen in HNSCC 

As EGFRvIII is one of the few target antigens well established in glioblastoma with remarkable 

tumor-specificity [15] and also described in HNSCC [38, 58, 59], our aim/primary goal in the 
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present study was to characterize the cytotoxic activity of five distinct EGFRvIII scFvs used as 

targeting moieties in 2nd generation CAR constructs on human T-cells. However, analysis of 

EGFRvIII expression on human HNSCC cell lines revealed that only two of eleven cell lines, UM-

14C and UT-24A, were positive at the mRNA level by PCR. While protein expression on these two 

lines using a previously described EGFRvIII-specific antibody [51] in flow cytometry could not be 

reliably detected, the overexpression of EGFRvIII confirmed the specificity of the commercial 

antibody. Detailed analysis of the HNSCC literature indicates that EGFRvIII expression frequencies 

were described as high as ~40% in early studies [38], whereas later analyses using larger cohorts 

and more stringent molecular detection methods (e.g., qRT-PCR, RNA-sequencing) consistently 

find EGFRvIII expression to be rarely detectable [60-62]. One study even described variant protein 

expression in only 2 of 638 tumors (~0.3%) [62]. We therefore also included DK-MG cells, a 

glioblastoma cell line widely used as EGFRvIII-positive reference cells [51, 63], in our studies. 

However, cytotoxicity assays with the five EGFRvIII CAR T-cells against all three positive cell lines 

(UM-14C, UT-24A, DK-MG) did not reveal any killing activity, suggesting that the endogenous 

EGFRvIII protein levels are insufficient to trigger robust T-cell activation by 2nd generation CAR 

constructs. To systematically investigate the impact of antigen density on EGFRvIII CAR T-cell 

activation, we overexpressed the EGFRvIII cDNA in WT EGFR-KO HNSCC cell lines, using lentiviral 

vectors with different internal promotors. Employing these engineered HNSCC cell lines with 

defined EGFRvIII expression levels as target cells allowed us to demonstrate that all five EGFRvIII-

specific CAR constructs (EGFRvIIIA–E) mediated robust cytotoxicity when EGFRvIII was present at 

sufficient levels and that all five EGFRvIII CAR constructs were specific, as they did not recognize 

the parental EGFR KO cells.  
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EGFRvIII has previously been explored as a target for immunotherapeutic approaches. 

Peptide-based vaccination strategies, particularly the EGFRvIII-specific vaccine rindopepimut 

(CDX-110), which targets the tumor-specific junctional epitope created by the exon 2–7 deletion, 

demonstrated robust immunogenicity with signs of clinical benefits in early-phase clinical trials in 

patients with glioblastoma [64]. However, the randomized phase III trial (ACT IV ,NCT01480479) 

failed to improve overall survival of patients, with subsequent analyses suggesting that antigen 

loss and tumor heterogeneity may have contributed to the lack of clinical benefit [65]. After initial 

signs of activity in Glioblastoma, antibody–drug conjugates targeting EGFR - including EGFRvIII-

expressing tumors – such as depatuxizumab mafodotin (ABT-414) – failed in phase II/III clinical 

trials (NCT02343406, NCT01800695) due to lack of significant survival benefit and ocular toxicity 

[66, 67]. Preclinical studies demonstrated that EGFRvIII CAR T-cells can selectively recognize and 

eliminate EGFRvIII-expressing tumor cells [45, 68, 69], and a first-in-human phase I/II clinical trial 

in patients with recurrent GBM (NCT02209376) showed that intravenous infusion of autologous 

EGFRvIII CAR T-cells following tumor resection was safe and feasible, and demonstrated CAR T-

cell trafficking to tumor sites [22]. However, no objective tumor responses were observed and 

tumor recurrence occurred in all cases, with findings suggesting that antigen heterogeneity and 

treatment-associated antigen loss may have contributed to the limited efficacy [22]. Also a second 

clinical trial of anti-EGFRvIII CAR T-cells against recurrent GBM (NCT01454596) showed safety and 

transient efficacy but did not result in durable therapeutic responses, with findings indicating 

potential contributions of antigen escape and adaptive resistance mechanisms [23]. 

 

Enhancing the cytotoxicity of EGFRvIII CAR T-cells for low EGFRvIII expression 
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Different strategies have been developed to enhance the killing efficiency of CAR T-cells in solid 

cancers [57, 70, 71]. Interestingly, Choi et al. have genetically modified EGFRvIII CAR T-cells to 

secrete BiTEs that recognize EGFR and CD3ε [25]. This strategy was later translated into the clinic 

using related T-cell–engaging antibody molecules (TEAMs), where a phase I/II study employing a 

single intraventricular administration in a small cohort of patients with recurrent glioblastoma 

resulted in encouraging initial responses and manageable toxicity. However, despite these 

promising early outcomes, disease progression ultimately occurred, likely reflecting the ongoing 

challenges of antigen escape and tumor heterogeneity in this setting [24]. As almost all HNSCC 

cells are positive for WT EGFR, we decided to co-express a cetuximab-based non-signaling CAR 

(nsCAR) against domain 3 (L2) of EGFR on the EGFRvIII CAR T-cells, thus potentially increasing the 

binding affinity and thereby the strength of the activation between target cells and CAR T-cells in 

the IS [37].  

 Co-expression of the EGFR nsCAR did not enhance the cytotoxic activity of EGFRvIIIE CAR 

T-cells, as this CAR construct alone already mediated highly efficient killing of both, intermediate 

and high EGFRvIII-expressing cells, comparable to the cytotoxic activity of the control CD44v6 CAR 

T-cells. In contrast, when combined with the EGFR nsCAR, EGFRvIIID CAR T-cells exhibited 

markedly improved cytotoxicity in our standard overnight assays, with maximal killing increasing 

from approximately 65% to near complete target clearance at the 3:1 effector-to-target ratios. 

Compared with EGFRvIIID CAR T-cells alone, the killing curve of EGFRvIIID CAR/EGFR nsCAR T-cells 

was parallel-shifted across all effector-to-target cells ratios (Figure 7), suggesting that additional 

factors such as T-cell exhaustion or target cell detachment kinetics may also influence the 

cytotoxic activity. Time-resolved cytotoxicity assays further revealed that EGFRvIIID CAR/EGFR 
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nsCAR T-cells initiated tumor cell lysis earlier than CAR-only controls (Figure 8), indicating 

accelerated engagement and synapse formation of the combination. Imaging experiments further 

demonstrated that both EGFRvIII CAR and EGFR nsCAR molecules strongly co-localized at the 

same IS, suggesting that dual-epitope binding may stabilize the T-cell–tumor cell interface. This 

could potentially increase dwell time and promote efficient granule polarization, although these 

parameters were not directly assessed in this study [72]. In control experiments, nsCARs alone 

did not mediate cytotoxicity. Moreover, a CD19 nsCAR, which does not bind to HNSCC cancer 

cells, was not recruited to the IS and did not enhance cytotoxicity of EGFRvIIID CAR T-cells, 

confirming that the enhancement by the nsCAR constructs depends on cooperation with a 

signaling-competent CAR.  

The differences in the cytotoxic activity between EGFRvIIID and EGFRvIIIE CARs likely 

depend on multiple parameters, including the target antigen density in combination with the 

specific affinity and avidity of the scFvs used [73, 74], characteristics of the hinge region within 

the CAR construct [75, 76], the antigen accessibility and location in the target cell membrane [77], 

or the epitope positioning on the extracellular domain [77]. High-affinity CARs or membrane-

proximal epitopes can enhance effective receptor engagement and promote IS formation, 

particularly under conditions of low target antigen density [78, 79]. In addition, the observation 

that the EGFR nsCAR did not influence the already strong cytotoxic activity of CD44v6 CAR T-cells 

may at least partially be explained by differences in membrane localization: CD44v6 is 

preferentially found in lipid‑raft‑associated areas, while EGFR is organized in nanoclusters or 

microdomains whose signaling depends on the local lipid environment [80-82]. Here, it would be 

interesting to evaluate in the future whether a CD44v6 CAR construct with less affinity/avidity 
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can profit from co-expression of EGFR nsCAR, as both antigens probably need to co-locate in close 

proximity in the cell membrane/same synapse for improved killing. Furthermore, evaluating 

alternative CAR/nsCAR combinations can be important to better define the impact of co-

expressing nsCARs on the killing efficiency of CAR T-cells. In this context, several TAAs, which are 

often abundantly present on malignant cells, may represent promising targets for nsCARs when 

combined with TSAs like EGFRvIII in the signaling-competent CAR construct [83].  

 

Enhancing the cytotoxicity of CAR T-cells further 

Modulating signaling pathways in CAR T-cells is an interesting possibility to improve their killing 

activity in case of low target antigen expression and limited CAR T-cell persistence/activity. For 

example, the CD19 CAR T-cell killing efficiency of CD19-low tumor cells was vastly improved in 

vitro and in vivo by using CD38 chimeric costimulatory receptors (CCRs), that contained CD28, 4-

1BB, or both as costimulatory domains, but did not induce tonic signaling due to the absence of 

a CD3ζ domain [84]. In addition, utilizing 4-1BB/CD137 agonists in a BiTE format, targeting either 

an antigen on the tumor cells or FAP in the TME, might become another promising off-the-shelf 

therapy to improve the basic cytotoxic activity of both BiTE and CAR T-cell therapies (reviewed in 

[85]). Finally, strengthening the IS is increasingly recognized as a powerful strategy to overcome 

the barriers imposed by low antigen density and the solid TME [72], e.g. by increasing LFA-1 or 

ICAM-1 interactions [86, 87] or by adding the thalidomide derivative lenalidomide that led to 

enhanced immunological synapses between EGFRvIII CAR T-cells and glioblastoma targets as 

determined by CD11a and F-actin polymerization [88]. High-quality IS formation is characterized 

by elevated F-actin accumulation, efficient lytic granule polarization, and robust polarization of 
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key signaling molecules within the synapse [72]. In this context, the nsCAR approach fits within a 

broader framework of strategies that modulate receptor architecture to enhance CAR–tumor 

interactions, while offering notable conceptual simplicity.  

 

Conclusion 

The application of nsCAR in solid cancers such as HNSCC requires further investigation to 

determine whether nsCAR-mediated synapse augmentation might also translate into improved 

persistence, trafficking, and antitumor activity in the context of stromal barriers and TME-

mediated suppression. The impact of nsCAR engagement on cytokine secretion, T-cell exhaustion, 

and memory formation warrants detailed studies using longitudinal functional and transcriptional 

profiling. In addition, the current study evaluated a limited panel of CAR architectures and tumor 

models, and broader validation of CAR architectures and different tumor target antigens is 

necessary to determine the generalizability of nsCAR strategies across diverse antigen landscapes. 

Here, deeper mechanistic investigations using quantitative imaging approaches – including F-

actin accumulation assays, granule-polarization metrics, and high-resolution synapse biophysics 

[72, 89, 90] – will be informative to directly link nsCAR-mediated enhancements to defined 

structural and functional properties of the IS. 
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Conclusion and Outlook

The overarching aim of this dissertation is the quantitative description of membrane-

associated physical processes, including di�usion, force-driven transport, and spatial or-

ganization. A central premise is that membrane mechanics can be formulated in terms of

experimentally accessible physical observables. Advanced �uorescence microscopy, com-

bined with quantitative image analysis, enables the robust extraction of such observables,

thereby providing a direct link between imaging data and physical parameters governing

membrane dynamics.

SLBs constitute the central model system of this work. They preserve essential physical

properties of biological membranes, in particular lateral �uidity, while allowing systematic

control over composition and boundary conditions [11][12]. In Publication I, it is shown

that lateral di�usion in SLBs is strongly a�ected by structural heterogeneities such as

mobile and immobile obstacles. These constraints lead to pronounced deviations from

ideal Brownian motion, in agreement with established theoretical [48][49][50] and exper-

imental descriptions[16][67] of anomalous di�usion in crowded two-dimensional systems.

This demonstrates that even in simpli�ed membrane environments, transport properties

are highly sensitive to spatial disorder and con�nement e�ects.

Beyond structural heterogeneity, lipid phase behavior provides an additional mecha-

nism that governs membrane dynamics. Initial evidence for the in�uence of phase-related

e�ects on di�usion is already observed in Publication I. In Publication II, this aspect

is extended by actively exploiting phase properties as a functional control parameter. In

combination with externally applied forces, this enables the controlled generation and sta-

bilization of spatial patterns in the membrane plane. In particular, this work demonstrates

that externally driven molecular pattern formation can be coupled to lipid phase transi-

tions in order to �write� and subsequently thermodynamically stabilize spatial molecular

patterns via phase freezing. This represents one of the �rst experimental realizations

of controlled pattern formation and �xation in a biomimetic membrane system using

phase-dependent transitions. This transition from passive to actively controlled systems

highlights the interplay between intrinsic membrane properties and external driving forces,
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which can be used to tune non-equilibrium spatial organization. In this context, SLBs also

serve not only as passive model systems but as functional interfaces capable of mediating

and modulating interactions with cells, as evidenced by cellular responses to externally

imposed patterns.

Publication III and Publication IV extend these physical principles to biologically

more complex systems, focusing on receptor organization at membrane interfaces rele-

vant to immunological synapses. In Publication III, SLBs are employed as well-de�ned

target membranes, enabling precise control over ligand density and spatial distribution.

Previous studies have demonstrated that structural barriers and heterogeneities in target

membranes can strongly in�uence synapse formation and receptor organization[68][28].

Building on this, the present work systematically investigates how controlled variations

in ligand concentration a�ect receptor accumulation and spatial pattern formation at

the synaptic interface. Importantly, this work provides one of the �rst quantitative

molecular-level descriptions of CAR�NK synapse organization, a system that has so far

been only sparsely characterized compared to conventional immunological synapses or

CAR-T synapses. Di�erent classes of synaptic organization are identi�ed and described

in a quantitative framework, enabling a systematic link between ligand conditions and

emergent receptor organization. In this context, receptor redistribution and clustering

are interpreted as manifestations of collective behaviour of biomolecules, arising from

phase separation-like organization.

In Publication IV, this framework is extended to multi-receptor systems, allowing the

simultaneous analysis of di�erent receptor species with distinct structural and functional

designs. A key observation is that even non-signaling CARs are recruited into the im-

munological synapse, indicating that spatial organization can emerge independently of

active cellular processes. This highlights the dominant role of physical membrane or-

ganization principles in determining receptor distribution. From a broader perspective,

these �ndings provide a physical basis for understanding receptor organization in engi-

neered immune systems and may contribute to the rational optimization of CAR-based

immunotherapies.

A further key methodological achievement of this dissertation is the development of

dedicated quantitative image analysis software, which enables robust extraction of phys-

ical observables from �uorescence microscopy data. This software was designed to be

reusable and extensible, and is intended for dissemination within the research group and

the broader scienti�c community, thereby supporting reproducible and standardized anal-

ysis of membrane dynamics.

Taken together, the results of this dissertation demonstrate that membrane-associated

phenomena across both simpli�ed model systems and biologically relevant interfaces can

be consistently described within a uni�ed framework of physical observables. Di�usion, ex-

ternally driven transport, and receptor organization are shown to be interconnected man-
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ifestations of underlying membrane mechanics, which can be systematically controlled,

measured, and interpreted using quantitative optical microscopy approaches.

To conclude, this dissertation demonstrates that membrane-associated processes such

as di�usion, force-driven transport, and receptor organization can be consistently de-

scribed using a uni�ed set of physical observables. Across di�erent experimental systems,

SLBs present a controlled platform that enables systematic variation of structural and

dynamic parameters governing membrane behavior.

Overall, the results show that membrane dynamics and molecular pattern formation

are not solely determined by biochemical complexity, but emerge from the interplay of

thermal �uctuations, spatial constraints, intermolecular interactions, and external forces.

These principles apply both to simpli�ed model systems and biologically relevant mem-

brane interfaces.

The results of this dissertation open several directions for future research at the inter-

face of membrane physics, quantitative imaging, and cellular systems.

A �rst natural extension concerns the combination of force-engineered SLBs with

CAR-based receptor systems in living immune cells. By designing increasingly complex

spatial ligand patterns on the substrate, it becomes possible to systematically investigate

how individual cells interpret and respond to de�ned molecular landscapes. In particular,

the generation of nanoscale and microscale ligand patterns would enable a quantitative

analysis of how spatial information is translated into receptor organization and signaling

responses at the single-cell level.

Building on this concept, a particularly promising direction is the introduction of dy-

namically recon�gurable model membranes. Using external control parameters such as

magnetic manipulation or phase-dependent patterning, the substrate could be actively

switched between di�erent spatial con�gurations. This would allow the same immune

cell to be exposed to alternating conditions, for example between patterned and homoge-

neous ligand distributions, or between di�erent pattern geometries. Such a system would

enable the direct investigation of how immunological synapses adapt to time-dependent

boundary conditions, including questions such as the timescales of synapse reorganization,

stability of receptor clusters, and memory e�ects in cellular signaling. This approach ef-

fectively transforms static model interfaces into active membranes, providing a dynamic

experimental platform for studying non-equilibrium cell�surface interactions.

In this context, combining ligand patterning with controlled membrane phase behavior

o�ers an additional level of control over ligand mobility and spatial stability. Phase-

separated membrane regions can be used to regulate the e�ective di�usivity of ligands,

thereby introducing mobility as an independent tuning parameter in addition to density

191



Chapter 4. Conclusion and Outlook

and spatial geometry. This enables a more comprehensive control over receptor�ligand

interactions and their resulting spatial organization.

Building on the observations that both signaling and non-signaling CAR constructs

are recruited into the immunological synapse, future studies could further investigate

how receptor architecture, mechanical coupling, and membrane organization jointly de-

termine synapse formation and stability under dynamic conditions. In particular, applying

time-dependent substrate recon�guration could help disentangle the roles of biochemical

signaling and purely physical organization principles in immune cell activation.

From a methodological perspective, future advances in advanced �uorescence imag-

ing and real-time quantitative analysis will further expand the range of accessible phys-

ical observables, including transient interaction kinetics and local rearrangement dy-

namics. Combined with dynamically controllable membrane substrates, this could ul-

timately enable a systematic exploration of non-equilibrium organization principles in

living cell�membrane interfaces under externally programmed boundary conditions.
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