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Kurzzusammenfassung

Freistehende Lipid-Doppelschichten ermoglichen es biologische Zellmembranen zu imitieren.
Um diese freistehenden Lipid-Doppelschichten in einem Mikrofluidik-Chip herzustellen,
werden zwei wissrige Fingern, umgeben von einer oligen lipidgefiillten Phase, in Kontakt
gebracht. Die Lipid-Doppelschicht bildet sich an der Beriihrstelle der lipiddekorierten
wissrigen Finger. Im Ramen meiner Untersuchungen wird eine druckkontrollierte Methode zur
Manipulation der wissrigen Finger vorgestellt, die es ermdoglicht die Lebensdauer der
gebildeten Doppelschicht von urspriinglich wenigen Minuten auf Stunden zu verldngern. Durch
variierende Druckunterschiede zwischen den wéssrigen Fingern ldsst sich der Doppelschicht
eine gewiinschte Kriimmung aufprigen. AuBlerdem kann damit die Oberflichenspannung einer
lipiddekorierten Ol-Wasser Grenzfliche, sowie die Membranspannung und die elektrischen
Eigenschaften der Doppelschicht in einem einzelnen Experiment bestimmt werden. Die
beachtliche Stabilitdt und Lebensdauer der Lipid-Doppelschicht ermdglicht es dariiber hinaus
Proteine in diese Doppelschichten einzubinden. In der vorliegenden Arbeit wurde die
druckkontrollierte Stabilisierung verwendet, um die Synthese einer GFP markierten Variante
von Arch-3 und ihre Integration in eine Doppelschicht unter blauer Lichtanregung zu verfolgen.
Elektrophysiologische Eigenschaften von Arch-3 wurden unter griiner Laserbeleuchtung
untersucht, wobei eine stufenweise Zunahme des Ionenstroms beobachtet wurde, was auf eine
entsprechende Porendynamik hindeuten. Damit ermdglicht diese Methode die Untersuchung
modifizierter transmembraner Proteinstrukturen, die aus zellfreien Extrakten durch DNA-
Modifikation erzeugt werden, was einen fundamentalen Schritt zur Untersuchung von Signal-
Kaskaden mit gekoppelten Rezeptorproteinen darstellt. In einem laufenden Projekt wende ich
diese Technik an, um die Fototransduktion von in Lipid-Doppelschichten eingebetteter
Schweineretina zu untersuchen. Vorldufige Ergebnisse deuten auf eine erhohte Transducin-

Stromintensitéit in Dunkelheit hin, gefolgt von einem Abfall bei Lichteinwirkung.



Abstract

Freestanding lipid bilayers are a possibility to mimic biological cell membranes. Forming those
free standing bilayer in a microfluidic chip, two aqueous fingers surrounded by an oily lipid-
containing phase are brought in contact. At the point where the two lipid decorated fingers
touch, a bilayer is eventually formed. My study introduces a pressure-controlled method to
manipulate the aqueous fingers, which extends the lifespan of the formed lipid bilayer from
minutes to hours. Varying pressures differences across the chip's aqueous fingers further allows
for bending the bilayer to a desired curvature that allows to extract monolayer and bilayer
tension in as single experiment as well as measuring the electrical properties of the lipid bilayer.
The great stability and long lifetime of the lipid bilayer further enabled exploring proteins
incorporated into lipid bilayers. In the current thesis, the microfluidic scheme was used to create
a GFP-labelled variant of Arch-3 for tracking its synthesis and incorporation into the bilayer
under blue light excitation. Electrophysiological characteristics of Arch-3 were explored using
a green laser, revealing distinct current steps indicative of pore dynamics. Thus, this approach
facilitates the study of modified transmembrane protein constructs, generated from cell-free
extracts by DNA modification, which is a foundational step in exploring signalling cascades
with coupled receptor proteins. In ongoing work, I apply this technique to study
phototransduction in porcine retinas incorporated into lipid bilayers. Preliminary results suggest
increased transducin current intensity in dark conditions, followed by a decrease upon light
exposure. And confirm the great possibility of this method to explore complex processes in and

across bilayer.
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Introduction

The plasma membrane is a complex structure of two phospholipid bilayers that
surrounds the cell nucleus and is the main barrier between the interior and exterior
of a cell. The plasma membrane controls many biological processes such as
endocytosis and exocytosis, which prevent or allow the passage of molecules
across the plasma membrane [1,2]. Understanding the physical, chemical, and
mechanical or physiological properties of the plasma membrane is very important
because any disruption in the plasma membrane can lead to dysfunctional
biological processes and cause many diseases [3]. Therefore, the plasma
membrane is of interest to many biologists and biophysicists. However, the
complex plasma membrane is far from fully understood. To further analyse such a
complex system and develop methods to study its properties, a simplified model
membrane was created. Over the decades, researchers have thus developed
numerous methods to replicate and mimic parts of cell membranes [4-6]. The most
common techniques are Giant unilamellar vesicles (GUV) and Black lipid bilayers
(BLM). These techniques are the closest to the architecture of a real cell in terms
of structure and function that can be easily manipulated and visualized under the
light microscope [7—10].

In this work, the design of black lipid membranes (BLMs) was adapted to
microfluidics, which is the field of science concerned with the manipulation and
control of fluids on a small scale. The goal of this work is to first develop a
microfluidic device to form and control stable BLMs as biomimetic membranes
that allow long observation times. The goal is thus to overcome the limitations of
traditional microfluidic techniques, such as short lifetimes or difficulties in
measuring electrical properties, by developing a microfluidic scheme to easily
fabricate BLMs with superior stability where electrical measurements can be easily
implemented. In my work, a microfluidic platform is developed to create free-
standing lipid bilayers using hydrostatic pressure system. Using this microfluidic
scheme, the surrounding phase of the lipid bilayer can be exchanged without
disrupting the lipid bilayer. The usage of a hydrostatic pressure system grants the
excellent stability of the lipid bilayer in a way that even the bending of the lipid
bilayer can be controlled and manipulated resulting in determination of some
mechanical properties of the lipid bilayer such as bilayer tension. This microfluidic

system can also allow for electrophysiological measurement and optical
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microscopy at the same time. As an application of this microfluidic scheme, taking
advantage of the long lifetime of a model cell membrane and the accessibility for
electrical measurements, the interaction of Archaeorhodopsin as a photosensitive
protein with lipid bilayers has been studied in collaboration with AG Ott, i.e.,
project C1 within the CRC 1027. The contribution of AG Ott was to produce
photosensitive transmembrane proteins using a cell-free expression system. The
proteins were incorporated into the lipid bilayer and analysed by optical
fluorescence microscopy using blue and green laser illumination. Simultaneously,
electrophysiological measurements were used to record the electrical behaviour of
the photoactivation of the transmembrane proteins that are incorporated into the
lipid bilayer. In summary, it could be demonstrated that artificially made
membranes are powerful tools for basic biophysical studies of membrane proteins

and can be used in sensing and separation applications.
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Background

A cell is the basic unit of life. The different structure and elements that constitute it
are grouped in separate compartments which interact with each other and form
complex networks and molecular machinery on scales ranging from nanometres to
micrometres. A cell's role is to produce energy through respiration, initiate
metabolic reactions, assist in reproduction, and transport nutrients used in chemical
processes within the cell [11]. The cell is composed mainly of water, with 70% of
its structure consisting of it. Additionally, proteins make up 18% of the cell, while
phospholipids and other lipids make up 5%. The remaining components of the cell
include various substances, among which are RNA and DNA, which contain the
genetic information necessary for the cell to function properly. The cellular
membrane is the barrier between the interior of the cell and the outside environment

[12].

2.1. Biological and biomimetic membranes

In mammalian cells, a cellular membrane, also called plasma membrane, is made
of a bilayer of mostly phospholipids with embedded proteins, which due to their
characteristics, avoid any leakage from inside and outside the cell and vice-versa
and therefore maintaining different concentrations of solutes on the two sides
(Figure 1) [13]. The plasma membrane performs several functions, such as
controlling solute permeability and recognition processes. In addition to their
primary functions, membranes also play a crucial role in regulating the movement
of ions, water, and other molecules into and out of cells [11-13]. The plasma
membrane contains specific biomolecules that act as gatekeepers, controlling the
flow of information between cells by receiving chemical or electrical signals and
transmitting them to other cells through signal transduction pathways. The intricate
nature of the plasma membrane has posed challenges in fully comprehending its
mechanism. As a result, biomimetic membranes provide superior opportunities to
investigate specific aspects of membrane function and properties, allowing for a
better understanding of these complex systems [14].

The term biomimetic membranes denote a membrane that artificially mimics a real
cell membrane. Artificial cell models can be defined as those cell-like counterparts
bounded by bilayers constructed of either lipid molecules or block copolymers.
Compared with complex biological membranes with integrated membrane

proteins, these model membranes are simply designed and produced only with
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building blocks, which retain key features of bio-membranes, and allow
investigations performed in relatively simple environments. However, due to the
simplicity of such a model system the interpretation of a result is often clearer.
There are many different model membranes, with free-standing lipid bilayers and
vesicles being the most commonly used models because they are easy to
manipulate and visualize. This section will describe the structure of the biological
plasma membrane, including the various types of lipids and membrane proteins
present [15]. To better comprehend the intricacies of these systems, artificial
models of the cell membrane have been developed that will be presented and

discussed in view of their pros and cons.

2.1.1. Cellular membrane structure

The membranes have a thickness of approximately 5-6 nm and are primarily made
up of a diverse range of lipids that form the structural basis of the membrane and
create a barrier for hydrophilic molecules [14-16]. Specifically, the plasma
membrane is comprised of a phospholipid bilayer, consisting of amphiphilic
molecules with hydrophilic polar heads and hydrophobic acyl chains (Figure 2a).
The lipid bilayer in the plasma membrane is formed due to the properties of these
amphiphilic molecules in such a way that the polar parts are directed to the aqueous
phase outside and inside the cell [16-17]. The forces that hold these structures
together are weak Van der Waals, hydrophobic, hydrogen-bonding, and
electrostatic interactions [18]. The function of the plasma membrane is dependent
on the predominant lipid compositions present, which can vary in terms of different
types of cells. Most membranes contain phospholipid molecules and cholesterols
as their major structural components, which impact the membrane's permeability
and contribute to its structural functions. Phospholipids consist of two fatty acid
chains esterified to a glycerol molecule, with a phosphate group associated with a
hydrophilic moiety, such as phosphatidylcholine (PC), phosphatidylethanolamine
(PE), phosphatidylserine (PS), phosphatidylinositol (PI), and cardiolipin
(Figure 2b). Phospholipid bilayer of the membranes also contain cholesterol which
is a small polycyclic amphipathic molecule that its polar section is restricted to a
single hydroxyl (OH) group and its apolar section has an asymmetric structure

(Figure 2c) [11,12,16,17]. Cholesterol cannot form a membrane by itself but



inserts into a bilayer of phospholipids with its hydroxyl group close to the head
group of phospholipids. Other lipids such as sphingolipids and glycolipids

containing sugars are responsible for protecting the membrane from extreme

conditions, i.e., low pH and degrading enzymes [16,17,19].

Figure 1. Sketch of a plasma membrane. The major components of the plasma membrane are lipids (phospholipids

and cholesterol), proteins, and carbohydrate groups attached to some of the lipids and proteins.
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2.1.2. Mechanical properties of cell membranes

The mechanical properties of cellular membranes are determined through different
types of phospholipids in the membrane which displays various material
characteristics that are influenced by the phospholipids and how they respond to
physical factors such as temperature, pressure, pH, or surface tension tension [20-
23]. A significant temperature increase of lipid bilayers leads to an energetic
reorganization of lipids by chain melting, i.e., a phase transition from gel to liquid
crystal caused by a huge entropic change [24]. Each phospholipid mixture exhibits
different thermotropic phase behaviour and intrinsic bending and compressibility
[25]. Moreover, the temperature for the phase transition can be lowered with
increasing surface tension at constant pressure, which can be explained by
thermodynamics. This phenomenon is known as the Gibbs-Thomson effect, and it
is due to the increase in the free energy of small lipid aggregates at the interface

[26]. As the packing density of the lipids increases, resulting in a more ordered



membrane structure, and potentially increasing surface tension, the temperature
required to achieve a higher degree of order in the lipid tails is lowered. This
phenomenon highlights the significance of surface tension in cell membranes, as
it grants the lipid bilayer of the membrane the necessary rigidity and stability [27].
While the lipid bilayer determines the basic structure of plasma membranes, most

of the cellular and physiological processes are carried out by membrane proteins
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2.2.

Membrane proteins

The plasma membrane is usually composed of 30% membrane proteins, either
incorporated into the membrane or bound only to the surface of the membrane on
one or both sides. Membrane proteins are classified based on their interaction with
the plasma membrane [29,30]. They are divided into two major groups: Peripheral
and Integral proteins. Peripheral membrane proteins are those that temporarily
adhere to the biological membrane through weak interactions such as electrostatic
or hydrogen bonding with lipid head groups or other membrane proteins.
Detachment of these proteins from membrane surface can be done easily by mild
treatment such as changes in pH or ionic strength [31,32]. This property is in
contrast to integral membrane proteins, which penetrate the phospholipid bilayer
of the plasma membrane and permanently attach to it via hydrophobic interactions.
For this reason, detergents can be used to remove integral proteins that nearly
destroy the hydrophobic interaction of the entire lipid bilayer [33]. Transmembrane
proteins are a type of integral proteins that span the entire biological membrane.
These proteins typically have hydrophobic regions that interact with the
hydrophobic fatty acid chains of the lipid bilayer, anchoring the protein in place.
A transmembrane protein may also have hydrophilic regions that interact with the
aqueous environment on either side of the membrane. These proteins play key roles
in numerous biological processes, such as cell signalling and the transport of ions
and nutrients [34-37]. Membrane proteins generally can act as receptors,
transporters, and channels, or converters (Figure 3a). They have numerous
functionalities and responsibilities, such as cell developments, cell-cell
interactions, energy conversions, neural transmissions, and muscle contractions

that can be conducted via protein-protein interaction [29,30].

2.2.1. Protein-protein interactions

Protein-protein interactions involve the binding of two or more membrane protein
molecules through specific regions on their surfaces, known as binding sites [38].
Membrane proteins can interact with other proteins within the membrane, as well
as with proteins outside of the membrane [39]. One possibility of protein-protein
interactions is the formation of complexes. In this process, two or more proteins
bind together to form a larger, multi-subunit complex. The individual proteins

within the complex often work together to carry out specific functions, such as



enzymatic reactions or molecular signalling [40]. Another way that protein-protein
interactions occur is through allosteric regulation. In this process, binding of one
protein to another causes a conformational change in the target protein, leading to
a change in its activity or function. Allosteric regulation is often used in signalling
pathways to control the activity of enzymes and other proteins [41,42]. Protein-
protein interactions can also occur through the formation of transient complexes.
In this process, proteins interact with each other for a short period of time, allowing
them to carry out specific functions before dissociating. Transient interactions are

often used in signalling pathways to amplify signals and to ensure that the correct

proteins are activated in response to specific stimuli [43].
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Figure 3. Schematic representation of membrane proteins incorporated into a cell membrane. a) Peripheral and

integral membrane proteins: Peripheral proteins are proteins that bind temporarily to the membrane through weak

interactions on outer side of the membrane as shown above. Integral proteins, on the other hand, are those that

penetrate the cell membrane and bind permanently to the membrane through strong interactions. b) G protein-

coupled receptors are integral membrane proteins that are inserted in the cell membrane and transmit signals from

the extracellular region to the interior of the cell membrane.
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2.2.2. Sensitive membrane proteins
Membrane proteins, in addition to their role in protein-protein interactions, can
also play a key role in membrane structure and function [34]. They can act as
channels or transporters, allowing specific molecules to pass through the

membrane [44]. They can also act as enzymes, catalysing biochemical reactions
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within the membrane, and they can act as receptors that transmit signals between
the inside and outside of the cell [45,46]. Some of these membrane proteins are
considered as sensitive proteins that undergo changes in their properties or
functions in response to certain stimuli such as voltage, chemicals or light. The
voltage-gated ion channel proteins are sensitive proteins that respond to changes
in the electrical potential across the membrane to open or close and allow ions to
flow across the membrane [47-51]. Another type of sensitive membrane proteins
is the chemically sensitive protein which is include G-protein coupled receptors
(GPCR) that involved in signalling pathways that regulate a wide range of cellular
processes, including hormone and neurotransmitter signalling (Figure 3b). These
receptors respond to ligands such as hormones or neurotransmitters, which bind to
the receptor and cause a conformational change that activates intracellular
signalling pathways [52]. Another type of sensitive membrane protein is the light-
sensitive rthodopsin family of proteins, which includes opsins found in the retina
of the eye. Upon illumination these proteins change their conformation and initiate

a signalling cascade that leads to the perception of light [53-55].

2.2.3. Signalling cascade

Signalling cascade is a type of intracellular signalling pathway that involves a
series of biochemical reactions, typically triggered by the binding of a ligand to a
cell surface receptor. The ligand binding to the receptor induces a conformational
change that activates the receptor, leading to the recruitment and activation of
downstream signalling proteins [56]. For example, in GPCR signalling pathways,
the cascade signalling is initiated by a light-sensitive membrane protein such as
rhodopsin which is the G-protein coupled receptor [57]. The rhodopsin has a
unique chromophore molecule called retinal. The retinal is covalently attached to
a lysine residue in the protein. When retinal absorbs a photon of light, it undergoes
a conformational change activating the rhodopsin. The conformational change in
the rhodopsin-receptor causes an opening in the molecule for the G-protein known
as transducin, which has three subunits: alpha, beta, and gamma, to bind to the
rhodopsin. The binding of the transducin to the rhodopsin cause the alpha subunit
of the transducin to exchange its GDP molecule for a GTP molecule, leading to the
dissociation of the alpha subunit from the beta-gamma subunits. The alpha subunit

can then activate a downstream effector protein, such as an enzyme called
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phosphodiesterase (PDE), which degrade the hydrolysis of cyclic GMP (cGMP) to
GMP (Figure 4). The hyperpolarization of the photoreceptor cell leads to a
decrease in neurotransmitter release from the cell, which is then transmitted to the
downstream neurons of the visual pathway. This ultimately leads to the perception
of light by the brain. This mechanism of light sensitive proteins such as Rhodopsin
as GPCR is essential for vision and other light-dependent physiological processes

in many organisms [58,59].

cGMP Phosphodiesterase

Active Transducin GMP

(Step 1) (Step 2)

Figure 4. Schematic illustration of GPCR photoactivation.

2.2.4. Bacteriarhodopsin and Archaeorhodopsin

There are different types of rhodopsin proteins apart from human and bovine
rhodopsin known as the receptor for G-protein that can be found in various
organism having unique properties. For instance, bacteriarhodopsin is a rhodopsin
found in Archaea specifically in a species of halobacteria [60]. Bacteriarhodopsin
can function as a light-driven proton pump [61]. It has a similar structure to other
rhodopsins as well as human and bovine rhodopsin with a retinal chromophore
covalently bound to the protein [62]. Bacteriarhodopsin is the only protein in the
purple membrane covering 80 % of the total membrane surface. The purple colour
of the bacteriorhodopsin-containing membrane is due to the presence of the
protein, while the ability to absorb light is due to the retinal chromophore that is
covalently bound to the protein through a Schiff base linkage [60].

When bacteriorhodopsin absorbs a photon of light, the retinal chromophore
undergoes an isomerization to the 13-cis retinal configuration. This triggers a
series of events, including proton transfer from the Schiff base to an acceptor

residue (Asp85) located on the extracellular side of the protein. The Schiff base



21

then switches its orientation to face Asp96, a donor residue located on the
intracellular side of the proton channel within the protein. Asp96 accepts a proton
from the cytoplasm and transfers it to the Schiff base, causing the retinal
chromophore to isomerize back to its all-trans state. The photocycle returns
bacteriorhodopsin back to its ground state, with the release of a proton from the
proton-release complex into the extracellular environment. This completes the
proton pumping process and sets the stage for another round of proton pumping
upon light absorption [63,64]. Archaeorhodopsin is another microbial rhodopsin
that has the similar structure to bacteriarhodopsin functioning in capturing light
energy [65,66]. Like bacteriorhodopsin, archacorhodopsin undergoes a photocycle
when it absorbs light. The retinal chromophore undergoes isomerization to the all-
trans retinal configuration, which triggers a conformational change leading to the
transfer of a proton from an acidic amino acid residue (Asp85) to the Schiff base
linkage between the retinal and a lysine residue [67]. This transfer results in the
translocation of a chloride ion across the cell membrane from the extracellular to
the cytoplasmic side. After the chloride ion is released into the cytoplasm, a
conformational change occurs, returning the protein to its initial state, ready for
another photocycle [68]. Despite the bacteriarhosopsin and archaecorhodopsin, the
human and bovine rhodopsin is not capable of functioning as proton pump. Instead,
they are only involved in the detection of light and the transduction signalling

pathways [69].

Understanding the behaviour of rhodopsin proteins and their role in GPCR
signalling is very crucial in many areas. It provides valuable information about
how GPCR transmit signals to the cells. It helps to comprehend the basic and
fundamental mechanism of vision and sensory perception [52-59]. Studying the
structure and behaviour of rhodopsin and other GPCRs can provide insights into
designing drugs that specifically target these receptors, potentially leading to new
treatments for various diseases [70]. However, in real cellular membrane in vivo,
the understanding of the mechanism of the GPCR signalling can be challenging
and may involve certain limitations that could affect the accuracy and relevance of
the obtained results. The main limitation is the complexity of in vivo systems,
which can make it difficult to study and require many characterisation techniques

such as fluorescence, EPR and NMR spectroscopy to interpret the data [71].
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Therefore, in vitro studies can provide a more controlled and predictable
environment, allowing for a better understanding of the molecular mechanisms
underlying the functions of membrane proteins. Additionally, in vitro studies can
use purified synthesized proteins, eliminating the complexity and variability of
whole cell systems. Therefore, scientist have been developing biomimetic
membrane over the last few decades, aiming at modelling cellular membranes for

simulating the signals occurring across the membrane [72-74].



2.3. Model cell membranes
Artificial cell models have proven to be an important tool for studying various
membrane properties, e.g., lipid structures and functions, processes in the
membrane, curvature effect, ion channels, and interaction of lipids with drugs or
nanoparticles, as well as for studying the membrane activity of various natural or
synthetic compounds such as peptides [72-75]. In contrast to complex biological
membranes with integrated membrane proteins, these artificial cell models are
simple structured and consist only of building blocks that retain the main features
of the plasma membrane and allow studies in relatively simple environments, and
thus enable a clear interpretation of the results [75,76]. The application of model
cell membranes is determined by the format of the membranes, which generally
include bilayers in the form of vesicles, supported lipid bilayer or free-standing

lipid bilayer [77].

2.3.1. Supported lipid bilayers
Supported lipid bilayers (SLBs) are stable flat lipid bilayers supported on a solid
substrate such as glass or silicon and are usually formed by adsorption and fusion
of vesicles (Figure 5a). In such an artificial membrane system, the hydrophilic head
groups of the lower lipid monolayer face the substrate, while the hydrophobic acyl
chains are in contact with the lipid tails of the upper monolayer. Due to the
structure of SLBs, the top surface of the membrane is exposed to the aqueous
solution, so SLBs can not only be used to characterize the chemical interactions
between two monolayers, but also provide various tools for surface-specific
analyses. SLBs are also capable of preserving the asymmetric aspect of a
biological membrane [78-80]. They are used to predict the phase behaviour and
organization of molecules in the plasma membrane. Characterization and
visualization of SLM membranes is as simple as it is compatible with surface
sensing techniques such as atomic force microscopy (AFM), secondary ion mass
spectroscopy (SIMS), or X-ray and fluorescence microscopy [81]. However, one
of the main drawbacks of the SLB model system is the proximity of the bilayer to
the substrate, which directly affects membrane mobility or protein incorporation,
making it difficult to characterize the functions of target membrane proteins and

all kinetic aspects.
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2.3.2. Vesicles

Lipid vesicles or liposomes are simple model systems of a closed cellular
membrane for studying membrane phase behaviour and membrane processes,
including membrane fusion and molecular recognition. Vesicles are fluid-filled
spherical architectures formed spontaneously by self-assembly of phospholipids
[82]. Initially, vesicles have been introduced using gentle hydration method
discovered by Bangham in 1964. In this method, the phospholipids are first
dissolved in an organic solvent and then dried by evaporating the solvent under
vacuum until lipid films form on the container surface. After the lipids have dried
at temperatures above the phase transition, the dried phospholipid films are
hydrated by adding an aqueous solution [83]. This standard method to produce
vesicles has limitations in terms of producing vesicles with high encapsulation
efficiency and controlling the lamellarity properties. Lamellarity property refers to
the organization of lipid layers in vesicles or liposomes. It describes the way in
which the layers are stacked together and the uniformity of their size and shape.
Unilamellar vesicles consist of a single spherical lipid bilayer are formed by
sonication of the multilamellar vesicle solution in a classical ultrasound device.
However, this method produces a broad range of size distributions, which is from
10 nm to 1 pm considered as small and large unilamellar vesicles (SUV and LUV)
and extrusion into narrow size distribution is demanded [84]. Larger vesicles so-
called giant vesicles (GUV) between 1 um to 1 mm are the closest in size to actual
cells and can be used as a model cell membrane (Figure 5b). GUVs can easily be
visualised and characterised using AFM or optical (fluorescent or confocal)
microscopy. GUVs can either be formed using hydrating a dried lipid film or
electro-formation method. Lipid vesicles are not only considered to be very
powerful artificial membranes for biological studies but can also encapsulate
biomolecules to transport and incorporate them into the bilayer [85,86]. However,
they have drawbacks when it comes to electrophysiological measurements of lipid
bilayers. To characterize the electrical properties of the lipid bilayer using vesicles,
two electrodes must be inserted inside and outside a single vesicle after a vesicle
is detected, which can be challenging. It would be even more difficult to
immobilize the vesicles for optical observation and simultaneously perform

electrophysiological measurements.
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Figure 5. Conceptual illustration of a) a supported planar lipid bilayer (SLB) b) GUVs as model cell membranes

c) Droplet interface bilayers (DIBs).
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2.3.3. Free standing lipid bilayer

Black lipid membrane (BLM), known as free-standing lipid bilayers, is actually
the first biomimetic membrane that can be used for -electrochemistry
measurements. The main advantage of free-standing lipid bilayers over supported
lipid bilayers and vesicles is the fact that both sides of the lipid bilayer can be under
control in terms of changing the aqueous phase [87,88]. However, the challenge in
this technique is the formation of the free-standing lipid bilayer due to its lack of
great stability. Recent studies have proven that using two water droplets in an oily
phase containing lipids can lead to formation of a large area free-standing lipid

bilayer [89], which are called DIBs.

2.3.3.1. Droplet-interface bilayers (DIBs)

DIBs are other artificial model membranes formed by assembling aqueous droplets
covered by a lipid monolayer immersed in an oil-lipid mixture. When two lipid
coated droplets carefully approach each other, the two lipid monolayers arrange at
the interface of the droplets to form a robust bilayer (Figure 5¢) [90-92]. The lipid-
out technique uses lipids dissolved in the oil phase, while the lipid-in method
involves lipid vesicles entrapped in the internal aqueous phase. Most often, the
lipid-in approach is used to form asymmetric lipid bilayers. In the lipid-in
approach, when two vesicles with different types of lipid composition in separate
water droplets are in contact, two lipid monolayers with different composition are
created resulting in forming an asymmetric lipid bilayer [95]. The DIB technique

offers a number of advantages, such as its high stability, resulting in an extended



lifetime of days to weeks, and easy-to-control electrical measurements by inserting
hydrophilic electrodes into the droplets to measure capacitance and to record ion
currents passing ion channels [93,94]. In general, there are two different
approaches for the formation of DIB model membranes, lipid-in and lipid-out DIB.
This depends on how the phospholipids are assembled into monolayers at the
water-oil interfaces.

The DIB technique has been employed for incorporating various membrane
proteins, for electrophysiological characterization [96]. With the continuous
electrical measurement on the lipid bilayer, DIBs can have a lifetime ranging from
days to weeks, making them a potential method as biomimetic model cell
membrane for measuring the electrical properties of membrane proteins. Thus, the
DIB technique was considered in conjunction with in vitro transcription and
translation to generate cell-free expressed membrane proteins inside the droplets
[97]. However, the traditional DIBs technology also comprises some limitations.
In general, optical, and mechanical characterisation is difficult due to the stability
of the droplets in the solvent. Some recent studies have shown that using 3D
printing structures of droplets connected by interface lipid bilayers can enhance
the precision and stabilities of the droplets to be immobilised [98,99], however
changing the surrounding phase of the lipid bilayer is not feasible using DIB
technique for membrane analysis which is the main drawback of the DIB
technique. In order to minimize the impact of poor electrical background noise in
DIB technique and achieve greater optical tracking in lipid bilayer formation,
another strategy should be considered for the formation of a free-standing lipid
bilayer. Recent studies have shown that a microfluidic system combined with DIB
technique is a powerful tool for forming a free-standing lipid bilayer. This method,
as a subcategory, overcomes the drawbacks of some previous techniques and
provides excellent stability and significantly reduces background noise for

electrical measurements [99, 100].

2.3.3.2. Free-standing lipid bilayer in microfluidics
To form lipid bilayer in microfluidic, first the cross-geometry channels in
microfluidics consisting of four intersecting channels were introduced in 2006 by

Funakoshi et al. [101] to create a free-standing lipid bilayer. Initially, the channels



in the microfluidic device were filled with a mixture of oil and lipids for one hour.
Subsequently, aqueous fingers were injected using syringe pumps and the oil water
interface decorates with a lipid monolayer. When the two aqueous phases are
gently brought in contact at the cross section, the lipid monolayers at the water oil
interfaces form a free-standing lipid bilayer. With this geometry, lipid bilayers with
diameters of up to 500 um could be produced in a highly controllable manner. This
technique allows for a decent formation stability and electrical measurement
(Figure 6a) [101]. The drawbacks of this techniques is that both sides of the free-
standing lipid bilayer remain immobile which prevents for changing or adding any
compounds to the aqueous phase. To overcome this issue and be able to change the
surrounding phase of the free-standing lipid bilayer, the parallel microchannel
shape was designed. As shown in the Figure 6b, this technique not only allows for
the great stability, it allows for the exchanging the surrounding aqueous phase of
the free-standing lipid bilayer, which subsequently allows for inserting different
molecules such as proteins, antibiotics, vesicles and so on at different stages of an
experiment. This microfluidic geometry allows to explore the interaction of a
plethora of molecules with free-standing lipid bilayer, using both optical and

electrical monitored [102].
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Figure 6. Schematic representation of the microfluidic system for the formation of a free-standing lipid bilayer. In
this technique, the objective lens of the microscope is directed to the side view of the formed lipid bilayer, which
is seen as a black line. a) The lipid bilayer forms when two aqueous fingers separated by mixture of oil and lipids
gently contact each other at the intersection of the cross channels. b) The lipid bilayer forms when aqueous phase

in the parallel channels meet at the intersection separated by mixture of oil and lipids.
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Materials and Methods

This chapter is divided into three main parts. The first part discusses the microfluidics,
the device fabrications, and the experimental running setup for lipid bilayer formation.
The second part describes the use of patch-clamp technique for the electrophysiological
measurement of the lipid bilayer. Lastly, the third part explains how surface and bilayer
tension can be driven from curvature of the lipid bilayer using hydrostatic pressure

system.

Materials

DOPC (1,2-dioleoyl-sn-glycero-3-phosphocholine), DPhPC (1,2-diphytanoyl-sn-
glycero-3-phosphocholine), and Monoolein (1-Oleoyl-rac-glycerol) were used as test
lipids. DOPC is one of the most common lipids in the human cell membrane. DPhPC
is a less biological relevant lipid, but known to produce a very stable bilayer. DOPC
and DPhPC lipids were purchased from Avanti Polar Lipids, and Monoolein was
purchased from Sigma Aldrich. To prepare oil-lipid solutions, 5 mg of lipids were
dissolved in 1 mL of pure squalene oil (Sigma-Aldrich, St. Louis, Missouri, USA) at
45 °C while undergoing continuous stirring for 3 h.

The Archaeorhodopsin-3-EGFP protein is produced using a cell-free expression
system. Specifically, the commercially available E. coli T7 S30 Extract System for
Circular DNA (Promega, Madison, Wisconsin, USA) served as the chosen expression
system. The Plasmid used, WT Arch-3-EGFP in pET28Db, is obtained from Adgene. The
expression is performed in the presence of vesicles. The vesicles (SUV) were produced
by adding 1 mg of DOPC and DPhPC to the NaCl buffer in two different vials and
sonicate three times, applying the continuous cycle of 4 s pulse and 4 s break for 4 min,
and 2 min rest in between [112]. The solution containing SUVs is mixed with 400 pl
of S30 Premix without Amino Acids, 50 pL of Amino Acid Mixture Minus Cysteine at
I mM, 50 pL of Amino Acid Mixture Minus Leucine at 1 mM and 500 pL of ultrapure
water. Expression reactions were conducted as follows: The components of the cell-
free expression system are combined to create a "mastermix" consisting of 40 pL S30
Premix without Amino Acids, 5 pL of Amino Acid Mixture Minus Cysteine at | mM,
5 puL of Amino Acid Mixture Minus Leucine at 1 mM, and 30 pL T7 S30 Extract
System for Circular DNA. To this mastermix, 10 nM of plasmid DNA is added, and the
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mixture is filled up with the vesicle solution to reach a total reaction volume of 100 uL.
The expression reaction is subsequently incubated at 37 °C for 48 hours. It's important
to note that each reaction solution is directly introduced into the microfluidic device
post-expression and could not be utilized beyond 24 hours [121].

For the production of porcine photoreceptor outer segment (POS) for the project of
photoactivation of GPCR signalling cascade, 80 fresh pig eyes were obtained from
slaughter and are kept in the dark. The extraction of the porcine outer segment from
retina cells in the pig eyes is quite lengthy and was conducted strictly following the
protocol published in [122]. The end result provided the POS aliquoting with and
without labelling.

3.1. Introduction to Microfluidics
Microfluidics is the science of manipulating and controlling fluids with small
volumes of less than one picoliter (107> L) geometrically confined in chips of one
microliter (10 L) that are composed of networks of channels with dimensions
ranging from tens to hundreds of micrometers. In the microworld, the laminar
behaviour of flows and diffusion become dominant, and the miniaturization of
channel dimensions provides the opportunity to manipulate and control fluids
much more precisely than in the macroworld. The concept of microfluidics first
emerged in the 1970s (Terrry et al.) when he introduced a gas chromatograph based
on etched microchannels in a silicon wafer [103] In the 1990s (Manz et al.), the
application of microfluidic systems in molecular analysis evolved tremendously
[104]. The benefits of using microfluidics for applications such as cell culturing
and bioprinting in biology, emulsions and formulations in cosmetics, drug
discovery and diagnosis in pharmaceuticals, flow synthesis and screening assays
in chemistry, and micromodelling to improve petroleum production are
innumerable [105,106]. Down-scaling to micro range in microfluidic has thus
enabled many researchers to consume less samples and control fluids much more
precisely compared to larger scales. In micro scales, flows become laminar which
allows for more precise environment and control over shear forces. The small
volume provides the ability to analyse and characterize models much faster and
with higher sensitivity [107]. Conventional microfluidic systems were all made of
silicon and glass, which are produced in the MEMS industry [108]. However, as

microfluidic techniques evolved, a new concept called a lap-on-chip system using
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soft lithography was introduced. This technique allows a microstructure to be
replicated from a master mold into silicon rubber or polymer surfaces produced in
bio-chemical laboratories. In this work PDMS (Polydimethylsiloxane) was used
as a polymer for the soft lithography due to its fast and cheap fabrication, and very

low background fluorescence [109,110].

Device fabrication

For the fabrication of a master mold structure, I used standard photolithography
technique that is replicated in PDMS for form the microfluidic device. Before
conducting photolithography, first a photomask was fabricated. For that, the mask
design is drawn in 2D using AutoCAD software and printed on an opaque polyester
film with transparent structures. To produce a master consisting of a photoresist
structure on top of a silicon wafer by photolithography, the silicon wafers are
rinsed with isopropanol and acetone to remove possible contaminants. In my
technique, a UV-light photosensitive resist is used and spin coated on a cleaned
silicon wafer. The thickness of the applied photoresist is determined by the
viscosity of the photoresist and the acceleration, spinning speed and spinning time
applied to the photoresist, respectively to the silicon wafer. The used SU8-100
negative photoresist was used to achieve homogeneous resist thicknesses of about
100 um height; the used parameters are shown in the table I. After spin coating,
the silicon wafer is placed on a hot plate to soft bake at 65°C and 95°C (table (1))
(pre-exposure baking). The heat ensures that the photoresist dries out and adheres
better to the surface. Immediately after soft baking, the photomask is placed on the
resist coating of the silicon wafer and placed under the UV-exposure machine.
After exposure through the transparency mask, the wafer is again placed on a hot
plate for post-baking at 65°C and 95°C to increase the degree of cross-linking
(Table (I)). Finally, the wafer is rinsed with SU8 developer (1-methoxy-2- propyl
acetate) for 5 minutes. The SU8 remaining on the silicon wafer is the one that was
exposed to the light and was cross linked, which is the master used to mold the
microfluidic chip by soft lithography. For fabricating the microfluidic device using
soft-lithography, the commercially available PDMS rubber kid Sylgard 184 (Dow
Corning) was used. After mixing the PDMS molecules and the curing agent in a
ration 10:1, the PDMS mixture is allowed to stand at room temperature for about

15 minutes to remove air bubbles. Then, the PDMS mixture is poured onto the



master that is placed in a Petri dish. The Petri dish with the PDMS mixture is placed

in an oven at 65 °C for two and a half hours to crosslink and solidify the PDMS

mixture. After cooling, the PDMS is removed from the master. The microfluidic

channels patterned on the exfoliated PDMS have a height of 100 um. The PDMS

is then attached to a glass substrate by plasma bonding and then baked at a high

temperature (100° C) to create a strong bond between PDMS and glass substrate.

This process allows for the creation of a stable, leak-free seal between the PDMS

and the glass, besides it ensures restoring the hydrophobicity of the PDMS. The

same protocol was used in all experiments in this work for fabricating the

microfluidic chip (Figure 7b).

Table (1). Microfabrication parameters in cleanroom for the SU8-100 negative photoresist. The parameters were

adjusted to achieve 100 um height [111].

Channel height
Spin velocity
Pre-bake (65° C)
Pre-bake (95° C)
Exposure
Post-bake (65° C)
Post-bake (95° C)
Development

Clean room temperature

pm

RPM

Min

Min

Sec

Min

Min

Min

25°C

80

2000

10

30

30

120

1700

13

37

30

The microfluidic geometry on the photomask is designed as a transparent X-shape with two

side-by-side channels that are both 300 um wide and that meet at an intersection with an

extension of 150 um (Figure 7a).
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Figure 7. a) The X geometry of the microfluidic structure with 2 side-by-side channels having 300 pm channel
width and an intersection space with 150 pm. b) The cartoon de of photolithography process. Microfabrication
process of an SU-8 master for soft lithography. A silicon wafer is carefully cleaned with solvents to remove dust
particles and the photoresist is coated on the silicon wafer using spin coating. The coated wafer is irradiated with
UV light through a photomask, and finally the non-crosslinked photoresist is removed from the wafer, leaving only

the designed microchannel.

3.2. Experimental setup

Generally, the formation of bilayers in microfluidic devices can be achieved through either
volumetric control or pressure control. Bilayers can be easily formed using volumetric
control, which, in our laboratory, is facilitated by computer-controlled syringe pumps. These
pumps are well-suited for delivering constant flow rates, but they have limitations in
stopping flow as needed to effectively form and stabilize a free-standing phospholipid
bilayer. This is due to the occurrence of a persistent 'creeping flow' caused by dilation of the

tubing system once a certain volume of fluid is injected. Consequently, producing long-
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lasting bilayers remains challenging due to the restricted flow control offered by the
currently utilized volumetric control method. In contrast, a pressure pulse propagates at the

speed of sound, allowing for an immediate stoppage of flow in a pressure-controlled system.
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Figure 8. Schematic of hydrostatic pressure control system. The two inlets of the microfluidic device are connected
to the two hydrostatic reservoir that are fixed on a motorized stage, and the outlets are connected to two reservoirs
at a fixed height position. By applying a pressure difference which is the difference of the inlets and outlets, the

aqueous fingers are pushed forward to meet at the intersection area of the microfluidic chip.

Thus, I have developed a technique using hydrostatic pressure system to control the
flow of the liquid in the microfluidic channels. The hydrostatic pressure setup is
sketched in the Figure 8, where both inlets of the channels are connected individually
to 50 ml syringes via Teflon tubes and the outlets are also connected to two separate
reservoirs that serves as a dump. The vials are sufficiently large and open to the ambient
so that the liquid level lowers insignificantly when liquid is flowing through the
channels, which guarantees a constant pressure difference from inlets and outlets in the
microfluidic channels during operation. By adjusting the different height of the
reservoirs from inlets and outlets, the flow of the aqueous phase in the channels is
precisely controlled. By increasing or decreasing the height of the reservoir connected
to the inlets with respect to the reservoir connected to the outlets, positive or negative

pressure difference between inlets and outlets can be applied to the channels to guide
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the liquid fingers to move forward or backward. The approximate pressure difference
to induce 0.001 pl/s flow is calculated to about 0.5 Pascal.

To produce a symmetric lipid bilayer, the microfluidic channels are first filled with
squalene oil containing dissolved lipids with 5 mg/ml of DPhPC and DOPC in a molar
ratio of 2:1. After flushing the channels with the oil, two aqueous fingers are slowly
injected into the channels. During the injection, the water-oil interface of each aqueous
finger is decorated with a phospholipid monolayer. Eventually, the two aqueous fingers
gently meet and when they get close enough to each other, the rearrangement of the
lipid starts in a way that the hydrophilic heads of the lipids are oriented towards the
water aqueous phase and hydrophobic parts are oriented towards the oil phase. When
contacting the two phospholipid monolayers they form a lipid bilayer. The formation

of the bilayer is called zipping (Figure 9).

T T =

Figure 9. Top view of the intersection in the microfluidic device, where two phospholipid monolayers are gently

150 um

brought into contact with each other and form a lipid bilayer by zipping after a few seconds.

To produce an asymmetric lipid bilayer, initially, only pure squalene oil is injected into
the microfluidic device. Subsequently, two buffer fingers containing distinct lipid
vesicles are introduced into each channel inlet. The vesicles composed of different
lipids open up and self-arrange at the interfaces of each leaflet between water and oil.
Once the aqueous fingers of both leaflets gently make contact, the asymmetric lipid

bilayer, featuring two distinct lipid monolayers on each side, will form.

In collaboration with Alessandra Griffo within Prof. Jacobs' team in the SFB 1027
project B1, this platform was used to create a stable, free-standing lipid bilayer. The
great stability of the lipid bilayer allowed to study the mechanical characteristics of the
membrane using atomic force microscopy (AFM). For the formation of the lipid
bilayer, she used another mixture of phospholipids which she explored how the

presence of cholesterol and sphingomyelin influenced the elasticity of the lipid bilayer.
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3.3. Patch-clamp

The patch clamp technique is a versatile electrophysiological tool for determining the
electrical properties of real or model cell membranes and ion channels [113]. The
information about electrical properties of the lipid bilayer allows us to obtain various
parameters such as membrane area, membrane thickness, or ion currents through Arch-
3. To realize those measurements, two Ag/AgCl electrodes are positioned on each side
of the cell membrane in the aqueous solution. In contrast to the conventional whole cell
mode, the electrode arrays in my case does not touch the actual membrane but is
positioned at a certain distance from the artificial model membrane [114]. In my work,
the electrodes were attached to the tubing and inserted into the PDMS device.

The electrical behaviour of model cell membranes can be described by an equivalent
circuit consisting of a resistor in parallel with a capacitor. From an electrical point of
view, capacitance is the amount of charge stored in two parallel plates separated by an
insulator. Therefore, a phospholipid bilayer can be considered as an insulator separating
two conducting (aqueous) phases and subsequently as capacitors [115]. Thus, for
obtaining the membrane thickness, the capacitance of the membrane can be measured
by applying AC voltage to the artificial model membrane [114], and subsequently by
knowing the area of the membrane the thickness of the membrane can be obtained. The
formula below shows that the amount of charge stored in a membrane is proportional
to the area (A), the dielectric constant (K), the permittivity of free space (&), and

disproportional to the distance between phospholipid layers (d):

o o K. A (1)
d
As the lipid composition of many biological membranes is similar, also the dielectric
constant, permittivity, and the thickness of the bilayer are almost the same for other
biological membranes. Thus, the capacitance of most model cell membranes is only
proportional to its area (A), and its specific capacitance (C;) having the unit of F/m?.
The specific capacitance was determined for similar solvent-containing lipid
membrane to be around 4 mF/m? [112]:

cC=¢ - A )



A capacitance measurement recorded during the formation of a lipid bilayer in a
microfluidic device is shown in the Figure 10. The experiment is implemented with a
positive continuous pressure applied to the inlets moving the aqueous fingers slowly
forward to meet each other at the intersection of the channels, where eventually the
bilayer is formed. The resulting first huge jump in the capacitance from the time to to t;
shown in the Figure 10d, is related to sudden formation of the lipid bilayer, so-called
zipping. While the bilayer is already formed, small positive pressure difference between
inlets and outlets continues to apply and the two aqueous fingers continue to move
forward at very low speed. After formation of a certain bilayer area, the bilayer further
extends at a slower speed to the edge of the microfluidic structure, as shown in the
Figure 10d (t2). During that process, the remaining oil is pushed out of the Plateau
borders that act as oil reservoir and the oil is drained to the PDMS over the time,

Figure 10c. After more than one hour, the lipid bilayer finally ruptures.

to bilayer before zipping
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Figure 10. Optical microscopy view of the lipid bilayer formation that is simultaneously measured by patch-clamp
to confirm the visual zipping is referred to the actual lipid bilayer formation. a) Liquid fingers contact at the cross
section before zipping, to. b) Formation of the lipid bilayer at the ti, so-called zipping. ¢) The full expansion of the
lipid bilayer toward the edge of the boarder at the intersection after more than 1 hour, t.. d) Capacitance
measurement of the lipid bilayer. Over the time, the oil reservoir at the plateau boarder vanishes and drains to the
PDMS causing the lipid bilayer expands and subsequently increasing its area. This leads to increase of the

capacitance indicated at the t, in the graph.
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3.4.Surface and membrane tension measurement

The surface and membrane tension is measured using the Young-Laplace equation,
which relates the pressure difference across a lipid mono- or bilayer to the curvature

and tension of the respective parts of a membrane [116-120].

The image in the Figure 11 shows a lipid bilayer that is bend by applying difference
pressures to the channels in the microfluidic device. Using circle fittings to the curved
lipid monolayer (Figure 11a) and bilayer (Figure 11b), we can determine the radius of
curvature for each interface. As the vertical principal curvature of the bilayer

(perpendicular to the image plane) is very small, the fitted circle in vertical direction

would be almost infinite (; ~0), it can be neglected in relation to the principal

vertical ®

curvature in horizontal direction. The horizontal (in plane) radius of curvature of the
free parts of the upper and lower monolayer are Ry and Rgown, respectively as shown
in Figure 11a where there is an unequal pressure difference between leaflets. In case of
a symmetric bilayer, i.e. identical surface tension ¢ of the considered water/oil
interfaces decorated with a lipid monolayer, the externally applied pressure AP can be

related to the optically measurable radii of curvature, via the Young-Laplace equation:

AP=a<i+ ! ) ©)

Rup Rdown
Note that the sign of the radii is different as the curvature of the monolayer is negative.

Using the radius of curvature of the lipid bilayer, Rpjjqyer, sShown Figure 11b, also the

bilayer tension [pjiqyer can be directly calculated to the externally applied pressure

AP:

AP = Thitayer 4)
Rbilayer



Figure 11. Micrograph of a lipid bilayer formed at the intersection of the microfluidic device with a positive applied
pressure from downside causing bending the lipid bilayer upward. a) Shows the radius of curvature for the lipid

monolayer of the upper and lower channel. b) Shows the radius of curvature for the bent lipid bilayer.
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4. Results and Discussions
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This chapter is based on four projects. Two of them have been published as peer
reviewed articles, one exists as a pre-printed paper, and one has been submitted. The
primary motivation driving these investigations was to introduce a novel method for
regulating the creation of a free-standing lipid bilayer within a microfluidic system,
aiming to facilitate membrane analysis. This analysis encompasses the exploration of
protein-membrane interactions and the examination of membrane mechanical

properties.

The publication by Khangholi et al. in Biomicrofluidics 2020 [124] presents a new
approach for creating free-standing lipid bilayers as model cell membranes in
microfluidics using a hydrostatic pressure system. It was demonstrated that controlling
the pressure in the microfluidic device results in increased lifetime of the lipid bilayer.
Besides, the pressure control enables applying well defined pressure difference across
the lipid bilayer. Using this control option, the surface tension of the lipid decorated
oil-water interface and the bilayer tension could be extracted using Young-Laplace
equation. This microfluidic scheme was also used in the publication submitted by
Griffo et al. in bioRxiv 2023 [126] to study the effect of cholesterol and sphingomyelin
on the elasticity of the bilayer.

Having such a platform to form stable free-standing lipid bilayers with the ability to
change the surrounding phase of the lipid bilayer, membrane-protein interaction was
studied in the publication by Khangholi et al in MDPI Molecular Science 2021 [125].
In this study, Archaeorhodopsin as a light-driven proton pump was used to study the
light-induced opening of individual Arch-3 ion channels. The results showed the
current signal obtained during excitation and revealed distinct steps upwards and
downwards which indicates opening and closing of the ion channels. This study paved
the way for a follow up project, studying signalling cascade using this platform; the
preliminary results are available as a pre-print. In the project, the photoavtivation of

G-protein coupled receptors (GPCRs) in Porcine Outer Segment (POS) from pig eyes
is investigated. The results presents the electrical behaviour of gated ion channels in
GPCR in the presence or absence of light. Due to the complexity of the cascade

machinery in the lipid bilayer, the project is still ongoing and needs some final tests.


https://connect.biorxiv.org/relate/content/181
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4.1. Surface lipid monolayer tension and lipid bilayer tension

Microfluidics is a highly adaptable and potent technique for model cell membrane
analysis, which are categorized into three different methods, namely liposome-based,
supported and suspended model cell membranes. In this chapter, I demonstrate a new
approach using a microfluidic system to form suspended lipid bilayer as model cell
membrane to overcome the potential difficulties of other methods such as having a
long-life lipid bilayer with the ability of changing the surrounding phase of the bilayer,
and having microscopic optical view, as well as measuring electrophysiological
properties. In the followings, the achievements in the publication by Khangholi et al.
in Biomicrofluidics 2020 [124] are briefly discussed.

In this project, the lipid bilayers formed in microfluidic devices were manipulated using
hydrostatic pressure system, which enables the great control over the liquid leaflets.
Provided that the lipid bilayer is symmetric, i.e., both leaflets are composed of the same
type of lipid and that the lipid coverage of both leaflets is identical, the bilayer remains
optically flat when the pressure difference applied to each of the two aqueous fingers
is the same, i.e. when the applied differential pressure across the bilayer is zero. If the
pressure applied to both aqueous fingers is reduced to almost zero, the lipid bilayer
remains still, and the area of the lipid bilayer will not increase. This results in an
excellent stability of the lipid bilayer, which can last for more than 6 hours.

Once an unequal pressure is applied to the two aqueous fingers, the pressure difference
between the two fingers causes a symmetrical bilayer to bend towards the lower
pressure. The bending of the lipid bilayer also leads to an increase in the bilayer area
and consequently to an increase in the capacitance signal.

The following experiment shows the series images of the lipid bilayer at different
applied pressure differences between the upper and the lower aqueous finger for about
40 sec each and given about 10 sec time in between to relax (Figure 12a). It should be
mentioned that the overall increase in the “base line” of the capacitance signal (or lipid
bilayer area shown in the Figure 12¢) from t = 100 s to t = 600 s is due to the drainage
of the oil into the PDMS, since there was not given enough relaxation time between the
different pressure steps, because the pressure differences were applied automatically,

and the drainage of the oil was unavoidable.
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Figure 12. A series of microscopic images of the lipid bilayer under electrophysiological measurements. a) Various
Laplace pressure differences were applied to the lipid bilayer for 40 seconds and 10 seconds rest time, respectively.
The lipid bilayer remains curved for 40 seconds and the 10 seconds rest period is used to restore the flat state
(equilibrium). b) Corresponding capacitance measurements of the curved lipid bilayer. c) The increase of the lipid
bilayer area from the t; and t, due to the drainage of the oil in the oil reservoir during the experiment, which causes

the over increase of the capacitance of 20 pF in total.

The radius of curvature of the bent lipid bilayer for each pressure difference step is
obtained as described in the method part (Figure 11a). For the experimental situation
of symmetric leaflets, the surface tension o of the lipid monolayer were calculated
using the Young-Laplace equation (eq. 3). The experiment was implemented for
DOPC, DPhPC, and monoolein. The thus obtained surface tensions were compared to
surface tension values obtained by standard pendant droplet measurements. Using the
radius of curvature of the lipid bilayer (Figure 11b), the bilayer tension was calculated
directly for DOPC, DPhPC, and Monoolein bilayer; the values are indicated in table II.
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Figure 13. Applied six different pressure difference plotted against the corresponding curvature (

Table II. Surface tension of the lipid monolayer o obtained from (a) the radius of the curvature of the
free interfaces with respect to pressure difference using the Eq. 3 and (b) from the pendant droplet
measurement. (c) The bilayer tension I" obtained from the radius of the curvature of the bilayer using

Eq. 4.

Lipid monolayer DOPC DPhPC Monoolein
(mN/m) (mN/m) (mN/m)

a) o using eq. 3 82+0.2 5.8+0.2 2.5+0.1

b) o using pendant drop 73+£1.7 6.1+£1.6 1.9+0.3

method

c) I' using eq. 4 12.6 £0.7 10.3£0.6 48+04

For an asymmetric DPhPC/DOPC lipid bilayer, the monolayer tension could not be
extracted in this way, but the bilayer tension was calculated using six different applied
pressure differences. The results are plotted in Figure 13 as a function of the curvature
of the lipid bilayer. Fitting a linear dependence to the experimental data gives an value
of the bilayer tension of (12.4 + 0.5) mN/m for this asymmetric lipid bilayer averaged

over all measurements.
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In a side-project within Prof. Jacobs' team as part of the SFB 1027 project Bl,
Alessandra Griffo employed Atomic Force Microscopy (AFM) and microfluidics to
examine the mechanical properties, including bilayer tension, elasticity, and

morphological features. The objective was to replicate the plasma membrane using
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pore-spanning membrane with its natural lipid compositions and delve into its intricate
characteristics, with a specific emphasis on the roles of cholesterol and sphingomyelin.
The findings in the publication by Griffo et al. in bioRxiv 2023 [126] revealed that
cholesterol and sphingomyelin contribute to increased membrane tension and rigidity,
even within more complex plasma membrane compositions. In order to support her
outcomes, she also used the microfluidic system particularly used in this thesis to form

free standing lipid bilayers and obtain the lipid bilayer tension.

With all the above results, I have demonstrated that this microfluidic system enables
the simultaneous measurement of surface tensions at lipid-decorated oil-water
interfaces and the tension within a bilayer, all within a single experiment. This method
significantly reduces experimental error compared to established standard
measurements, as shown in Table 1. In addition, this approach was extended to assess
both surface and bilayer tensions in asymmetric lipid bilayers. The thus established
microfluidic control scheme sets the foundation for the following studies of protein-

bilayer interactions.


https://connect.biorxiv.org/relate/content/181
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4.2. Photoactivation of Arch-3-EGFP

The great stability of the lipid bilayer generated by using the technique described above
enabled me to further expand my research to study the interaction of proteins
(Archaeuorhodopsin-3-EGFP) with a free-standing lipid bilayer. In this project, we
took again advantage of the great optically and electrophysiologically access provided
by the microfluidic scheme. The results are published in Khangholi et al in MDPI
Molecular Science 2021 [125] and are briefly summarized here. The formation of
Arch-3 containing lipid bilayer and the activation of Arch-3-EGFP is sketched in the
figure 14. Activation of Arch-3 was obtained by green laser illumination and detected

using current intensity recording.
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Figure 14. (a) A schematic of the formation of a lipid bilayer at the intersection of two microfluidic
channels. b) The fluorescent signal of the EGFP tag from Arch-3 at the site of the suspended bilayer;
PDMS elements remain. ¢) The conformational changes of Arch-3 upon light exposure mediated by the

deprotonation of retinal.

The current recording shown in the figure 15a reveals no activity in the absence of
light, i.e. in the first 40 second of the measurement. Subsequently, the lipid bilayer was
exposed to green laser light (A = 532 nm) for 10 sec. The electrical current spike at
this time results from ions passing through the activated Arch-3. The signal decays after
a several minutes to the initial value. The observation shows that as light-induced
activation and deactivation of Arch-3. The activation of the Arch-3 opens the protein

channel open, which according to the types of rhodopsin protein can occur within
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picoseconds. The recovery of the Schiff base, however, requires milliseconds to several

seconds in different cases. For the Arch-3 used in our experiment, ~84 sec is needed

for the recovery of the Schiff base and to close the channel in the protein.
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Figure 15. a) A real-time current recording of the bilayer containing Arch-3-EGFP. In the absence of
light, we observe a current signal fluctuating around a constant value. The sudden jump in the current
signal demonstrates the activation of Arch-3 caused by a green laser pulse applied to the bilayer
at ~40 s <t <50 s. The signal decays with a time constant of ~ 84 s, to its initial value in dark. b) Current
signal as a function of time for an Arch-3-containing bilayer under continuous 532 nm laser illumination.

¢) The histogram shows the frequency of certain current steps grouped in intervals of 2.5 pA.

Here the result of over 300 individual current steps Al was recorded upon continuous
illumination of the Arch-3 containing lipid bilayer by green laser light. It was found
that most common current step is in the range of 16.25 £ 6.25 pA, which is in excellent
agreement with the value found for the Bacteriorhodopsin [123]. This typical current
step corresponds to a pore radius of the protein channels of (0.31 £ 0.02) nm. The radius
pore of the Arch-3 protein is thus in agreement with the pore radius of

Bacteriorhodopsin (0.4 — 1.19) nm and of rhodopsin (0.45 — 0.7) nm.
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These results demonstrate a successful microfluidic strategy to monitor the electrical
behaviour of light sensitive proteins in the lipid bilayer. Using Arch-3 as an example
for light-responsive protein, it was proven that this strategy has the potential to further
expand the research in the activation of light-responsive proteins in the lipid bilayer as
only the protein can be changed instead of Arch-3 and incorporated into the lipid
bilayer.
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4.3.Porcine outer segment photoactivation

To go beyond a single light sensitive protein, we further used the microfluidic scheme
to exploring signal cascading of G-protein coupled receptors (GPCRs). The project is
ongoing and a preprint attached to this thesis. The project focused on studying the
photoactivation of proteins incorporated into a lipid bilayer. In this work, utilizing
porcine outer segments for GPCR photoactivation, we conducted the experiments both
in the presence and absence of UV-light. Figure 16 presents the current recordings for
these two separate experiments, exemplifying the reaction when light is switch on or
off. In Figure 16a, the recording signal depicts the experiment commencing in the
absence of light and subsequently switching the light on. Figure 16b, shows the
experiment repeating the same process, however the light is subsequently switched off
again. The electrical behaviour shown in both graphs demonstrates the corresponding
opening and closure of gated channels in the porcine outer segments, influenced by

changes in light conditions.
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Figure 16. The current intensity as a function of time. The lipid bilayer is formed containing POS stock
solution, and the current measurement is implemented in the absence and presence of light. a) The lipid
bilayer is first formed in the presence of light. The current recording measurement starts once the light
is switched off to monitor the activation of GPCR signalling in the dark. After a while, the light is
switched on. b) The lipid bilayer is formed in the absence of light. The current recording measurement
starts once the light is switched on to monitor the deactivation of GPCR signalling. After a while, the

light is switched off again

In the detailed explanation of GPCR photoactivation provided in section 2.2.3, it was
elucidated that the degradation of cGMP directly influences the opening and closure of
gated channels, particularly in response to light. To emphasise this effect, two
analogues were introduced, maintaining the gated channel consistently either open or

closed, irrespective of light sensitivity. Figure 17 illustrates these results, elucidating
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the crucial role played by the degradation of the ¢cGMP enzyme in GPCR
photoactivation.

This straightforward strategy demonstrates that the signalling cascade of GPCR in
porcine outer segments (POS) can be effectively monitored within a lipid bilayer by

observing the impact of the cGMP enzyme.
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Figure 17. Recording the current over time in a lipid bilayer with POS containing both activator and
inhibitor cGMP analogues reveals electrical behaviour unaffected by changes in light. The black line
represents the recording with inhibitory cGMP analogues, indicating that the gated channel remains
closed. In contrast, the red line illustrates an increase in current when using activatory cGMP analogues,

signifying the consistent openness of the gated channel.
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Summary and Outlooks

A microfluidic scheme was successfully developed to create a freestanding lipid bilayer in
microfluidics. This approach offers advantages such as excellent optical and
electrophysiological accessibility, as well as accurate monitoring of ongoing processes,
making it an ideal tool for studying model membranes. By implementing a pressure-
controlled system, the lifetime of the bilayer was significantly prolonged (up to
approximately 6 hours) by effectively managing oil refilling the oil reservoir at the Plateau
boarder. Through externally application of controlled pressure differences across the
bilayer, in conjunction with its extended lifetime, I demonstrated the system's capability to
simultaneously measure the surface tensions of lipid-decorated oil-water interfaces and the
tension of the bilayer itself in a single experiment. Furthermore, I expanded the application
of this technique to measure the surface and bilayer tensions of asymmetric lipid bilayers.
It is expected that my method can be employed in the future to analyse asymmetric lipid
bilayers with gel/fluid compositions, provided they exhibit sufficient stability during
bending. Besides the great possibilities to explore the fundamental aspects of bilayer, this
approach opens new possibilities of application such as investigation of biological process
in the model cell membrane as protein-membrane interactions.

Having developed such a platform for studying the lipid bilayer properties, I further
expanded my research to investigate the electrophysiological properties of the
recombinantly produced transmembrane protein Arch-3 incorporated into lipid vesicles
inserted into the lipid bilayer. By applying a voltage across the lipid bilayer containing Arch-
3, the light-induced opening of individual Arch-3 ion channels could be observed, and the
corresponding pore radius of the Arch-3 ion channel was determined to be (0.31 £+ 0.02)
nm, which is in excellent agreement with values found for similar protein pores. The in vitro
system outlined in this description offers the advantage of swift testing and prototyping for
modified Arch-3, as only DNA adaptation is required.

Additionally, it provides a platform for further investigating GPCR signalling as a signalling
cascade. I utilized a stock solution of porcine outer segments derived from retinal tissue to
observe the photoactivation signalling of GPCR. The preliminary results demonstrate that
switching the light on and off leads to changes in current intensity. Specifically, current
intensity rises in the absence of light, which is assumed to be due to the opening of gated
channels, and it decreases in the presence of light possibly as a result of gated channels
closing due to the degradation of cGMP to GMP. These initial results show that the entire

cascade machinery could be inserted into a bilayer, but more test need to be done to ensure
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that the recorded current intensity is from degradation of the cGMP to GMP. As part of an
ongoing project, the cGMP inhibitor and activator was used to actively control the gated
channels in the lipid bilayer, either keeping them closed or open, as the degradation of

cGMP is the key factor in the entire process.

Overall, the developed microfluidic platform opens up new types of precise study of lipid
bilayer properties and facilitates investigations into the electrophysiological characteristics

of transmembrane proteins.
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Abstract:

Freestanding lipid bilayers are one of the most used model systems to mimic biological cell
membranes. To form an unsupported bilayer, we employ two aqueous fingers in a microfluidic
chip surrounded by an oily phase that contains lipids. Upon pushing two aqueous fingers
forward, their interface becomes decorated with a lipid monolayer and eventually zip to form a
bilayer when the monolayers have nanoscopic contact with each other. Using this
straightforward approach, the quick and easy bilayer formation is facilitated by oil draining into
the microfluidic device material consisting of polydimethylsiloxane. However, the oil drainage
limits the lifetime of a bilayer to about 1 h. We demonstrate that this drainage can be managed,
resulting in superior bilayer stability and an increased lifetime of several hours when using a
pressure-controlled system. Applying different pressures to the aqueous fingers in the
microfluidic chip, the formed bilayer can even be bent to a desired curvature. Extracting the
contact angle and the resulting curvature of the bilayer region, for a given applied pressure
difference, both the bilayer tension and the surface tension of each lipid monolayer can be

derived from a single experiment using the Young Laplace pressure equation.
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ABSTRACT

Freestanding lipid bilayers are one of the most used model systems to mimic biological cell membranes. To form an unsupported bilayer,
we employ two aqueous fingers in a microfluidic chip surrounded by an oily phase that contains lipids. Upon pushing two aqueous
fingers forward, their interface becomes decorated with a lipid monolayer and eventually zip to form a bilayer when the monolayers have
nanoscopic contact with each other. Using this straightforward approach, the quick and easy bilayer formation is facilitated by oil draining
into the microfluidic device material consisting of polydimethylsiloxane. However, the oil drainage limits the lifetime of a bilayer to about
1 h. We demonstrate that this drainage can be managed, resulting in superior bilayer stability and an increased lifetime of several hours
when using a pressure-controlled system. Applying different pressures to the aqueous fingers in the microfluidic chip, the formed bilayer
can even be bent to a desired curvature. Extracting the contact angle and the resulting curvature of the bilayer region, for a given applied
pressure difference, both the bilayer tension and the surface tension of each lipid monolayer can be derived from a single experiment

using the Young Laplace pressure equation.
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1. INTRODUCTION

A cell membrane is a barrier to the external environment that
is commonly mimicked in model systems by a simple phospholipid
bilayer. Artificial lipid bilayers are simplified models that have been
used as platforms to understand biological processes occurring at the
cell membrane.” They are also used for biotechnological purposes
such as DNA-chip fast sequencing,’ drug delivery,” or artificial
photosynthesis.”’

There are two major platforms to explore the properties of
lipid bilayers, which are either lipid vesicles or planar bilayers.
Lipid vesicles are basically bilayers in a spherical shape, which are
commonly used in biological and biochemical purposes because of
their ease of synthesis and handling.” Instead, a planar lipid bilayer
consisting of two separated lipid monolayers stabilized by a solvent
is referred to as a Black Lipid Membrane (BLM). BLMs can be
formed either on a supported solid substrate’''or can be
unsupported.'”~"* Advantages of the BLM methods over the lipid
vesicle method are the possibility of electrophysiological measure-
ments and the exchange of chemical reagents without the need of
tedious vesicle handling and manipulation.'”™"” Moreover, a major
issue for using supported lipid bilayers (SLBs) for biomembrane

modeling is decoupling of the membrane from the substrate.
Therefore, in this work, we would like to emphasize on studying
the properties and features of an unsupported lipid bilayer.

One of the recent approaches with this technique, the droplet
interface bilayer (DIB), has been specifically developed to produce a
solvent-free lipid bilayer having a rich lipid composition. This
method also enables a rapid membrane characterization, drug screen-
ing, and ion channel recordings, whereas the possibility of having a
continuous flow surrounding the bilayer in the DIB technique is
somehow limited.*~** Thus, many miniaturized apparatus have been
developed, such as microfluidic devices, to overcome the drawbacks
of all the previous techniques. """ Moreover, the formation of
lipid bilayers in microfluidic devices presents the advantage of chang-
ing the buffer around the bilayer”>*” while enabling good optical and
electrophysiological access without using an undesired solvent (typi-
cally oil), which is essential for various biotechnological purposes.”*
However, it is well-understood that in microfluidic devices made of
PDMS (polydimethylsiloxane), the oil is absorbed by the PDMS with
time, due to the drainage of the oil. This supports the formation of
the bilayer and also affects its lifetime, which is essentially destroyed

when too much of the oil is drained.””” Nevertheless, despite the
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large body of research in the literature on the freestanding bilayer in
microfluidics, the stability and lifetime of the freestanding bilayers
are, in general, barely discussed.””"

In this article, it is shown how the oil that is draining into the
PDMS can be restored and subsequently how the lifetime of the
bilayer can be improved substantially, which enables new classes of
experiments to explore bilayer properties. Taking advantage of the
improved lifetime, we presented a new approach to measuring the
bilayer tension of symmetric and asymmetric lipid bilayers in a
microfluidic device.

1l. EXPERIMENTAL SECTION
A. Lipid preparation

DOPC (1,2-dioleoyl-sn-glycero-3-phosphocholine), DPhPC
(1,2-diphytanoyl-sn-glycero-3-phosphocholine), and Monoolein
(1-Oleoyl-rac-glycerol) were used as test lipids. DOPC is one of the
most common lipids in the human cell membrane. DPhPC is a less
biological relevant lipid, but known to produce a very stable bilayer.
DOPC and DPhPC lipids were purchased from Avanti Polar Lipids,
and Monoolein was purchased from Sigma Aldrich. The surface ten-
sions of lipid decorated interfaces between aqueous buffer solution
and squalene (Table I) were determined using the standard pendant
drop technique using a commercial device (OCA20, Data Physics). To
prepare the oil lipid solution, 5 mg/ml of the lipids were dissolved in
1 ml of pure squalene oil at 45 °C during continuous stirring for 3 h.

B. Device fabrication and setup operation

The microfluidic geometry consisted of two channels side by
side forming an X geometry, as can be seen in Fig. 1. The channels

FIG. 1. Schematic of the microfluidic setup including the hydrostatic pressure
control and the microfluidic mold structure. The inlets of the microfiuidic device
are connected to two syringes that are fixed on a motorized stage, and the
outlets are connected to two reservoirs at a fixed height position.

scitation.org/journal/bmf

have a rectangular cross section of 300 um width and 100 um height.
The two microchannels meet at an intersection with an extension of
150 um. Microfluidic devices with this geometry were fabricated
using standard soft lithography protocols.”" The device was molded
into Sylgard 184 (Dow Corning, USA) from a SU-8 photoresist struc-
ture on a silicon wafer. After removing the mold, the surface of the
Sylgard 184 devices was exposed to nitrogen plasma (Diener elec-
tronic GmbH, Germany) and the device was sealed with a plasma-
treated glass cover slide. The glass cover slide was also coated with a
very thin layer of PDMS (approximately 100 #m). The sealed device
was rendered hydrophobic again by heating it to 135 °C overnight.

The microfluidic device was connected to a hydrostatic pres-
sure system that is presented in Fig. 1. The two inlets were con-
nected to two 50 ml syringes via 50-cm-long Teflon tubes. The two
outlets were connected to other reservoir vials with a fixed position.
To guarantee a constant pressure at the outlets, the vials are open
to the ambient air and are sufficiently large so that the liquid level
does not rise remarkably during an experiment. The flows in the
channels were controlled by adjusting the height of the inlet reser-
voirs, which were fixed on a motorized positioning stage with a res-
olution of 10um giving a pressure resolution of approximately
0.1 Pa. Depending on height of the inlet reservoirs, positive or neg-
ative pressures could be applied to the channels causing the liquid
finger to move forward or backward (Fig. 1). The approximate
pressure to induce 0.001 ul/s flow is about 0.5 Pa.

To produce a symmetric bilayer, the microfluidic chip is initially
filled with squalene containing dissolved lipids. To form a bilayer,
two buffer fingers containing 100 mM NaCl are injected into the
channels applying the same pressure difference between inlets and
outlets. Upon injection of the buffer solutions, their water-oil inter-
faces get decorated with lipids, until they gently meet at the intersec-
tion [cf. Fig. 2(a) (left) (Multimedia view)]. When the two lipid
decorated water-oil interfaces come sufficiently close to each other,
the lipids start to rearrange at their interface and form a bilayer,
which can be observed by optical microscopy as seen in Fig. 2(a)
(right) (Multimedia view).

To produce an asymmetric bilayer, different lipids are soni-
cated in the buffer solution leading to vesicles with a diameter of
approximately 40 nm. In this case, initially, pure oil is flushed into
the microfluidic chip, and two buffer fingers containing different
vesicles are injected into the channels and meet at the intersection
to form an asymmetric bilayer.”

The electrical properties of a bilayer can be analyzed by elec-
trophysical measurements using a patch-clamp amplifier, EPC 10
USB (Heka Electronics). For that purpose Ag/AgCl electrodes were
prepared by inserting a 5-cm-long silver wire in a borosilicate glass
pipet containing a 100 mM NaCl electrolyte solution and applying
5V for 30 min. The prepared electrodes were inserted into the cir-
cular inlet areas of the microfluidic device. The capacitance of the
bilayer is measured using the lock-in function provided by the
patch-clamp amplifier, while applying an 10 mV sinusoidal wave
with a frequency of 10 kHz as an excitation signal.

Ill. RESULTS AND DISCUSSION

Figure 2(b) shows two capacitance measurements, which were
recorded during the formation of the bilayer. At the beginning of
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FIG. 2. (a) Top view of the intersection in the microfluidic device, where two phospholipid monolayers are gently brought into contact with each other (left) and form a lipid
bilayer by zipping after a few seconds (right). (b) Electrophysiological measurements during the formation of the lipid bilayer. To record the red data, a constant pressure dif-
ference AP = Poutiets — Piniets ~ 25 mPa was applied to both aqueous fingers, resulting in a slow continuous forward movement of the aqueous finger and a continuously
increasing bilayer length. To record the black data, the same initial pressure was applied, but reduced to zero within about 10 min after bilayer formation, resulting in a
constant bilayer length, i.e., a constant capacitance signal. In order to increase the lifetime of the bilayer up to approximately 6 h, the drainage of the oil should be restored
in the oil reservoir by applying slightly negative pressure difference. Multimedia view: hitps:/doi.org/10.1063/1.5137810.1; hitps://doi.org/10.1063/1.5137810.2

the experiments, a pressure difference AP was applied to both
liquid fingers in order to bring them into contact at the intersection
and to form a bilayer. This pressure difference AP is defined as the
difference of the applied pressure to the inlets and outlets
AP = Pouiets — Piniess. In order to keep the bilayer flat, an equal
pressure difference is applied to the upper and bottom channels,
AP, = APjy,. From an electrical point of view, a lipid bilayer can
be considered as a capacitor and the formation of a lipid bilayer
leads to a jump in the capacitance signal, which confirms that the
two involved lipid monolayers become closer during the so-called
zipping step. In Fig. 2(b), the first jump in both capacitance signals is
related to the zipping of the bilayer, i.., the bilayer formation. As for
the red signal, the applied pressure remained constant (AP > 0), and,
therefore, both aqueous fingers continue to move forward at slow
speed. During the shown time period, slightly more than 1h the
bilayer extended to the edge of the structure and finally ruptured,
which can be seen by the increasing and then suddenly ending capac-
itance signal [cf. red curve in Fig. 2(b)]. For the black capacitance
signal, the pressure applied to both aqueous fingers (AP, = APpoyn)
was slowly reduced to zero (AP = 0), within about 10 min after the
zipping. This eventually stopped the forward movement of the
aqueous fingers and resulted in a steady value for the capacitance
measurement and a superior bilayer stability of typically 6 h.

To understand the improved stability of the bilayer when
reducing the applied pressure, we first have to understand what
typically leads to the bilayer rupture. Initially, when two aqueous
fingers are injected into the channels, they displace the oil in such
a way that some of the oil wets the walls of the channels. It is well-
known that liquids can penetrate through PDMS even if not notice-
ably swelling it,”’ and certainly our used oil (squalene) is drained
into the PDMS chip. When the remaining oil on the wall of the
channels is drained into the PDMS chip and not replenished, the
bilayer ruptures after a long time. In general, the drainage time is a
function of the oil viscosity. The more viscous the oil is, the longer
the oil drainage takes. The oil drainage is visible by a reduced

extension of the “oil reservoirs” to the left and right of the bilayer
and a parallel extension of the bilayer [cf. Fig. 2(a) (right)
(Multimedia view)]. However, to replenish the drained oil on the
wall of the channels’ oil reservoir [see Fig. 2(a) (right) (Multimedia
view)], we need a source of oil enabling a flow through the wall of
the channels. This source is the remaining oil surrounding the lipid
bilayer. By applying a slightly negative pressure to the liquid finger,
the remaining oil in the microfluidic channel can even restore the
oil in the oil reservoir [see Fig. 2(a) (right) (Multimedia view)].
This effect would also allow us to change the bilayer area by
applying positive and negative pressure difference [see Fig. 2(a)
(right) (Multimedia view)]. Properly adjusting the applied pres-
sure (AP) between inlet and outlet thus facilitates maintaining a
bilayer with a superior lifetime of approximately 6h (Multimedia
view). The images collected for recording the bilayer lifetime of
6h were 969 images with 22 Hz to frame per second (FPS).
However, the lifetime is also limited in this case due to the
mechanical fluctuation or flow fluctuation.

Taking advantage of the optimized control of the bilayer forma-
tion and increased lifetime, a new class of experiments is feasible. In
the following, we will show how surface and bilayer tensions of sym-
metric and asymmetric bilayers can be simultaneously obtained,
from a single experiment using this type of pressure control.

A. Simultaneous surface tension and bilayer tension
measurements

When the pressure difference AP’ between the upper channel
and the lower channel is zero AP' = APy, — APpyy, = 0, a bilayer
remains flat, provided that the bilayer is symmetric, i.e., both leaf-
lets consist of the same type of lipids. In case AP" # 0, the pressure
difference between the two fingers leads to a curvature of a sym-
metric bilayer. In other words, a bilayer bends away from the side
where the pressure is larger. Of course, such a bent bilayer can be
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brought back to its flat shape, once the pressure difference between
both sides become equal again.

Figure 3(a) shows image series of a bilayer at different pressure
differences |AP'| = |APy, — APp,,,| that was applied between the
upper and the lower aqueous finger for about 40 s each and given
about 10s time in between to relax [see Fig. 3 (Multimedia view)].
The corresponding capacitance measurements are shown in Fig. 3(b)
and confirm that by bending the bilayer, the length of the bilayer
(respectively, the bilayer area) increases, resulting in the increase of
capacitance. It must be mentioned that the overall increase of the
capacitance (respectively, the bilayer area) from ¢ ~ 100s to t ~ 600 s
is due to the drainage of the oil into the PDMS as not enough relaxa-
tion time was given in between the various applied pressure steps.

The applied pressure differences AP’ can be expressed also by
the difference in Laplace pressures of the free interfaces of the upper
monolayer APy, ~ ;-Z and the lower monolayer APp,,,, ~ %ﬁ,

OUp _ ODown

AP’ = APy, — APpgyy & (1)

Rup  Rpown

In Eq. (1), oup and opoyy are the surface tensions of the respective
oil-water interfaces decorated with a lipid monolayer. In this case,
only the principal curvatures in horizontal direction Ry, and Rpoun
are considered, whereas the principal curvatures in vertical direction
(perpendicular to the image plane) are very small and can be safely
neglected.

0 100 200 300 400 500

600 700

The externally applied pressure difference AP’ between both
liquid fingers is known and the radii of the curvature of the monolayer
Ryp and Rpoyx can be obtained from the microscopic images by fitting
circular arcs to the free lipid decorated oil-water interfaces, as indicated
in Fig. 4. So, in the symmetric case where the surface tensions of the
upper and lower water finger against oil are equal, it is straightforward
to obtain ¢ = oy = Gpows using the Young-Laplace equation (1).

In Fig. 5, those measurements are shown for six different
applied pressure conditions, whereas the fitted slope provides the
surface tension averaged over these six measurements for the oil-
water interface decorated with a certain lipid. Using this protocol,
the phospholipids DPhPC, DOPC, and Monoolein were tested sepa-
rately to obtain their surface tensions and were compared to values
obtained by standard surface tension measurements in Table I. The
obtained values agree quite well within experimental error, while
the experimental accuracy of our presented surface tension measure-
ment is improved by a factor of 5-10 with respect to the standard
pendant drop measurement. The errors in our case typically come
from the precision of fitting the surface curvature via the software
ImageJ and could be further decreased by increasing the image reso-
lution. All the measurements for the surface tension and the bilayer
tension have been done for the same badge of phospholipids.
However, according to the literature, it could be possible that with
different oil compositions, different results may be obtained.”*""*

Besides the surface tension o of the monolayer decorated
oil-water interfaces, the bilayer tension I" of both symmetric and
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TABLE |. Surface tension of the lipid monolayer o obtained from (a) the radius of
the curvature of the free interfaces with respect to pressure difference using the
Young-Laplace equation (1) and (b) from the pendant droplet measurement. The
bilayer tension T" obtained from (c) the radius of the curvature of the bilayer using
Eq. (2) and (d) obtained using Eq. (3).

Lipid DOPC DPhPC Monoolein
monolayer (mN/m) (mN/m) (mN/m)
(a) o using Eq. (1) 82+0.2 5.8+0.2 25+0.1
(b) o using 7.3+1.7 6.1x1.6 19+03
pendant drop
(c) T using Eq. (2) 126 £0.7 10.3£0.6 48+04
(d) T using Eq. (3) 124+3 9.8+2.6 42+1.8

asymmetric bilayers can also be obtained from the same optical
images when additionally fitting the radius of the curvature of the
bilayer Rpiayer (cf. Fig. 4) for a known applied pressure difference AP,

r
= . ()
Rbilayer
FIG. 4. Micrograph of a symmetric bilayer formed at the intersection of the In Fig. 6(a), the applied pressure difference AP is shown as a
microfluidic device with a negative pressure difference applied (AP’ = APy, function of the corresponding bilayer curvature Ry, for an asym-

—APpoun < 0) bending the bilayer upward. The principal radii of the curvature metric DOPC/DPhPC bilayer. Fitting the slope provides an aver-

of the free monolayer of the upper (Ry,) and lower aqueous finger (Rpown) at aged value for the bilayer tension, leading to (12.4 + 0.5) mN/m in

the “oil triangle” and the radius of the curvature of the bilayer (Ruieyer) are this case. The values for the bilayer tension I" obtained for symmet-

(el ric DOPC, DPhPC, and Monoolein bilayer using this approach
[Eq. (2)] are also given in Table 1. These values are in agreement
with those calculated from the surface tensions of symmetric
leaflets (oyy = Gpown = 0) and the corresponding contact angle
6 = By + Opows in between them [cf. Fig. 6(b)], using

= [
[ - 1"=2-¢T-cos(—>. 3)
o 120 R 2
= opprec ~ (6.6) MN/m -
v 100 b N | However, even though the results from both approaches are identi-
g s cal with respect to their experimental uncertainty, we find that
o .l S 1 experimental uncertainty is reduced by a factor of about four when
[ & using the approach of a bent bilayer, i.e., Eq. (2).
2 L In the case of an asymmetric bilayer, we cannot use Eq. (3),
§ O L7 7 and the bilayer tension is given by
2 S
o 40 - L 1 T = oy cos Oup + Tpown €OS Opown, (4)
= P
2- 20 ,,' 1 whereas 0y, and Op,y, have to be measured with respect to the
e tangent to the bilayer at the three-phase contact point [see Fig. 6(b)].
% 3000 70000 15000 20000 However, measuring the contact angles with respect to the tangent is
1 1 o very hard to do and provides a large error. But based on our experi-
I e I (m™) mental finding for the tested combinations of lipids, both angles are

Rup  Rpown very similar, 8y, & Opoun. Using this experimental finding in Eq. (4),

the bilayer tension can be written as ' ~ (UUP + O'DM) cos (g) So,
FIG. 5. T;; fitted slope ﬁljmdes :h;e averaged e:urfaceamtensoiforl\'.] V?i%‘ is the knowing I' from Eq. (2), we can solve the equation for one of the
(LEEENE BULEAL D EHTIaian] GRS R GINEIT UG e surface tensions oy, Or Gpoy, and insert this in Eq. (1), respectively,
layer Ion the both sides. The shown data are present for a DPhPC lipid 16 obtatii Both 5 UE" tenlgms and the bilayer telzzion frompz singe
s microscopy image. This has been done for the previous example of an

Biomicrofluidics 14, 024117 (2020); doi: 10.1063/1.5137810 14, 024117-5
Published under license by AIP Publishing.

71



Biomicrofluidics

=3
o
T

a) -
r~(124 £05)mN/m .*

Applied pressure difference (Pa)
N w - o
o o o o
T T T T
\
N
N\
[ ]
Y

o
T

N
L

=]

1
0 1000 2000 3000 4000 5000

FIG. 6. (a) Applied pressure difference AP plotted against the corresponding
bilayer curvature 1/Ryiayer for an asymmetric DOPC/DPhPC bilayer. The slope
yields the bilayer tension T. (b) Optical micrograph of an asymmetric DOPC/
DPhPC bilayer with indicated bilayer and surface tensions and the correspond-
ing contact angle 6.

asymmetric DOPC/DPhPC bilayer and the obtained surface tensions
of opopc = (8.0 + 0.8) mN/m and opprpc = (6.3 + 0.2) mN/m
agree within experimental uncertainty and those obtained for the
symmetric bilayers, which are listed in Table I.

IV. CONCLUSION

It was demonstrated that the freestanding fluid bilayer could
be produced at a desired location in a microfluidic device. This
microfluidic approach allows for good optical and electrophysio-
logical accessibility, as well as precise monitoring of ongoing pro-
cesses; thus, it combines several desired features in order to
explore model membranes. In particular, we demonstrated that,
by using a pressure-controlled system, the lifetime of a bilayer

ARTICLE scitation.org/journal/bmf

could be increased massively (to approximately 6 h) by balancing
the oil drainage in a PDMS chip.

Applying controlled pressure differences across such a bilayer
combined with the superior lifetime, we showed that this system can
be used to measure simultaneously the surface tensions of lipid deco-
rated oil-water interfaces, and the bilayer tension from a single exper-
iment. The experimental error from this approach is clearly reduced
with respect to known standard measurements as shown in Table I.
Moreover, besides measuring the surface tension and membrane ten-
sions for the symmetric bilayer, we extended this method to measure
surface and bilayer tensions of the asymmetric lipid bilayer.

For the presented measurements, we restricted to the case of
lipids in a fluid phase. However, we assume that the asymmetric
lipid bilayer with a gel/fluid composition may also be formed and
analyzed in the future with our method, provided they are suffi-
ciently stable during bending. Additionally, the increased bilayer
lifetime combined with the controlled bilayer curvature is opening
new possibilities like the investigation of biological processes that
require the extended experimental time scales or the protein-lipid
interactions as functions of a well-defined bilayer curvature such as
mechano-sensitive channels.
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Abstract: Transmembrane receptor proteins are located in the plasma membranes of biological
cells where they exert important functions. Archaerhodopsin (Arch) proteins belong to a class
of transmembrane receptor proteins called photoreceptors that react to light. Although the light
sensitivity of proteins has been intensely investigated in recent decades, the electrophysiological
properties of pore-forming Archaerhodopsin (Arch), as studied in vitro, have remained largely
unknown. Here, we formed unsupported bilayers between two channels of a microfluidic chip
which enabled the simultaneous optical and electrical assessment of the bilayer in real time. Using a
cell-free expression system, we recombinantly produced a GFP (green fluorescent protein) labelled
as a variant of Arch-3. The label enabled us to follow the synthesis of Arch-3 and its incorporation
into the bilayer by fluorescence microscopy when excited by blue light. Applying a green laser for
excitation, we studied the electrophysiological properties of Arch-3 in the bilayer. The current signal
obtained during excitation revealed distinct steps upwards and downwards, which we interpreted as
the opening or closing of Arch-3 pores. From these steps, we estimated the pore radius to be 0.3 nm.
In the cell-free extract, proteins can be modified simply by changing the DNA. In the future, this
will enable us to study the photoelectrical properties of modified transmembrane protein constructs
with ease. Our work, thus, represents a first step in studying signaling cascades in conjunction with
coupled receptor proteins.

Keywords: Archaerhodopsin-3; lipid bilayer; microfluidics; cell-free gene expression

1. Introduction

In biological cells, transmembrane proteins are embedded in the plasma membrane,
composed of a lipid bilayer [1-3]. Certain transmembrane proteins act as receptors for
external stimuli [4,5] such as light, mechanical stress, or the presence of specific molecular
compounds [5-9]. Transmembrane receptor proteins transform the stimulus into signals
that can be processed further downstream by the molecular machinery of the cell [2,4,10].
The stimulus produces structural or conformational changes in the transmembrane protein
that will, for instance, result in an activation or deactivation of a specific ion channel, the
release of a G protein (G protein-coupled receptors) or the activation of certain enzymes
(enzyme-coupled receptors) [1,2,6,9,11-13].

Archaerhodopsin proteins (Arch) are among a class of transmembrane receptor pro-
teins called photoreceptors that react to light [14,15]. Upon illumination with green light,
Arch will undergo deprotonation of a Schiff base, resulting in proton pumping [16-19].
In this way, Arch actively transports protons through the membrane and out of the
cell [14,18,19]. In vivo, the resulting proton gradient enables ATP synthases to produce
ATP [18,20]. Photoreceptors typically consist of seven transmembrane helices and the
chromophore retinal [16,18,21]. The structure of Arch corresponds to G protein-coupled
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receptors that include rhodopsin. Because bacteriorhodopsin and Arch share similar struc-
tures and functions, their activation is assumed to be the same (see Figure 1c). Rhodopsin
acts as a photoreceptor as well [1,15,22]. However, Arch acts as an ion channel, not as a
G protein-coupled receptor. There are different kinds of Arch, which have slightly dif-
ferent properties [21]. Besides being photo active, Arch-3 fluorescence is also voltage
sensitive [16,23], and it is often used in optogenetics as a voltage sensor [16,17]. To our
knowledge, an electrophysiological characterization of Arch-3 has not yet been reported in
the literature [18].

In this work, we present a new and simple microfluidic approach [24] to study the
conducting properties of ion channels. We incorporated recombinantly produced Arch-
3-EGFP into a free-standing lipid bilayer that mimics a biological membrane. A cell-free
expression system was used for the production and reconstitution of Arch-3-EGFP. Such
in vitro systems enable better control of various biochemical parameters and processes
than in vivo systems [25-28]. They are regularly used to study gene circuits or reaction
cascades [29-31]. In vitro, proteins, in the form of wild-type proteins or with modifica-
tions, can easily be produced recombinantly by the simple addition of the corresponding
coding DNA [32-34]. Moreover, in vitro systems can mimic in vivo systems, allowing the
transfer of results to the in vivo situation [35-37]. Using this approach, we report the first
electrophysiological characterization of single Arch-3 channels in a model cell membrane.
The method presented here (sketched in Figure 1) can be understood as a first step towards
the further investigation of different signaling cascades.

light

electrodes

() 4

Vesicles with Arch-3

S

Bilayer

GFP tagged
with Arch-3

Arch-3 Conformational change

Figure 1. (a) A schematic of the formation of a lipid bilayer at the intersection of two microfluidic channels. First, the
channel is filled with oil-lipid solution. Then, a cell-free expression reaction solution containing synthesized Arch-3-EGFP
fused to the membrane of vesicles is injected into both channels. A remaining oil-filled lipid bilayer separates the two
channels (left). Lipids from the oil phase and lipid vesicles with the inserted Arch-3-EGFP from the aqueous phase form a
monolayer at both oil-water interfaces. As oil drains into the PDMS, the two interfaces gently meet to form a lipid bilayer
containing Arch-3-EGFP (middle). The visualization of the inserted Arch-3-EGFP is achieved by exciting EGFP with blue
light. AgCl electrodes inserted into the microfluidic device are used for electrical measurements (right). (b) The image
shows the fluorescent signal of the EGFP tag from Arch-3 at the site of the suspended bilayer; PDMS elements remain dark.
(c) The image shows the conformational changes of Arch-3 upon light exposure mediated by the deprotonation of retinal.
This results in proton pumping which can be detected using electrophysiological measurements (scheme based on channel
rhodopsin, adapted from [22]).
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2. Results and Discussion

A DOPC/DPhPC bilayer containing Arch-3-EGFP was formed in a microfluidic device
as described in the method section and as sketched in Figure 1. To verify the formation of a
lipid bilayer, electrophysiological measurements were performed by applying a potential
difference of 20 mV between both channels containing the reaction solution. The lipid
bilayer separated the two ion-conducting water reservoirs, whereas the water—oil-water
sandwich acted as a capacitor. Measuring the capacitance of such a sandwich in real
time enabled the detection of bilayer formation; the graph in Figure 2a shows the related
data from our experiments. The initial signal fluctuating around 10 pF corresponds to
the situation with two monolayers separated by a macroscopic oil layer. The jump in the
capacitance signal corresponds to the formation of a bilayer, a so-called zipping process.
The following gradual increase in the capacitance demonstrates the growth of the bilayer
area. This is due to the drainage of the oil to the PDMS at the plateau border.

Hydrostatic control of the flows enabled us to keep the bilayer area fairly constant for
1 h. The fluorescent image of EGFP tagged to Arch-3 under blue illumination, as shown
in Figure 1b, confirmed the presence of Arch-3-EGFP in the vicinity of the lipid bilayer.
After switching the laser illumination from blue to green, Arch-3 was activated, and an ion
current was detected across the suspended lipid bilayer in real time upon light stimulation.
The graph in Figure 2b shows the current intensity as a function of time, measured in the
absence of light and after a short (~10 s) exposure to green laser light (532 nm) at ~40 s.
Before light exposure, the current stayed almost constant. During the light pulse, the
electrical current peaked, which means that ions were passing through the protein. After a
few minutes, the signal decayed to its initial value. We interpret this observation as the
signature of light-induced activation and subsequent deactivation of Arch-3. According to
the literature, in any type of a rhodopsin photocycle, the deprotonation of the Schiff base
after light excitation occurs within a range of picoseconds [38,39]. The deprotonation opens
the channel; however, the subsequent recovery of the Schiff base requires milliseconds
to several seconds [38-41]. Until recovery, the channel remains open for protons to pass
through. Fitting an exponential decay to the curve from the time it begins to fall gives a
recovery time T of about 84 s.
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Figure 2. (a) Electrical capacitance as measured between the two microfluidic channels, separated by an oil phase (see

Figure 1a) as a function of time. The signature of bilayer formation is the sudden increase in capacitance. (b) A real-time
current recording of the bilayer containing Arch-3-EGFP. In the absence of light, we observe a current signal fluctuating
around a constant value. The sudden jump in the current signal demonstrates the activation of Arch-3 caused by a green
laser pulse applied to the bilayer at ~40 s < t < 50 s. The signal decays, with a time constant of ~84 s, to its initial dark value.
The recovery time corresponds to the re-protonation of the Schiff base as reported in [38—40].

To characterize Arch-3 activation more deeply, we continuously exposed an Arch-
3-containing bilayer to monochromatic light with a wavelength of 532 nm. During light
exposure, we observed an overall increase in the conductance, which was composed of a
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stepwise increase and decrease in the current signal, as shown in Figure 3a. This signal
is caused by a combination of opening and closing channels and the simultaneous fusion
of Arch-3-EGFP containing vesicles from the aqueous phase with the bilayer. If Arch-3-
EGFP is added, the current recording will expose a positive jump. The individual current
steps Al, as indicated by the red line in Figure 3a, were obtained using the “change point
analysis” algorithm as part of the software Origin (Origin 2021b; OriginLab Corporation,
Northampton, MA, USA). In total, over 300 steps were analyzed. The histogram shown
in Figure 3b displays the frequency of certain current steps Al grouped within intervals
of 2.5 pA. From the histogram, it can be seen that most of the jumps were in the range
of (16.25 + 6.25) pA, where the full width at half maximum was used to determine the
experimental uncertainty. The obtained value is in excellent agreement with the value
found in the literature for bacteriorhodopsin (BR) [42]. The large current steps Al causing
the asymmetric distribution towards larger current steps in the histogram could be due to
multiple channels in the bilayer simultaneously being activated or deactivated.

Although Arch-3 is a proton pump, protons can passively pass while the channel is
open. Considering the current step with the highest probability, i.e., the maximum peak
of the histogram at Al = 16.25 pA, and assuming that Arch-3 has a passive opening in the
bilayer, we can determine the radius of a single Arch-3 channel from the relation [43]

IAI

"=\ xcev @

where | ~ 3 nm is the length of the protein assumed to be close to the thickness of
the bilayer, AI = 16.25 pA is the amplitude of the typical current jump for one chan-
nel opening or closing, and V = 20 mV is the applied voltage. The molarity C of the
reaction solution was converted from the osmolarity, which was measured as 1.02 os-
mol/kg. Because of the complexity of the reaction solution, the number of dissociable
particles per molecule (1) was assumed to be two, as is the case for NaCl. Thus, the
molarity was obtained as C = 0.5 M. Using this value, the molar conductivity results
as G =18.4 S-M~1-m~!. The corresponding prediction of the pore radius of an Arch-3
channel, r =~ (0.31 £0.02) nm, is in excellent agreement with the radius of the pore of
BR (0.4-1.1) nm [42] and of rhodopsin (0.45-0.7) nm [41], which also consist of seven
transmembrane helices forming the same structure.
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Figure 3. (a) Current signal as a function of time for an Arch-3-containing bilayer under continuous 532 nm laser illumination
(black line). The red line was obtained by “change point analysis” from the software Origin (Origin 2021b; OriginLab
Corporation, Northampton, Massachusetts, USA). It shows the mean value of each current step. (b) The histogram shows
the frequency of certain current steps grouped in intervals of 2.5 pA.
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3. Conclusions

In this paper, we presented a simple and new microfluidic approach to investigate
the electrophysiological properties of the recombinantly produced transmembrane protein
Arch-3 inserted in a free-standing DOPC/DPhPC bilayer. By applying a voltage across
such an Arch-3-containing DOPC/DPhPC bilayer, the light-induced opening of individual
Arch-3 ion channels could be observed. The corresponding pore radius of the Arch-3 ion
channel was determined to be (0.31 & 0.02) nm, which is in excellent agreement with values
found for similar protein pores.

The in vitro system described here presents the advantage of quick testing and pro-
totyping of modified Arch-3, since only the DNA needs to be adapted. Moreover, even
non-canonical amino acids can be incorporated [28,44,45]. Because G protein-coupled
receptors involved in many signaling cascades exhibit a similar structure, we expect our
work to be helpful for in vitro studies focusing on this kind of protein. This may pave the
way for the creation of artificial signaling cascades.

4. Materials and Methods
4.1. Gene Expression

For gene expression, a commercially available cell-free expression system (E. coli
T7 S30 Extract System for Circular DNA; Promega, Madison, Wisconsin, USA) was
used. The plasmid in our experiments was VV020: WT Arch-3-EGFP in pET28b, a gift
from Adam Cohen (Addgene plasmid # 58488; http://n2t.net/addgene:58488 (last ac-
cessed on 4 September 2021); RRID: Addgene_58488; Addgene, Watertown, Massachusetts,
USA) [16]. The gene expression was performed in the presence of SUV (small unilamellar
vesicles). For this, first a solution containing vesicles was prepared as follows: 400 pL of
S30 Premix without Amino Acids, 50 uL of Amino Acid Mixture Minus Cysteine at 1 mM,
50 puL of Amino Acid Mixture Minus Leucine at 1 mM and 500 pL of ultrapure water were
mixed. To this solution, 1 mg of DPhPC was added and sonicated three times, applying
the continuous cycle of 4 s pulse, 4 s break for 4 min, and 2 min pause between each cycle.
After that, the solution was put into the fridge to rest for 24 h.

Gene expression reactions were performed as follows: The components of the cell-free
expression system were combined to obtain a “mastermix” containing 40 uL of S30 Premix
without Amino Acids, 5 uL. of Amino Acid Mixture Minus Cysteine at 1 mM, 5 uL of
Amino Acid Mixture Minus Leucine at 1 mM and 30 pL of T7 S30 Extract System for
Circular DNA. To this mastermix, 10 nM of plasmid DNA was added and filled up with
vesicles solution to achieve a total reaction volume of 100 pL. The expression reaction was
then incubated at 37 °C for 48 h. The synthesized Arch-3-EGFP was incorporated into
the vesicles. Each reaction solution was directly injected into the microfluidic device after
expression and could no longer be used after 24 h.

4.2. Lipid Preparation, and Device and Bilayer Fabrication

DOPC (1,2-dioleoyl-sn-glycero-3-phosphocholine), and DPhPC (1,2-diphytanoyl-sn-
glycero-3-phosphocholine) were used for bilayer preparation. The lipids were from Avanti
Polar Lipids (Avanti Polar Lipids, Birmingham, Alabama, USA). To prepare the oil-lipid
solution, 5 mg of lipids (1:1 DOPC/DPhPC) were dissolved in 1 mL of pure squalene oil
(Sigma-Aldrich, St. Louis, Missouri, USA) at 45 °C while undergoing continuous stirring
for 3 h.

The microfluidic chip was produced by standard soft lithographic protocols and
consisted of Sylgard 184 bonded to a glass slide, see e.g., ref. [24] for fabrication details.
The chip was designed with two side-to-side rectangular channels with a width of 500 pm
and height of 100 um, forming an X geometry (see Figure 4).
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Figure 4. Design and structure of the microfluidic setup including the hydrostatic pressure system.

The membrane was formed across an orifice with a width of about 150 um that
connected the two parallel channels, as sketched in Figure 4. A hydrostatic pressure system
was used to control the flow of the aqueous solution in the microfluidic chip [24]. The two
inlets were connected to two syringes, which were fixed on a motorized stage, and the two
outlets were left open. By adjusting the height of the motorized stage, positive or negative
pressures could be applied to the channels causing the aqueous solution to move forward
or backward.

For bilayer formation, the whole chip was first filled with the squalene oil containing
dissolved lipids. Subsequently, the cell-free expression reaction solution containing syn-
thesized Arch-3-EGFP proteins that were fused to vesicles was injected gently into both
microfluidic channels, displacing the oil but leaving behind an oil inclusion at the orifice
connecting the microfluidic channels. During this process the two oil-water interfaces were
being decorated with a monolayer of lipids and Arch-3-EGFP. Due to the drainage of oil
into the PDMS, the two lipid monolayers came into contact with each other, leading to the
formation of a bilayer. While bilayer formation, the Arch-3-EGFP at the interface of the
two monolayers fuses into the bilayer (sketched in Figure 1).

4.3. Microscope Setup and Electrical Measurements

An inverted epifluorescence microscope (Axio Observer Z1; Zeiss, Oberkochen, Ger-
many) with 473 nm (blue) and 532 nm (green) laser illumination was used. As Arch-3
was tagged with enhanced green fluorescent protein (EGFP), we used the wavelength of
473 nm to excite the EGFP and monitor Arch-3 production (see Figure 2b). The electrical
properties of the Arch-3-EGFP-containing bilayer were analyzed by electrophysiological
measurements using a patch-clamp amplifier, EPC 10 USB (Heka Electronics, Reutlingen,
Germany). For that purpose, Ag/AgCl electrodes were prepared by inserting a 5 cm-long
silver wire into a borosilicate glass pipet containing 150 mM of NaCl electrolyte solution
while applying 5 V for 30 min. The prepared electrodes were inserted into the inlets of
the microfluidic device. The current passing through the bilayer was measured over time
using an excitation signal with an amplitude of 20 mV and a time resolution of 100 ms.
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G-protein-coupled receptors (GPCRs) constitute the largest family of cross membrane
signalling cell surface receptors. The photoreceptive GPCR Rhodopsin is present in rod cells
from the retina of vertebrates. Upon excitation, the membrane-spanning GPCR changes its
conformation to activate a certain number of G-proteins on the cytoplasmic side, stimulating
enzymatic cGMP degradation causing cGMP gated channels to close and the cell membrane to
electrically polarize. G-protein activation leads to enzymatic cGMP degradation causing cGMP
gated channels to close and the cell membrane to electrically polarize. The polarization
eventually leads to a neuronal response. Here we show that, within a microfluidic device,
extracts from porcine photoreceptor outer segment cells incorporated into a synthetic, free
standing lipid bilayer, reproduce the expected behaviour of the GPCR signalling network. The
recorded electric current across the membrane demonstrates closure or opening of gated
channels as a function of illumination. GMP analogues acting as inhibitors or activators cause
the channels to remain in a closed or open state regardless of light exposure. Our work
represents a first step towards in vitro studies and realizations of GPCR signalling in synthetic

membranes bringing GPCR-based functional modules for synthetic biology within reach.
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Abstract

G-protein-coupled receptors (GPCRs) constitute the largest family of cross membrane

signalling cell surface receptors. The photoreceptive GPCR Rhodopsin is present in
rod cells from the retina of vertebrates. Upon excitation, the membrane-spanning
GPCR changes its conformation to activate a certain number of G-proteins on the
cytoplasmic side, stimulating enzymatic cGMP degradation causing cGMP gated
channels to close and the cell membrane to electrically polarize. G-protein activation
leads to enzymatic cGMP degradation causing cGMP gated channels to close and the
cell membrane to electrically polarize. The polarization eventually leads to a neuronal
response. Here we show that, within a microfluidic device, extracts from porcine
photoreceptor outer segment cells incorporated into a synthetic, free standing lipid
bilayer, reproduce the expected behaviour of the GPCR signalling network. The
recorded electric current across the membrane demonstrates closure or opening of
gated channels as a function of illumination. GMP analogues acting as inhibitors or
activators cause the channels to remain in a closed or open state regardless of light
exposure. Our work represents a first step towards in vifro studies and realizations of
GPCR signalling in synthetic membranes bringing GPCR-based functional modules
for synthetic biology within reach.

Introduction

Transmembrane proteins are essential components of the cell. They span the entire
width of the cell plasma membrane, enabling essential cellular functions such as signal
transduction, transport of ions and molecules [1,2], sometimes acting as dynamic
gatekeepers. G-Protein coupled receptors (GPCRs) represent the most diverse group

of transmembrane receptors in eukaryotes. GPCRs play a critical role in signalling
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Rhodopsin conformational change causing the G-protein transducin to become active,

entailing closure of the gated channels via the canonical signalling pathway.

In a second experiment, the lipid bilayer with the POS stock solution was established
in the dark. In these start conditions, we observed that the current intensity started to
decrease as soon as the light was switched on. We attribute this, again, to the closure
of the gated channel resulting from cGMP degradation. After a duration of about 500 s,
the light was turned off again, and there was an increase in current (Figure 1b). We

propose that GMP diffused from the bulk solution towards the membrane, thereby causing

the channels to open again.
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Figure 1. The current intensity across the bilayer as a function of time. a) The lipid bilayer is formed
and exposed to the POS exfract in the presence of light. The recording of electric current across the
membrane starts once the light is switched off. After about 500 s, the light is switched on again. b) The
lipid bilayer is formed in the absence of light. Current recording starts once the light is switched on to
monitor the deactivation of the gated channels. After about 400 s, the light is switched off again. In both

cases, a) and b), the channels are closing during illumination while they are opening in the dark.

To test for cGMP activity, we provided cGMP analogues by simply adding them to the
POS stock. Otherwise, we conducted the same experiments as above. The analogues
acted as inhibitors/activators that maintain the gated channels in a closed/open state.
Figure 2 illustrates the impact of these analogues. The black line in the graph
corresponds to the inhibitory cGMP analogue, resulting in no recorded current signal.
Conversely, the red line in the graph represents activating cGMP analogues. The gated

channels remain open for ion passage. This observation was independent of
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pathways that regulate a wide range of cellular processes including hormone and
neurotransmitter signalling [3-5].

Rhodopsin [6] is a GPCR that is present in rod cells of the retina. The corresponding
GPCR pathway is crucial for visual information processing. Rhodopsin is activated by
absorbing a photon causing a structural change that initiates a signalling process on the
cytoplasmic side. There, the G-protein transducin binds to activated rhodopsin. This
will entail an exchange of GDP for GTP in the transducin subunits (alpha, beta, and
gamma). The alpha subunit then separates to activate the phosphodiesterase (PDE) to
break down cyclic GMP (¢cGMP) to GMP. This reduction in cGMP level causes cGMP-
dependent ion channels to close, increasing the cell membrane potential and eventually
generating a neural signal [7-12].

In our study, we developed a model cell membrane using a microfluidic system to
study the GPCR signalling pathway in vitro, under light exposure [13,14]. The
experiments in this study were designed to observe how light-induced activation of
GPCRs influences the level of cGMP and consequently the behaviour of gated ion
channels in the lipid bilayer [15-18].

We observed changes in electrical activity across the model membrane that align well
with the activation and deactivation of cGMP-gated ion channels. To our knowledge,
these electrical analyses resulting from rhodopsin photoactivation has not been studied
in vitro so far. Our work thus represents a pioneering achievement, providing a
functional in vitro model of the entire GPCR cascade. We believe that the microfluidic,
in vitro, functional realization of the entire GPCR cascade to be a first, important

milestone for new, extended, and detailed in vitro studies of GPCR signalling.

Results and Discussion

In a first experiment, a lipid bilayer was formed and a small amount of a stock solution
of an extract from the Porcine Outer Segment (POS) (see materials and methods) was
injected into the microfluidic channels in the presence of light. The intensity of electric
current across the bilayer was recorded simultaneously. When the light was switched
off, we observed an increase in the current signal over time (Figure la). We interpret
these changes as resulting from ions passing through cGMP-gated channels. After switching

the light on, the current began to decrease. This can be easily interpreted by a
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dark place. Tissues were collected under low-intensity red light. When handling an
eye, delicately incise the front using the edge of a razor blade while maintaining a
distance. Use the razor blade to bisect the anterior eyeball, allowing for the extraction
of the lens and inversion of the eyecup to expose the retina. Hold the eyecup over a
fingertip while gently scraping off the retina from the tapetum surface with the angled
razor blade. Carefully cut the detached retina, identified by its pinkish layer, at the
optic nerve head. Finally, store all collected retinas in two 50 ml tubes, each containing

15 ml of homogenization solution on ice.

Cyclic GMP analogues

For the analysis of the effect of cGMP level on the photoactivation, two cGMP
analogues were purchased from Biolog life science institute. Rp-8-Br-cGMPS as
inhibitor analogue and 8-pCPT-cGMP as activator analogue.

Experimental setup for lipid bilayer formation

The microfluidic device was manufactured using standard soft lithography protocols,
whereby Sylgard 184 was moulded against a SU-8 master and bonded to a glass
substrate. The protocol for fabricating the microfluidic device is explained elsewhere
[13]. The microfluidic geometry consisted of two adjacent channels having a
rectangular cross section, 500 um wide and 100 pm high (Figure 3). The fluids were
controlled by hydrostatic pressure [13,14], and the lipid bilayer was formed at the
junction between the two channels with a width of 150 um. Using the hydrostatic
pressure control of the microfluidic device, the aqueous phase surrounding the lipid
bilayer was replaced by the stock solution of the porcine outer segment (POS) after the

formation of the bilayer.

Microscope setup and electrical measurement

UV-light exposure was conducted using an inverted microscope (Axio Observer Z1;
Zeiss, Oberkochen, Germany). Analysis of electrical properties was performed using
the patch-clamp technique with EPC 10 USB equipment (Heka Electronics,

Reutlingen, Germany). Monitoring of the current passing through the bilayer was
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illumination. We conclude that GPCR photoactivation depends on the cGMP in the
POS extract.
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Figure 2. Current signal through a lipid bilayer with POS extract containing a cGMP analogue as a
function of time. The black line shows the current signal in the presence of an inhibitory cGMP
analogue; the current is constant, i.e. the cGMP gated channels remain closed. With activating cGMP
analogues (red line), however, we observe an increase in the current signal; gated channels are opened.

This is independent of the presence of light.

Materials and Methods

Lipid preparation

DOPC (1,2-dioleoyl-sn-glycero-3-phosphocholine), and DPhPC (1,2-diphytanoyl-sn-
glycero-3-phosphocholine) were purchased from Avanti Polar Lipids. To prepare the
mixture of lipid/oil solution, 5 mg of the lipids (1:2 DOPC/DPhPC) were dissolved in
1 mL of pure squalene oil (Sigma-Aldrich). The mixture was stirred at 45 °C for 3 h.

Porcine outer segment (POS) purification
The process of POS isolation demands a continuous working period of at least 12
hours. Here we give a short overview on the process, details can be found in Ref. [19].

After slaughtering, 80 fresh pig eyes were procured and stored immediately in a cool,
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carried out over time using an excitation signal set at an amplitude of 20 mV and a

time resolution of 100 ms.

a)

Lipid bilayer

Figure 3. Schematic of microfluidic setup and lipid bilayer formation. a) Microfluidic device consisting
of two side-to-side channels with a 150 pm gap in between where the lipid bilayer forms. b) Hydrostatic

pressure setup for controlling the pressure inside the microfluidic device.

Conclusion

We applied a straightforward microfluidic approach to study Rhodopsin GPCR based
photoactivation of transmembrane channels as observed by an electrical current across
an artificially created free standing lipid membrane. By switching UV-light, the
opening and closing of the cGMP gated ion channels from the photoactivated outer
segment (POS) became clearly visible in the electric currents across the membrane.
Using cGMP analogues, we showed that the observed photoactivation was most likely
caused by cGMP degradation, as expected from the molecular workings of Rhodopsin
G-protein coupled receptor (GPCR) photoactivation. We believe that our work
represents an initial stride towards recreating the signalling cascade as GPCR cell

signalling in biomimetic bilayers within a precisely controlled microfluidic setup.
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that nonetheless depend on its molecular composition. In this study, we prepare pore-spanning
membranes that mimic the composition of plasma membranes and perform force spectroscopy
indentation measurements to unravel mechanistic insights depending on lipid composition. We
show that this approach is highly effective for studying the mechanical properties of such
membranes. Furthermore, we identify a direct influence of cholesterol and sphingomyelin on
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the adsorption and movement of a peripheral protein, the fibroblast growth factor 2, on the
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Abstract

The creation of free-standing lipid membranes has been so far of remarkable interest to investigate
processes occurring in the cell membrane since its unsupported part enables studies in which it is
important to maintain cell-like physicochemical properties of the lipid bilayer, that nonetheless
depend on its molecular composition. In this study, we prepare pore-spanning membranes that mimic
the composition of plasma membranes and perform force spectroscopy indentation measurements to
unravel mechanistic insights depending on lipid composition. We show that this approach is highly
effective for studying the mechanical properties of such membranes. Furthermore, we identify a direct
influence of cholesterol and sphingomyelin on the elasticity of the bilayer and adhesion between the
two leaflets. Eventually, we explore the possibilities of imaging in the unsupported membrane regions.
For this purpose, we investigate the adsorption and movement of a peripheral protein, the fibroblast

growth factor 2, on the complex membrane.

1.0 Introduction

Lipid membranes form the cell membrane of almost all living organisms, such as eukaryotic cells, some
prokaryotes, and several viruses. The membrane’s ability to separate intracellular and extracellular
ionic media makes it a functional capacitor that confines cells and organelles and regulates multiple
translocation mechanisms®. Together with the capacitive function, a set of physical properties of lipid
membranes, including elasticity, tension, and curvature?, strongly affects many of the processes that

are involved across the membrane. Examples are endocytosis, exocytosis, or conformational reshaping
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of proteins embedded in membranes®. Also phenomena occurring at the protein-lipid interface as
protein binding®, oligomerization and insertion depend on the physical properties of lipid membranes
and on their dynamic nature, which comprises processes, as e.g., curvature fluctuations and diffusion.
Supported lipid bilayers (SLBs) have been, so far, for their stability, a versatile and demanded setup to
easily assess a wide range of information®. The presence of the supporting substrate sacrifices,
however, their dynamic nature and thus alters the reliability of observed processes occurring in and
across the membrane®’. Liposomes, as an alternative system to SLBs, allow to explore bilayer

properties without disturbing these dynamic processes, yet suffer from limited experimental access®.

Moreover, membrane properties and functions depend also on chemical composition and
polydispersity of the lipids present in the cell membrane®*2, Biomimetic membranes should therefore
be heterogeneous and polydisperse in lipid composition and resembling the mimicked living systems?
as much as possible. Each lipid contributes to complex regulation mechanisms across the cell. Charged
lipids, such as phosphatidylserine (PS) and Phosphatidylinositol 4,5-Bisphosphate PI(4,5)P,, can
regulate the binding affinity of proteins by electrostatic interactions ***4, Sterols and sphingolipids are
in particular known to influence the arrangement of lipids'**® affecting both mechanical and chemical
properties of lipid membranes and the resulting interactions with the surrounding environment. Also,
cholesterol (CL) has been shown to significantly affect the bilayer stiffness. In addition, CL laterally
segregates in domains in the outer leaflet of the membrane together with sphingomyelin, causing a
considerable impact on the mechanics of the bilayer. Sphingomyelin (SM) has, due to its features, such
as a high degree of saturation, asymmetric molecular structure, and extensive hydrogen-bonding
properties, a very importantrole as a structural parameter in biological membranes. Furthermore, due
to its tendency to interact with sterols, sphingomyelin largely regulates the cholesterol distribution
within cellular membranes. More importantly, the tendency to form strong hydrogen bonds between
sphingosine backbones of adjacent SM molecules is associated with an increase in compactness

affecting the bilayer rigidiy*®*’.

In the current work, we prepared biomimetic membranes on substrates about 1 um diameter circular
holes. The pore-spanning membrane parts are a system between liposomes and SLBs featuring a better
nanoscale observation than liposomes and a higher similarity to the natural situation than SLBs due to
the absence of the solid support. These bilayer-model systems show water compartmentalization and
bending rigidity similarly to liposomes?é, but are still accessible to atomic force microscopy (AFM)
investigation, allowing to study a wider range of phenomena, e.g., monitoring the kinetics of protein
activity on top of membranes®*® 2°, In order to design a system close to the cell membrane situation,
we used a complex plasma membrane-like composition (PMC) of PC:PE:PS:PI:CL:SM:PI(4,5)P, with
ratios 33:10:5:5:30:15:2 for this study. Additionally, lipids from natural origin with a higher distribution
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of the fatty acid chain lengths compared to otherwise mostly employed synthetic ones were chosen

for our biomimetic membranes (Figure 1).
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Figure 1. Fatty acid distribution of each of the natural lipids employed in the current study. The bars
marked with X:Y show for a certain lipid type the fraction with chain length (number of C atoms) of the
fatty acids X and number of unsaturated bonds Y. Lipid types are sphingomyelin (SM),
phosphatidylinositol  (Pl), phosphatidylinositol bisphosphate (PIP;), phosphatidylserine (PS),
phosphatidylethanolamine (PE), and phosphatidylcholine (PC). Data are adapted from Avanti Polar.

We investigated the effect of cholesterol and sphingomyelin on the membrane mechanics with the
methods described below. In detail, we determined bilayer pre-stress and stretching elasticity for
these heterogeneous membranes via AFM indentation and by analysis of optical micrographs of

membrane standing in a microfluidic channel, while tuning the cholesterol and sphingomyelin content.
2.0 Materials and Methods
2.1 Preparation of Giant Unilamellar Vesicles

Unsupported membranes have been produced by bursting giant unilamellar vesicles (GUVs) on top of
mercapto-1-undecanol functionalized gold TEM grids (Plano GmbH, pore diameter of 0.8 and 1.2 um),
by adapting the methods described in the literature (Figure 2A)**2%, Gold-coated TEM grids were
functionalized with thiol self-assembled monolayers (SAMs). For that, they were first cleaned and
made more hydrophilic via UV-Ozone treatment and then left overnight in a 1 mM solution of
mercapto-1-undecanol in ethanol. After that, they were rinsed with ethanol to remove the unbound

molecules and let dry. The functionalization was tested by water contact angle (WCA) measurements.

For creating the GUVs, a plasma membrane-like lipid composition (PMC) consisting of 30 mol%

cholesterol (CL), 15mol% sphingomyelin (SM), 33 mol% phosphatidylcholine (PC), 10 mol%
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phosphatidylethanolamine (PE), 5 mol% phosphatidylserine (PS), 5 mol% phosphatidylinositol (Pl) and
2 mol % PI(4,5)P, (Avanti Polar Lipids, Alabaster, AL) and a PMC lacking of CL and SF (PMC-) were
prepared in chloroform with 1.5 mM concentration. All membrane lipids were purchased from Avanti
Polar Lipids. They have been purified from natural extracts [bovine liver (PC, PE, Pl), egg chicken (SM),
porcine brain (PS, PI(4,5)P,), and ovine wool (CL)] and are therefore not uniform in alkyl chain length
and unsaturated bond content (see Figure 1). The GUVs were generated by electroformation,
according to the protocol of Steringer et al 2. In detail, 5 L of the lipids dissolved in chloroform
solution was casted on platinum (Pt) wires, dried and immersed in sucrose solution (0.3 M). An AC-
voltage of 1.5 V and a frequency of 10 Hz were applied for 40 min. After that, the frequency was
reduced to 2 Hz for 20 minutes to allow the detachment of the GUVs from the Pt wires. The vesicles
produced in this way (Figure 2B) were collected, stored at 4°C, and used no longer than two days after
production. Unsupported membranes were formed by diluting the stored GUV suspension in a ratio

1:50 in HEPES buffer.

2.2 Unsupported Membranes for AFM

A)
Thiol functionalized
TEM grid
Holey gold
GUys J Lipid bilayer
P 3 ~ 1 5
& & =2 L o

Figure 2. A) Sketch of the process of GUVs bursting on top of hydrophilic functionalized TEM grids and

corresponding fluorescence microscope images of GUVs B) before and C) after bursting on TEM grid.

Lipids are stained with Rhod-PE.

Unsupported membranes were formed by diluting the GUVs suspension in HEPES buffer 20 mM,
300 mM Nacl, 25 mM MgCl, and letting them burst, due to the difference in osmolarity between the
sucrose inside the vesicle and the outer buffer, on the top of hydrophilic TEM grids mounted on a petri
dish. Bursting of GUVs was checked by fluorescence microscopy in the presence of Rhod-PE, as
reported in Figure 2. Eventually, for the AFM imaging and indentation experiments the solution was
exchanged with imaging buffer [HEPES buffer 20 mM, 100 mM NacCl, 1 mM Ethylenediaminetetraacetic
acid (EDTA)].
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2.3 AFM imaging, force spectroscopy and data analysis

Atomic Force Microscopy (AFM) images and indentation experiments were acquired using a Dimension
FastScanBio AFM (Bruker-Nano, Santa Barbara, CA, USA). MSNL-D probes (spring constant 0.03 N/m,
resonance frequency 15 kHz, nominal tip radius 2 nm) were used for indentation experiments, while
MSNL-D, SNL-D and PEAKFORCE-HIRS-F-B cantilevers (spring constant 0.03 N/m, 0.06 N/m and
0.12 N/m and resonance frequency 15 kHz, 18 kHz and 100 kHz, respectively, all probes purchased
from Bruker AFM Probes, USA) were used for imaging. For each cantilever, the spring constant was
calibrated by the thermal tune method. Peak Force Tapping® is used for imaging. During imaging, scan
sizes varied from 500 nm to 20 um. In the force curve measurements, the approaching and retracting
curves were recorded with zero surface delay and a ramp size of 100-200 nm. For each indentation
experiment, hundreds of force distance curves, (F-6), were recorded on membrane standing holes; for
these measurements, the homogenously coated holes were selected. All experiments were performed

at room temperature (controlled at ca. 20 °C).

The data obtained from AFM indentation experiments were processed using custom-made MATLAB
scripts for baseline correction and contact point determination, and the breakthrough force of the first
rupture event was extracted. Pre-stress and elasticity of the membrane were determined by fitting a
model to the data that was derived by Jin et al.?. The model is an analytical exact solution of the Féppl-
von Karman approximation for the ‘circular clamped elastic membrane under point load with pre-
stress’. It can thus describe situations with any pre-stress value within the two limiting cases with
negligible pre-stress, which is characterized by a cubic dependency of the indentation force F on the
indentation depth &, and very large pre-stress, where the force is a linear function of the indentation
depth. It is, however, not possible to write the general (F-8) dependency in explicit form. Fitting the

model to the data was therefore done using a custom-made MATLAB script (see Sl for details).
2.4 Free-standing membranes in microfluidic channel

We employed an H-junction geometry previously tested as a platform to produce stable membranes
to form unsupported lipid membranes in microfluidics 2?7, cf. Figure 3A and B. To guarantee a good
wettability for the continuous oily phase in the microfluidic device, PDMS is used as material. The
microfluidic devices are fabricated from a silicon elastomer base and curing agent (PDMS, Sylgard 184,
Dow Corning, USA) mixed in a ratio 10:1 and are casted on a silicon wafer, having structures produced
by photolithography with a SU-8 photoresist, and cured for 6 h at 65 °C. After curing the PDMS
elastomer, it is peeled off from the mold and exposed to nitrogen plasma (Diener electronic GmbH,

Germany) together with an also PDMS coated glass slide. The treated PDMS device is sealed with the
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glass slide and heated at 125 °C for 1-2 h to restore the hydrophobic properties of the PDMS. At the
start of the experiment, this microfluidic device is filled with a continuous phase of squalene containing
the lipids (5 mg/mL). Subsequently, two fingers of aqueous imaging buffer solution are injected into
both channels of the device. Due to the wettability conditions, a thin squalene film remains between
the buffer and the device walls, and the lipids contained in the squalene solution will decorate the oil-
buffer interface forming a monolayer. A slow flow is created by hydrostatic pressure such that the lipid
decorated oil-buffer interfaces are pushed through both channels and are brought in close vicinity at
the junction. When the two monolayers touch each other, a zipping phenomenon driven by the
intermolecular forces between the hydrophobic tails will occur, forming a bilayer (Figure 3A, C-D).
Optical images of the bilayer formation occurring in the chip were acquired with Fluorescence
Microscopy at 10x magnification. The angle 6 between the two leaflets of the bilayer can be obtained

by analyzing the optical micrographs.

Lipid bilayer

- bii\'ayer

Figure 3. A) Sketch of the design of the microfluidic setup featuring a H-junction. B-D) Fluorescence
microscope images (Lipids are stained with Rhod-PE) monitoring the process of lipid bilayer formation
from (B) initial flooding of the device with lipid-squalene solution, (C) slow injection of the buffer phase
and (D) contacting the oil-buffer interfaces coated now with a lipid monolayer forming a bilayer at the

contact.
2.5 Interfacial tension y and bilayer Tension I"

Interfacial tension y of a water/oil interface decorated with a monolayer of the lipid mixture is
measured via the standard pendant drop method using a WCA goniometer (OCA 20, DataPhysics
Instruments GmbH, Filderstadt, Germany). Briefly, a 1 mg/mL solution of lipid in squalene
(0.858 g/cm?) is transferred in an optical glass cuvette. A drop of imaging buffer solution (ca. 1 g/cm3)
isintroduced from a needle that s dipped into the solution and the change of drop shape was observed
over time, i.e. as a monolayer is formed at the interface. The droplet contour was fitted according to

the Young-Laplace equation to obtain the interfacial tension y. The decrease of y due to the adsorption
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of lipids to the newly created interface is recorded over 20—30 minutes until a plateau is reached,

denoting the interfacial tension of the monolayer decorated interface.

From the values of the interfacial tension y and the bilayer contact angle 6, the bilayer tension I can

be calculated using Young’s equation®®2° ;

I = 2y cos@ (1)

Although the bilayer tension I" and the pre-stress in the spanned bilayer G are, in principle, the same
quantity, namely the in-plane stress in the bilayer, they are named differently here to clarify their
different origin: as the preparation conditions are different, it is not expected to measure the same in-
plane stress in both experimental setups. Particularly, the bilayer tension I" in the microfluidic setup
results from the interfacial tension y and the adhesion energy AW between the two bilayer leaflets as

AW =2y — T'= 2y(1 —cos8). (2)
3.0 Results

Unsupported lipid membranes with PM-like composition (PMC) or with a PM-like composition without
CL and SM molecules (PMC") spanning hydrophilic coated TEM grids (pore diameter 1.2 um and 0.8
um) were formed. AFM scans (Figure 4) revealed the presence of membranes over the selected spots.
The AFM cross sections (Figure 4b and 4c) show that the membrane covers the rim around the hole,
which has a height of ca. 20 nm, and is recessed inside the hole below the actual substrate’s surface

to a depth of ca. 70-100 nm.

Figure 4. AFM images showing PMC (A, B) and PMC (C) lipid membranes spanning holes in a
functionalized Au-grid. Section analysis in Band C show intact (red and black) and broken (light red and
gray dashes) membranes respectively for PMC and PMC . Images were recorded at a PeakForce

Setpoint of 280 pN. Additional images of PMC and PMC are reported in Figure SI1.
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We performed AFM force-indentation (F-8) measurements in the center of membrane-covered holes
(Figure 5A). From these data, we extracted the three parameters of breakthrough force (BF), elastic
modulus (E), and bilayer pre-stress (o) in order to unraveled the effect of CLand SM on the mechanical
properties of the PMC membranes. BF is defined as the maximum force the membrane can withstand
before it ruptures, indicated by an abrupt decrease in force. It can be correlated to the packing density
of lipids in the membrane®, The F-6 curves reported in Figure 5A show a nonlinear response in the
region between the snap in/contact point, which is due to tip-surface interactions like capillary forces,
and the BF point. This region was fitted (green dashed lines) with a model from non-linear elastic
theory of membranes®>* (see Sl) enabling an estimation of both the elastic modulus E of the bilayer

and its pre-stress o.

The histograms shown in Figure 5B are a collection of BFs from PMC and PMC™ membranes. They
exhibit peaks that are fitted by Gaussian functions centered at (366 + 7) pN for PMC and at (146 + 9)
pN for PMC".

In Figure 5C, E values obtained from the fitting procedure are plotted. Since no dependency on the
hole radius was observed, we combined data from membranes spanning holes of 0.8 um and 1.2 um
diameter. The maximum indentation depth reached in the experiment affects, however, the accuracy
of the estimation of the Young’s modulus. Since the stretching of the bilayer is more pronounced for
larger indentations, the elastic modulus will be more important for the force response of the bilayer
and thus, the estimation of E is improved. From a plot of the obtained E-values vs. the scaled
maximum indentation depth on hole radius 6/R we decided for a threshold of §/R = 0.03. Only values
above this threshold were used for the estimation of the mean value of E. In Figure 5C, histrograms of
the E-value distributions are presented where the disregarded values with 6/R < 0.03 are displayed as
lighter shaded bars showing that they are mainly high value outliers in the distributions. Values above
this threshold (red and black bars of Figure 5C) are fitted with a Gaussian distribution with a peak value
for the elasticity modulus E at (513 + 19) MPa and (21.4 + 0.5) MPa for the PMC (red squares) and
PMC (black squares) compositions, respectively.
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Figure 5. A) F-6 curves on PMC (red) and PMC (black) membranes. B) Histograms of the breakthrough
force values (BF) for PMC (red) and PMC composition (black) fitted using a Gaussian function. C)
Stacked histograms reporting the Young’s modulus E for PMC (red squares for & >0.03 and pink for
6 <0.03) and PMC (black squares for 6 >0.03 and gray for 6 < 0.03). Additional F-6 curves are reported
in Figure SI2.

Pre-stress values o extracted from F-6 measurements that are shown in Figure 5A are reported in
Figure 6A. We find that the value for o is reduced from (5.2 + 0.8) mN/m for the PMC membrane to
(2.0 £0.2) mN/m for the PMC™ membrane. For qualitative comparison, the tension in the bilayer for
both compositions was also determined from the contact angle 6 of two contacted lipid monolayers
in a microfluidic setup. Together with the interfacial tension y of the monolayer, which was measured
using the drop shape analysis of a pendant drop, and employing the Young Laplace equation (eq. 1)%,
bilayer tension values I of (13 + 4) mN/m and (10 + 1) mN/m (Figure 6B) were obtained for PMC and
PMC™ membranes, respectively. These values relate via eq. (2) to adhesion energies AW between the

sheets of (2.3 + 0.2) mJ/m? and (1.4 £ 0.3) mJ/m?.
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Figure 6. A) Box plots of pre-stress o (+ SE) values recorded via AFM indentation measurements for PMC
and PMC compositions. B) plots of interfacial tensions recorded via pendant drop measurements and
optical micrographs of the membranes formed in a microfluidic (uFlu) chip showing respectively the
interfacial tension y and the bilayer angle 6 for PMIC and PMC compositions. 8 and y are used to

calculate the bilayer tension I’ with the Young Laplace equation.

In addition to the mechanistic insights, we used the imaging capabilities of the AFM to resolve the
bilayer surface. Our choice to employ unsupported membranes for AFM investigation is guided by the
need to construct platforms for protein observation and detection of its related processes, i.e.,
diffusion, kinetics assembly, pore forming mechanisms. Figure 7 shows a series of AFM images of the
free-standing part of the bilayer recorded while the protein fibroblast grow factor 2 (FGF2-GFP) was
added to the solution above the bilayer, using a fluid cell setup. These AFM time-lapse frames show

the adsorption of this peripheral protein across the bilayer. However, due to the fluidity of lipid
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membranes and the difficulty of imaging standing portions of lipid membranes, it is hard to picture a

clear statement from the reported images.

5:00 mil

Figure 7. A-D) Height AFM time-lapse frames recorded under flow while FGF2-GFP proteins are
injected. FGF2-GFP proteins are observed overtime on the free-standing portion of the membrane. Scale
bar is 200 nm and z height 80 nm. The black arrow points to the rim of the membrane spanned hole

and red arrows point some of the proteins.

4.0 Discussion

The described characterization allowed us to gain insight to the mechanics of membranes. The BF
values of (366 + 7) pN and at (146 + 9) pN recorded by AFM for both unsupported PMC and PMC
membranes imply a difference in the compactness of the two membranes. The PMC membranes
exhibit a higher breakthrough force, meaning that the membrane can resist the applied force more
strongly. This observation matches quite well with the condensing effect of cholesterol®, which is well
known to regulate the membrane fluidity and produce an ordering of the lipids, leading to a decrease

3436 where

in its permeability®*2, Such insights have been suggested already by studies of SLBs
information about the chemical composition of the membrane, its lipid packing, and the surrounding
environment were gained from the BF. Sullan et al.*” found that an increase of the BF was observed in
the SM/Chol-enriched liquid-ordered domains (Lo) compared with the DOPC-enriched fluid-disordered
phase (Ld). While the BF values they reported for SLBs were in the nN-range, our results for free-
standing membranes fall, however, in the pN-range. Such differences are reasonably explained by the
absence of a solid support. In our setup, the applied stress from the AFM cantilever causes a stretching
of the membrane that, in turn, causes a reduction of the packing density until the inter-molecular
distances are large enough to let the bilayer rupture at the BF point. In the SLB, the AFM tip has to

push the molecules in order to punch through the bilayer, inducing an even higher packing density in

the surrounding.
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A closer insight into the mechanics of PMC lipid membranes and into the interplay of cholesterol and
sphingomyelin can be obtained by extracting the stretching elasticity of the bilayer from the F-6 curves.
Therefore, a theoretical description derived from the von the Karman Foppel model of elastic
membranes was used. For a clamped elastic membrane under a central point load, a linear relation
between force and indentation is predicted if the indentation is small and the pre-stress is not
negligible. For higher indentations and small or negligible pre-stress, stretching of the membrane
dominates and leads to a cubic relation depending on the elasticity for the membrane®, F « E §3. As
an approximation, a linear superposition of those limiting behavior descriptions is used in similar

studies3¥4*

nEh
F =oné +ﬁ53 (3)

where his the bilayer thickness, here assumed as 6.7 nm for PMC membranes and as 6.0 nm for PMC™
membranes*>*, R the hole radius, E the elastic modulus and o the pre-strain of the membrane. Note,
however, that in this setup the membrane is stretched laterally and thus only its lateral 2D elasticity
E? is probed. E2° is related to E as E22 = E - h under the assumption of an isotropic material, which

is not strictly valid in this case. We nevertheless state the values for E for a better comparability.

In the data of this study (Figure SI3 and SI4), both behaviors can be observed: a constant slope for low
indentations and a deviation from the linear dependency for higher indentations of §/R = 0.03.
Therefore, the accuracy with which Eis determined increases with higher §. Physically, this reflects the
notion that the more the membrane is indented, the more it is stretched, and the more important

Young’s modulus becomes.

Since the data of this study fall, however, mostly in the transition region between linear and cubic
behavior, where the inaccuracy of the simple model is highest, we chose a slightly more complicated,
yet analytically exact solution of the theoretical model by Jin et al.>#* (see Sl for details). Data shown
in Figure 5C and 6A were obtained by fitting this model to the experimental F-§ curves. Compared to
the approximation of eq (1), we obtained slightly lower values for E and o as well as a lower scattering
(a comparison between the approximate and exact solution of the model is reported in Figure SI3).
The obtained elasticity values recorded upon membrane indentation vary from 10 to 1000 MPa.
Thereby, lower elasticity values are found for higher maximum indentation depths, with the smallest
near 100 and 30 MPa for PMC and PMC™ membranes, respectively (Figure SI3). The latter values

correspond to the maximum achievable membrane stretching.

The obtained results on membrane mechanics match with many works reported in literature®>#* where

the role of SM and CL is attributed to an increase in stiffness. Yet, in most of the studies elasticity of
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membranes has been extensively probed for supported lipid bilayers and vesicles, but rarely for
unsupported membranes. To enable a comparison with elasticity measurements from vesicle

46,47

indentation®*>*’, where normally the bending rigidity is probed, we calculated this property from our

measurements via

Eh®

Ke =

(4)

where v is the Poisson ratio kept as 0.485%, E the elastic modulus and h the membrane thickness. We
find values of about 200*10*° J and 9*10*°J at maximum indentation depths for PMC and PMC™
membranes, respectively. Such values are slightly above those typically reported in the literature for
membranes not containing rigid molecules such as SM and CL *°4° and could be attributed to the
presence of rigid-like lipids such as SM and CL that increase the membrane rigidity. Our results report
a remarkable membrane rigidity, which is even larger compared to cholesterol enriched membranes
1550 Sphingomyelin, in fact, increases the packing density of the membrane due to its hydrogen bond
forming capacity with neighboring lipids*’. Also, the PI(4,5)P, may cause, due to its conical shape, a

stiffening of the membrane® and an increase of the lateral pressure in the acyl chain region®.

Studies on tension and pre-stress instead have been carried out more extensively also for
monodisperse and unsaturated lipids on unsupported membranes??*2, |n the work of Kocun et al.?,
site specific force indentation experiments on porous substrates were performed to determine
membrane tension as a function of lipid composition. Although they used a similar setup, their pure
POPC or DOPC membranes showed only a linear force-indentation behavior, which did not allow for a
determination of the bilayer’s elasticity. They obtained, however, an apparent spring constant, which
depends on the preparation-imposed pre-tension of the bilayer and is comparable to (o) in our
analysis. They observed an increase in the apparent spring constant for DOPC membranes from about
1.0 mN/m to 3.5 mN/m after the addition of cholesterol, which matches well with our findings, where
the addition of the two rigid-like components cholesterol and sphingomyelin led to a shift from 2
mN/m to about 5 mN/m. In the case of the spanned membrane, the tension of the membrane is
influenced by the adhesion to the substrate surrounding the hole, where a higher adhesion should lead
to a higher tension®. For the membranes in the microfluidic setup, the tension is directly given by the
adhesion between the sheets via eq. (2). For both situations, a higher tension thus means an increase
in adhesion; in one case, to the substrate and, in the other case, between the leaflets. It is interesting
to note that the addition of CLand SM in the membrane leads, in both cases, to an increased adhesion.
However, the ratio of this increase seems too large to be attributed solely to an increased molecular

density in the bilayer.
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Our observations shed light on the function of sterols and sphingolipids on more complex compositions
presenting larger lipid heterogeneity and fatty acid distribution as the degree of unsaturation, and
polydispersity can tune the properties usually attributed to CL and SM*®. Previous studies showed that
for certain proteins, i.e. the FGF2 used in our experiments, both binding and translocation are highly
enhanced when cholesterol and sphingomyelin are present®. The underlying mechanism remains not
entirely elucidated, but it's probable that variations in tension and the lipids' inherent properties play

significant roles in this phenomenon.
5.0 Conclusions

The technology of membrane biomechanics is continuously in evolution and currently many systems
are studied, from in vitro constructed liposomes®®, pore spanning membranes®®, synthetic cells*® to
entire cells®, using a variety of techniques, including AFM, fluctuation spectroscopy and micropipette
aspiration. In our study, we employed Atomic Force Microscopy, Atomic Force Indentation and less
extensively also microfluidics, to achieve insights into mechanical properties, such as bilayer tension
and elasticity, morphological features, and protein-membrane interaction studies on unsupported
membranes. Starting from the pore spanning technology we used biomimetic lipid membranes for
which we chose a plasma membrane-like composition from natural lipids, to shed light on the
properties of complex membranes, which feature lipid heterogeneity and polydispersity. The focus
was mainly on the role of cholesterol and sphingomyelin, for which there is still a lack of information.
The shift in the values of elastic modulus, of the breakthrough force as well as in the adhesion energies
between PMC and PMC™ shows how the combination of different bilayer components affects the
compactness and the mechanics of the membranes. This led us to the conclusion that cholesterol and
sphingomyelin increase membrane tension and rigidity even in more complex PMC compositions.
Eventually, we propose the described unsupported membranes as an alternative to supported ones as

model for systematic studies with more natural dynamics.
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