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“Ein Abend, an dem sich alle Anwesenden voéllig einig sind, ist ein verlorener
Abend.”

— Albert Einstein
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Abstract

The scope of this thesis is to consider phase transitions acting on lipid membranes
and the implications on biological processes. To account for the diversity of fields
involved, the projects range from transmembrane processes, such as permeabilization
- to lateral, in-plane processes, such as enzymatic activity on membranes. The science
conducted on these fields study fundamentals to applications and finally achieve the
development of a biomedical tool.

Firstly, we studied the membrane phase transition temperature as function of
shear flow. Optical measurements of vesicles in microfluidic systems revealed a shift
in chain order. The same effect was observed for another lipid type, which is a
powerful reference. These results should be considered in the design of therapeutic
temperature-sensitive liposomes encapsulating drugs to ensure precise control of the
drug release.

Secondly, we studied the nanoparticle uptake of vesicles as function of temperature.
The micrographs time series revealed that nanoparticle uptake was a complex function
of temperature. Local maxima of the uptake as function of temperature do exist
and do correlate with the phase transition. However, - contrary to expectations
- the uptake peaks are located around T = T,, + 3K. As the uptake is driven by
adhesion, we conducted force spectroscopy on the adhesion, which turned out to
be a non-linear function of temperature. Adding literature into consideration, we
concluded that tension must exhibit a minimum at the nanoparticle uptake maximum.
These results might become relevant for the design of porous silica nanoparticles,
which are commonly used as a carrier material for drug delivery.

Thirdly, in addition to carrier-centered nanoparticle permeability, we studied
general permeability as a function of shear rate and temperature for vesicles. Unex-
pectedly, we observed all-or-nothing-like permeabilization behavior - entirely different
from reports in literature - just by adding shear flow. All-or-nothing behavior is
well-known from biology, like in triggering of action potentials. The all-or-nothing-like
behavior is triggered at the lipid membrane phase transition temperature. This
finding is particularly intriguing, as a macroscopic system acts probabilistic.

Fourthly, after gaining expertise in shearing and permeabilization, we built a
novel acoustofluidic permeabilization tool for suspended living cells. Acoustofluidic
permeabilization is a vector-free method, where surface acoustic waves couple into
the fluid of a microfluidic channel to trap cells in the vortices that are created by
the acoustic wave application. The permeabilization is enhanced by more than an
order of magnitude for a large spectrum of cargo sizes, ranging from a fluorescent
molecule, to sugars and even proteins.



Fifthly, we studied the correlation of permeability and shear forces in a viscosimeter.
The cone-plate shearing of suspended cells revealed that the maximum permeability
temperature is a linear function of shear rate. However, it was the plate-plate
viscosimeter experiments on adherent cells, which brought a real leap forward in
terms of robustness, visualization, and spatial information. Thanks to the continuous
and linear shear profile, we were able to measure the whole shear dimension at
once with only one cell passage. Furthermore, adherent cells allowed for spatial
information on the single cell level. Thanks to the spatial information, the results
revealed cell de-adhesion to be a non-linear function of shear rate, which is entirely
new in literature. On top, we found permeability to be a non-linear function of shear
rate - supporting prior findings in the form of fascinating fluorescent micrographs.

Finally, we added biochemistry to the equation and studied membrane phase
transition acting on the enzyme activity. The results revealed a correlation of the
membrane-associated enzyme activity with the excess heat capacity of the system.
In detail, we observed Anti-Arrhenius behavior in a temperature interval above the
phase transition temperature - several Kelvin wide. This result resolved a dispute in
literature from the 1970’s, where non-Arrhenius membrane-associated enzymes could
not be accommodated by any theory. However, our results support a thermodynamic
theory by Kaufmann. Concerning applications, this result proves the plausibility of
the trigger-and-detection principle of the soliton nerve signalling theory.
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1 Introduction

Throughout history, religions and ideologies did not sanctify life itself.
They always sanctified something above or beyond earthly existence,
and were consequently quite tolerant of death. [...] Modern science and
modern culture have an entirely different take on life and death. They
don’t think of death as a metaphysical mystery, and they certainly don’t
view death as the source of life’s meaning. Rather, for modern people
death is a technical problem that we can and should solve. [...] Humans
always die due to a technical glitch. The heart stops pumping blood.
The main artery is clogged by fatty deposits. [1]

To most people today, Harari’s statement is clear, obvious, and - as scientists enjoy
to say - trivial. However, the logical consequence to this statement is that technical
glitches are avoidable or repairable. To a possibly unlimited extent.

In this thesis, I do not want to solve mortality. However, I would like to present my
small contribution to the advance in the interdisciplinary field of medicine, biology,
and physics.

In Harari’s quote, he mentions fatty deposits in a negative connotation, being
capable of clogging arteries. The commonly used term fat refers to certain molecules,
whose chemical structure will be elucidated soon. Fat is an essential part of cells
and - besides other molecules - forms membranes. We like to think of fat as of a
simple, white, and glibbery material. In fact, fat brings a huge amount of chemistry,
biology, and physics with it. And even more important, it brings questions in these
disciplines with it, which we are going to address in this thesis.

In the first part, I will present a historic introduction into membranes and their
basics. The basics include the chemistry and physics of fats, as well as prominent
other components in a membrane.

In the second part, I will present experiments inspired by blood flow in vessels.
Therefore, we will expose membranes to flow and study the shift of the membranes
thermodynamic properties.

In the third part, the simple flow model will be extended by another medically
relevant, real-world substance - nanoparticles - which are abundant in our food and air.
We will study the interaction of membranes and the nanoparticles thermodynamically.

In the fourth part, we will approach even further towards real world membranes
by using living cells. Based on the results from the prior sections focusing on the
interaction of membranes, flow and nanoparticles, we will build a novel - acoustofluidic
- drug delivery tool. This novel acoustofluidic drug delivery tool will help testing new
potential drugs by forcing them through the cell membrane, which is otherwise not



possible. Furthermore, this acoustofluidic drug delivery tool along with the evaluation
could measure the efficiency of the tested drugs. Along the way, fundamental
insights on the thermodynamics of the key measure of drug delivery - cell membrane
permeability - will be elaborated.

In the last part, we will put thermodynamics in membranes to the test. We will
expand the complexity of the system by adding a new biological material to the
artificial membranes - enzymes. This study of membrane-enzyme thermodynamic
interaction will help draw the boundaries between thermodynamics and biochemistry.
On the application side, we will test the membrane-enzyme thermodynamic inter-
action for the potential of being a trigger-and-detector in an uprising nerve pulse
propagation model.



2 Membranes

Practically all living organisms have membranes. Even the ones, where it is not
exactly clear if they are actually alive (viruses), have membranes. Membranes are a
fundamental tool in biology to satisfy a plethora of requirements for vastly different
organisms to function.

To understand the role of membranes in literature, I will provide a historic
overview on the discovery of membranes. Based on the latest and most detailed
model of membranes, we will study the chemistry of the membranes, especially its
most abundant molecules - lipids. Once the chemistry of the lipids is clear, we
will continue our bottom-up approach and regard the behavior of lipids in large
numbers, which is the thermodynamics of lipids. At this point, we will extend our
thermodynamic view of membranes from model membranes purely consisting of
solely lipids, to other classes of biological material, especially enzymes.

This uprising ansatz in literature, that membrane thermodynamics govern bio-
chemical processes, like enzymatic catalysis, has various biological applications, two
of which this thesis contributes to. The first application is a thermodynamical model
of nerve pulse propagation, triggered by membrane-governed enzymatic activity. The
second biological application is membrane permeability for drug delivery. At first
glance, these two biological applications seem independent, however, we will study
the link between these two phenomena, which are lipid phase transitions.

First things first - where does the knowledge about membranes arise from and
how were membranes discovered?

2.1 Historic Overview of Membranes

This overview is a concise summary, the interested reader could refer to the original
source [2].

The first glimpses into membranes were the discovery of osmotic barriers in plants
[3] and were named plasma membrane [4]. Overton then constituted that the
membrane must be similar to oil, as permeation through membranes is related to
the partition coefficient [5]. This over 120 years old finding is still very relevant as of
today to predict membrane permeability, which is a major scope in this thesis.

A refinement of Overton’s finding gave Langmuir, when he specified the mem-
brane film must consist of polar headgroups - pointing towards water - and apolar
hydrocarbons [6]. Finally, the bilayer structure was revealed by Gorter and Grendel
in 1925, showing that the membrane area of the lipids from red blood cells on a
Langmuir trough is about twice the surface area of the used red blood cells [7].



Danielli and Davson in 1935 revealed the biochemical diversity of membranes [§].
In particular, they found proteins, from which they constituted, that proteins are
adsorbed to the hydrophilic head groups of the membrane. Robertson was the first
in 1959 to visualize a membrane with the help of electron microscopy [9]. He also
measured the thickness of a membrane bilayer, which he found to be 7.5nm.

Nicolson and Singer developed the famous Singer-Nicolson model in 1972, which is
also called the fluid mosaic model [I0]. With the help of x-ray crystallography, they
found that membrane proteins have hydrophobic a-helices, that are not only adsorbed
to the membrane, but rather span through it. They further constituted that the cell
membrane resting phase state is the fluid state, as the diffusion coefficient matches
and is two orders of magnitude higher than the gel state. The Singer-Nicolson model
is widely used until today.

Figure 2: Mouritsen’s and Bloom’s mattress model. Adapted from [I1].

Slight advances to the model had big scientific impact, brought in by Mouritsen
and Bloom with their mattress model in 1984 [I1], as illustrated in figure 2] They
took the distribution of different lipid types into account and stated that the resulting
hydrophobic mismatching rather favor some ordering and domain formation. This
principle works both ways, e.g. bacteriorhodopsin fluidizes surrounding lipids [12],
which we will revisit in later analysis. These effects give a first glimpse into a
fundamental field, the lipid-protein interaction. In order to dive into this field, it is
essential to understand the structure of lipids and proteins.

2.2 Chemical Structure of Artificial Lipid Membranes

Having understood the history of membrane models and how they matured over
time, we will have a close look into the chemical structure of lipids.

The term membrane refers in biology to a mixture of hundreds of different types
of lipids, proteins and sugars. Such a cell membrane consists easily of billions of
molecules - just counting the lipids in a single cell membrane. Lipids are amphiphatic
molecules, which consist of a polar, hydrophilic group - commonly referred to as the
head group - and an apolar, hydrophobic hydrocarbon group - commonly referred to
as the acyl-chains or tail group.

The acyl-chains interact via van-der-Waals-interactions and are basically charac-
terized by their chain length and their unsaturation degree, which might differ for



the very same lipid molecule. In contrast, head groups interact via their dipoles and
hydrogen bonds, as those are mostly zwitterionic or charged.

The head groups consist of commonly two functional chemical groups in a certain
order, like choline, phosphate, ethanolamine, glycerol, and serine. An important
chemical feature of lipid head groups is the protonation and deprotonation. A
quantitative measure for protonation and deprotonation is the pK,-value, which
is generally different for every functional group and which can be determined in
titration experiments. A selection of biologically relevant lipids is illustrated in figure
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Figure 3: Selection of membrane lipids. Adapted from [2].

Phosphocholine lipids for example display a pK, of about pK, ~ 2 -3 [13]. At
this pH value, 50 % of the lipids exist in the charged state (R - PO,H - NH3}) and
50 % in the zwitterionic state (R -POj; —NHJ). However, this is dependent on
environmental thermodynamic parameters like solvents, ionic strength, pressure,
and temperature [2), 14], which is a major subject throughout this study. Note that
despite the 50 %-50 % distribution being a steady-state distribution, it is highly
non-static in time and each lipid head group will fluctuate between those two states.

In general, the electrostatic nature of the lipid head group has consequences on the
whole lipid bilayer. A lipid bilayer structure is an energetic minimum of two opposing
forces. On the one hand, head groups repel each other and therefore generate a
surface pressure. On the other hand, acyl-chains attract each other and generate a
surface tension [I5]. As a result, the formation of a bilayer is an interplay of various



parameters, documented in a phase diagram, as visualized in figure The following

biologically relevant categorization results [2]:

Monomeric Lipids: The lipids are homogeneously dissolved in the aqueous
solution. An appropriate approximation of monomeric lipids is an ideal gas, as
they do not interact.

Micells: The lipids are radially arranged, where the acyl chains are on the
inner side, so acyl chains avoid contact with water. This is a regime, where the
lipids mutually interact and therefore must be described at least by a real gas.
Being a real gas is the prerequisite to display phase transitions. Micelle phase
transitions have been proven experimentally [16].

Bilayer: This 2-dimensional double sheet of lipids is a commonly used simplified
model of the biological membrane. It displays phase transitions and the
following phases:

— Gel (Lg ) phase: The lipids display a twofold order. The lateral order is a
2-dimensional triangular lattice order. The second order concerns the C-C
bonds in the acyl-chains, where the acyl-chains remain in the all-trans
configuration. This phase is also referred to as solid ordered (SO).

— Ripple (Py) phase: Here, the lipids have partially melted and therefore
display periodic 1-dimensional fluid ripples [17].

— Fluid (L,) phase: The lipids are laterally disordered, so the 2-dimensional
lattice order is lost. Furthermore, the rotational barrier of the hydrocarbon

chains is overcome, which enables free rotation. This phase is also referred
to as liquid disordered (LD).

— Liquid ordered (LO) phase: This phase only exists under presence of
cholesterol. The liquid ordered phase displays no lateral order, but the
C-C bonds remain in all-trans configuration. This phase can be regarded
as a gel-like phase with C-C bonds in all-trans configuration, but with no
lateral order.

The difference in structure of the membrane phase transition is illustrated in

figure [5] Simulations allow for a more detailled illustration of the most important
bilayer phase states, which are visualized in figure [fal Note, that the sheet-like shape
of bilayers has a disadvantage at the edges due to exposure to water in the third

dimension. However, periodic boundary conditions resolve this dilemma. A lipid

bilayer with periodic boundary conditions can be a vesicle.
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Vesicles

Vesicles are liquid droplets immersed in a liquid, with an interface that consists of a
lipid bilayer. This lipid bilayer is curved, which adds complexity to the system, as
will be discussed more thoroughly in section [2.6.6] One vesicular feature of highest
interest is the enclosure of an aqueous interior. This enables vesicles as carriers of
nanomedicine, most prominently used recently in the COVID-19 mRNA vaccine by
BioNTech-Pfizer and Moderna [19]. Further characterization reveals that the vesicle
membrane is commonly unilamellar and the shape is mostly spherical, as depicted in

figure [6]
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Figure 6: Schematic cross section of lipid vesicles.

Unilamellar vesicles can be anywhere between tens of nanometers and centimeters
of diameter. However, as artificial vesicles are a common model for cells, those
are called Giant Unilamellar Vesicles (GUV) and will display similar sizes as cells
at around 20 pm diameter. To model functional vesicles from organelles, Small
Unilamellar Vesicles (SUV) are used and are around $ 100nm in diameter. For
vesicles, a small membrane tension exists, which results from the difference of surface
tension and surface pressure [20].

Besides vesicles, another model membrane is widely used in literature - the

supported lipid membrane.

Supported Lipid Membranes

Supported lipid bilayers commonly consist of a hydrophilic substrate surface, which
adheres to the lipid head groups of the membrane. The lipids can form a monolayer,
usually achieved by the Langmuir-Blodgett deposition [2I]. To achieve a bilayer,
Langmuir-Blodgett is also suitable, as well as the vesicle fusion method. It is even
possible to deposit an odd number of monolayer leaflets.

Supported lipid bilayers are versatile in their applications. They can be used
as biosensors, as it is possible to embedd proteins and other molecules into the
membrane. Luckily, many substrate materials are suitable to deposit a bilayer on
like glass, mica, or silicon wafers. It is also possible to control the spacing of the
lipids on the substrate by adjusting the lateral pressure of the film balance during
deposition by Langmuir-Blodgett.



Supported lipid bilayers are convenient to investigate adhesion forces due to their
immobility and compatibility with fluorescence and atomic force microscopy. At this
point, it is necessary to look in-depth into the physics of lipid membranes.

2.3 Thermodynamics of Lipid Membranes

We continue our bottom-up approach and move from the historic overview of mem-
brane models and the structure of lipids towards the physics of lipids. The physics
of lipids starts with a model and continues to the study of the susceptibilities. We
will focus on the impact of phase transitions on the observables and how to measure
in an biologically relevant environment, which is fluid flow, like in our blood vessels.
However, every physical theory needs a model system first.

A very simple but powerful thermodynamic model of a membrane is the two-state
Ising model, extensively used in magnetism [22].

Two-State Ising model

In this model, on each lattice point there is a lipid molecule. The lipid molecule
can be in one of two states, the gel-like state (A) or the fluid state (B). A possible
configuration of a 3x3 lattice is illustrated in figure [7]

Figure 7: Ising model applied on lipids.
One major quantity in this model is the interaction energy e.

e cap interaction energy between two lipids, both in the gel-like state (A)
e epp interaction energy between two lipids, both in the fluid state (B)

e c,p interaction energy between two lipids, each in the respective fluid and
gel-like state



The interaction energy e provides information about whether the mixture of these
states is homogeneous or phase separated:

€= §(€AA+EBB) — €AB (1)

For negative €, a homogeneous mixture results. For positive €, phase separation
results. Although € is just a simple scalar, it provides information on the whole
system. More details can be revealed by a full simulation of the lattice kinetics, as
illustrated in [da] and [dbl The interested reader should refer to in-depth literature
[2, 23, 24]. Simulations are excellent tools to illustrate the dynamics of phase
transitions. However, basic principles are easily studied by classical considerations,
like the coupling of heat capacity with the other susceptibilities.

2.3.1 Coupling of Heat Capacity and other Susceptibilities

The simplest thermodynamic model is the ideal gas. Individual ideal gas particles
have a mass, but no volume and do not interact. When ideal gases are heated, the
gas particles are excited and the energy is stored as translational movement - in
detail kinetic energy. No energy is stored in rotation or vibration, due to the lack of
volume. The closest approximation for an ideal gas are monoatomic gases, like light
noble gases or hydrogen.

The very next more elaborate thermodynamic model than the ideal gases is the
real gas. Real gas particles have a mass, do have a volume, and do have an interaction
potential. Therefore, when heated, energy can be stored not only in translational,
but also in rotational and vibrational modes.

From an experimental point of view, it is interesting to study the susceptibilities
of those gases, like heat capacity. Heat capacity is commonly measured using
calorimetry. A calormetric measurement of an ideal gas will be constant (c, = ), in
fact, this is a very basic theoretical problem and has a well-known solution (cy = 2R).
However, real gases display a more complicated heat capacity function, because of
the interaction potential. In general, the heat capacity can be approximated by
cp = ¢ + Ac,, where Ac, is the excess heat capacity, as presented in figure .

In general, the function ¢ is not trivial for real gases. It is a result of the complexity
of the interaction potential. In contrast, the excess heat capacity, Ac,, for a real gas,
is the result of the phase transition. Phase transitions are famously defined by Paul
Ehrenfest: A phase transition between phases a and f is of order n, if
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For an experimentalist, the major difference between first order phase transitions
and second order phase transitions (and higher order) is the latent heat involved in the
first order phase transitions. In second and higher order phase transitions, no latent
heat is involved. Formally, the susceptibilities - heat capacity c,, compressibility &,
and isobar thermal expansion «, - are also defined as
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Despite a major focus on calorimetry and heat capacity in this thesis, all other
susceptibilities suit for analogous experiments as I am going to present. Such
other experimental methods studying the other susceptibilities are densiometry and
dilatometry.

Nevertheless, for studying heat capacity, the area under the excess heat capacity
is of special interest - the enthalpy:

AH:LEA%@MT (5)

0

e Tj: onset temperature of lipid phase transition
e T7i: end temperature of lipid phase transition

While the enthalpy is an experimentally easily accessible quantity, entropy is not.
Interestingly, the melting entropy of a phase transition is indeed easily accessible,
if an approximation (% w ;—r’;) is met. This approximation is reasonable for sharp
transitions, like in multilamellar vesicles. Therefore, especially in multilamellar

vesicles, the melting entropy is

e AH
AS = LAT ~ ——. 6
n T T (6)

To get a feeling for the numbers for the entropy of membrane melting, the enthalpy
of DPPC is AH(DPPC) » 38 &% the melting temperature T},(DPPC) ~ 41°C, the
melting entropy is AS(DPPC) ~ 121 —2—. Systematic calorimetric studies have
revealed, that the head groups contribute to the melting enthalpy, too. In fact,
this contribution is negative (phosphocholine head group -51.78 <L) whereas the

mol
mk—fﬂ per carbohydrate unit

contribution of the acyl-chains is positive and about 3.2
[2]. As the enthalpy can not become negative, there is a threshold acyl-chain length
for a lipid molecule to exhibit a phase transition.

Equation [6] does not only provide an approximation on the melting entropy, but

can also be rewritten to stress the dependency on experimental variables:
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_AH AU +pAV (7)
S AS T AS
If the pressure changes by Ap, the enthalpy changes by A(AH) = ApAH, therefore

T

CA(AH)  AVApT,, .
T AS T AH

Therefore, a change in pressure results in a shift of the phase transition temperature,

AT

according to equation [§ This is well-known from water boiling experiments on
mountains. The dependency of the melting temperature on pressure has consequences
on the chemical lipid composition of membranes, as membranes adapt to their
environment.

Two cases of membrane composition adaptation are remarkable. The first example
is from a vastly different community - food microbiology, which includes the study
on fermentation, the process of wine making. Interestingly, wine yeast changes
its membrane lipid composition as a response to cold stress [25]. The study has
cultivated Saccharomyces species at low and optimal temperatures and found that
in an adaptation process, the species change their lipid composition to improve
their fermentation rate at low temperatures. In particular, in terms of adaptation,
the most two prominent parameters change. At low temperatures, the degree of
unsaturated lipids increase [26] and the acyl-chain length decreases [27]. It would be
highly intriguing to spectroscopically measure wine yeast as a function of cultivation
temperature using up-to-date optical methods, as will be shortly elaborated on in
section [2.3.7

The second example directly relates the membrane phase transition temperature
to pressure. A pressure of p = 1000 — 2000 bar shifts the phase transition temperature
in biological membranes by about AT = 1K [28]. In this thesis, we will conduct
analogous experiments on the shift of the phase transition temperature as function
of shear stress. But first, how exactly do we measure phase transitions?

2.3.2 Lipid Phase Transition Measurement Techniques

One of the standard techniques to study a lipid phase transition is via differential
scanning calorimetry. It is a quantitative technique with information on the enthalpy
and cooperativity. Furthermore, the resolution on the temperature axis is in the
milli-Kelvin-regime. Unfortunately, the measured quantity is a scalar and therefore
does not provide spatial resolution on the sample.

A good technique to overcome this disadvantage is Atomic Force Microscopy
[29, B0], here you have spatial resolution down to the nanoscale. Furthermore it
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provides the opportunity to probe the elastic constants of the sample, which are
directly linked to the phase transition [24]. The challenge to overcome here is the
sample preparation, to the best of my knowledge, the few publications, that exists,
study artificial supported lipid bilayers. Though, this might seem as a promising
technique - as natural supported lipid bilayers might be produced by osmotically
swelling an adhered cell until it bursts and then measuring the immobile leftovers.

Atomic Force Microscopy is a very direct measurement, where the probe comes
into contact with the specimen. At contact, the probe material alters the bilayers
chemical potential. The chemical potential itself, more exactly the intersection
point of the chemical potential of the gel phase and the fluid phase respectively,
determines the phase transition along the observable. The direction in which the
intersection point is shifted is dependent on the probing material [31]. Therefore, a
more non-invasive, non-contact measurement technique is greatly appreciated.

One way to measure phase transitions optically is via fluorescent dyes like Laurdan
[32]. This dye is "solvatochromatic" and therefore very sensitive on its coordination
by water. The water-to-dye distance is dependent on the phase state of the lipid, as
the surrounding water of a gel phase has different dipolar relaxation processes than
the fluid phase [24]. The catch of this technique is that a probe molecule has to be
inserted into the membrane in the sub-%mol range, which is expected to slighlty
alter the phase transition itself towards a smaller and broader, less cooperative peak.
This measurement technique is non-contact, but not non-invasive.

To measure non-invasively, the phase transition can be optically measured without
inserting a probing dye molecule by infrared spectroscopy [33] or Raman spectroscopy
[34]. Other common techniques are electron microscopy [35], where the spatial
resolution is high, but cells have to be immobilized.

Langmuir film troughs [36] are used to measure phase transitions in a very versatile
manner, as various other variables can be measured in parallel, like capacitance or
colorimetric absorption. However, the film trough operates at an air-water interface,
which is not a typical biological environment.

Interestingly, lipid phase transitions have been measured extensively in artificial
membranes, but fewer in naturally occurring biological membranes. Some examples of
the real biological membranes with phase transitions are trout liver [37], Mycoplasma
laidlawii [38] [39], red blood cells [40], Escherichia coli [41], algae chara [42], and lung
surfactant [43]. The interested reader might refer to literature [2, [44]. In one study,
the authors made use of Laurdan to measure lipid chain order in vitro cells and
vesicles upon shear stress, however, they have not exactly studied phase transitions.
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2.3.3 Shear stress upon Cells and Vesicles

In 2013, Yamamoto and Ando published a paper, which measures the chain order in
a vesicular model system, as well as in vitro cells upon shear stress [45]. Shear stress
arises from spatial change in flow velocity of fluids. The most prominent flow of
fluids take place in a pipe, which is a cylinder. Here, the velocity profile is parabolic
[46]:

2

v(r)=2 4 r

A ®)

e v velocity

e V volume flow

e 1 radial distance to the tube center
e R tube radius

In a microfluidic channel, the geometry is a quadrangle. In detail, due to technical
imperfections, the geometry is possibly even a isosceles trapezoid. However, especially
in the middle cross section, the approximation is exact. Further towards the corners,
the approximation deviates quantitatively. Nevertheless, equation [J still holds
approximately for a rectangular channel and will be used further. The derivative of
equation [J] results in

LT
()] = A (10

where 7 is the shear rate. In contrast to the flow profile in a cylinder, the flow profile
in a viscosimeter is inherently different. For all experiments using a viscosimeter in
a plate-cone geometry, the shear rate is:

v 2rU
R — 11
774760 tan(a) (11)

e U revolutions per minute
e « cone angle

For a viscosimeter using the plate-plate geometry, the shear rate is proportional
to the radius:

. 2mrU
7 7604

(12)
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e d plate-plate distance

The shearing of a spherical object, where the interior is incompressible water, like
in a vesicle, leads to a deformation D [47]. Deformation results in a elastic response
of the membrane, which consequently increases surface tension. The shear profile is:

. 409D 647k
= D? 13
7 san P ( 15kgT ) (13)
And the deformation is: IR
D="— (14)
L+B

e 1) viscosity
e £ dilatation modulus
e [ major axis

e B minor axis

The experimental finding is depicted in figure [9
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Figure 9: Taylor-Deformation as function of shear rate. Adapted from [47].

The rise in surface tension has been found to be [48]:

o 0A 8Tk
Z _— 15
0o P ( AQ k’BT) ( )
And the lateral pressure 7 is:
T=09—0 (16)

e o surface tension
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(a) Immobilized giant unilamellar vesicle.  (b) Adherent Human Pulmonary Artery En-
dothelial Cells (HPAEC).

Figure 10: Generalized Polarization of membranes under static conditions and shear
stress. Adapted from [45].

Note, that a change in lateral pressure is tightly related to a change in phase
transition temperature [49]. Therefore, the experiments and results of Yamamoto and
Ando are intriguing. They use a method able to directly measure phase transitions
and are likely aware of literature linking a change in lateral pressure to phase
transitions, however the measured system and analysis did not include explicitly
phase transitions. In the following, we will dive in-depth into their study. Yamamoto
and Ando used endothelial cells stained with Laurdan and measured the chain order
as Generalized Polarization (GP) under a confocal microscope. To control the shear
forces, a controlled flow was exposed to the adherent cell layer.

Under static conditions, their pseudo color images show various GP values over
the membrane. The physical interpretation leads to the coexistence of fluid and
gel-like domains at the same time over the whole cell membrane. Accordingly, a
phase transition regime at least at phase interfaces must exist, which underlines
heterogeneity of the cell membrane including domains and rafts.

In detail, the same micrograph shows a less fluid membrane state at the periphery
of the cell. Interestingly, using a staining method, they could identify an accumulation
of caveolin in the cell periphery. Caveolin is a protein that forms caveolae, which
are typically rich in cholesterol. When cholesterol was extracted chemically (via
methyl--cyclodextrin, MBCD) or the expression of caveolin was eliminated by
siRNA knockdown, high chain-order regions vanished almost completely. Cholesterol
increases the chain order, but decreases the lateral lipid order [2].

When shear stress is applied, the whole cell membrane becomes more fluid, as
shown in figure There is a quantitative difference though, the gel-like parts
of the membrane become more fluid than the already fluid ones. Time resolved

17



measurements show that for a certain shear force, the fluidity saturates. However,
the time resolved measurements are not long enough for the prior gel-like domains
to saturate in fluidity. Also, the authors could not determine a saturation for prior
gel-like domains for higher shear rates, as their maximum shear rate is 100 %—g These
points remain open and intriguing for future studies.

The authors furthermore showed reversibility of the phenomenon. When the shear
flow ceased, the fluidity recovered. However the kinetic is not long enough to show
full recovery, but recovery does not saturate at the end either. As they repeatedly
turn on and off shear forces, they observe fluidification during the shear forces and
recovery, when shear forces are turned off. Nevertheless, future studies should revisit
the question of complete reversibility.

Reference experiments were conducted by applying a hydrostatic pressure, but no
flow. It is clearly visible, that the chain order is insensitive to the applied hydrostatic
pressures. This seems in contradiction to previously mentioned literature, finding
the phase transition temperature to be a function of hydrostatic pressure [28]. This
contradiction resolves, as the total applied pressures varies drastically. In the study
of Yamamoto and Ando, the applied pressure is orders of magnitudes smaller, which
is legitimate, as they demonstrate the insensitivity of the GP to the present pressure
conditions during the experiment. Similar to existing studies, using the setup of
Yamamoto and Ando would be highly beneficial to study adaptability of the cells to
the shear forces, as well as generally the application of shear forces in the long-term
regime.

Other reference experiments were conducted on model membranes, as shown in
figure . They immobilized GUV (giant unilamellar vesicles) on the substrate, dyed
them with Laurdan and measured the GP. They could observe again a heterogeneous
membrane concerning the phase state distribution. This was attributed to the
presence of cholesterol in the saturated-unsaturated lipid mixture of DPPC and
DOPC, as it invokes phase separation [50].

When shear stress was applied, the GP shifted towards lower values all over the
membrane, until the whole membrane became fluid. Surprisingly, the GP value
stayed constant at fluid values even after cessation of the shear flow. The GP value
did not show any recovery, unlike the cells. The authors did not go into further
interpretations on this finding. However, applying basic physical principles, I deduct
that no elastic restoring force is acting on the membrane phase state. This means
the system was not in equilibrium, nor in an energetic minimum before the shear
exposure, during the shear exposure, or after the shear exposure. Consequently,
during the trajectory in phase space from the static starting point until the static end
point where shear ceased, the free energy must have been approximately constant.
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At this point, studying more lipid vesicle mixtures in this setup would be highly
desirable to test my interpretation of the results. More precisely, experiments should
include a mixture of lipids at certain environmental parameters close to a phase
transition. Additionally, in our publication, we observe restoring of the original
membrane state, which should be studied extensively and systematically in the future
[51].

Nevertheless, in my opinion, the most important difference between the cells and
the vesicles is the elastic restoration force of the GP value - representative for the
phase state. An obvious difference is that the cells, being a non-equilibrium living
system, make use of the elastic restoration force. It might be vital for them. Yet,
this does not specify, whether the elastic restoration is purely a passive process, or
an active process. In the latter case, the cells might be able to actively sense the
membrane phase state and invest energy by a biochemical or biophysical mechanism
to restore fluidity. A follow-up study on this topic would be intriguing.

Summarized, the suitability of this giant unilamellar vesicle as a model to the
presented cells in figure is questionable. Nevertheless, the authors conclude that
the resemblance of the resulting change in fluidity at applied shear forces between
the vesicles and the cells is striking. Therefore, this phenomenon does not have
the necessity for biochemical reactions or membrane proteins and is purely physical.
The authors argue extensively in a physical manner, they suspect effects arising
from changes in thermodynamic quantities, like change in membrane composition,
change in Ca?* concentration, change in pH, change in temperature, and changes
in membrane tension. However, they do not express the thermodynamic nature
explicitly.

To dive deeper into the difference between real cells membranes and artificial
membranes, we will now take a look into the main extra ingredient in cell membranes
- proteins - in detail, enzymes.

2.4 Enzymes

Having layed out the historic overview of membrane models, the chemistry of lipids
and the thermodynamics of lipid ensembles, we will continue by introducing a new
kind of biological matter - enzymes - into the thermodynamics of membranes. As
enzymes are not common in classical physics, we will study the structure of enzymes,
their purpose as bio-catalysts and the quantitative measure of it. A very common
case of enzymes are membrane-associated enzymes, which deviate in their behavior
beyond a quantitative, even to a qualitative extent, which is a major pillar of this
thesis. Lastly, this fundamentally different behavior of membrane-associated enzymes
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from freely dissolved enzymes will be discussed with regards to the thermodynamics.
I will present experiments how the thermodynamics of membranes govern enzyme
activity.

It was Wilhelm Kiihne in 1878, a German physiologist, who was the first to use the
word enzyme’ [52]. He studied yeast producing alcohol from sugars. Etymologically,
the word is derived from the Greek words en (‘within’) and zume (’yeast’). However,
enzymes reach much deeper into biology than producing alcohol. Enzymes are crucial
and central to life. Metabolism in its form would not be possible without them.

A good example are proteins, which we take up in our nutrition. They must be
decomposed in our digestive tract to be valuable to us. In theory, this is possible
even without enzymes. However, to break just half the peptide bonds, it would
take hundreds of years [53]. Enzymes easily accelerate such extremely slow chemical
reactions by up to the gigahertz range [54]. The efficiency of enzymes depends
strongly on environmental parameters like pH and temperature, which is central to
this thesis. But first - what are Enzymes?

2.4.1 Enzyme Structure

Enzymes are a subgroup of proteins. Proteins consist of a sequence of covalently
bound amino acids. The sequence can be hundreds of units long and consists of 21
different amino acids. Their exact order is called primary structure and is unique
for every kind of protein. The peptide backbone is the same for every protein, as
the linking unit of all amino acids is an amino (-NHY) and a carboxylate (-CO3)
functional group. However, it is the side groups (R,), that make up the unique
properties in the amino acids, as depicted below. The primary structure is encoded
into the genome, as it is a one dimensional information.

‘ n
Peptide backbone

The secondary structure arises from interaction of side groups. Two major config-
urations result: the a-helix and the §-sheet. The a-helix is basically a spiral and
results in a spring-like geometry, whereas the (-sheet folds like in a folding meter
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stick. The boundaries of the meter stick interact and form tube-like geometries.
Rarer secondary structures are S-turns and w-loops.

When multiple secondary structures interact, but still share one backbone, a
tertiary structure forms. Tertiary structures are highly three dimensional and the
forming process of this is called protein folding. Protein folding is highly dependent
on the environment like salt concentration, temperature, etc. Here, an energetic
landscape has to be regarded, as different conformations have different energetic
levels.

Equilibration into the energetic minimum levels is not trivial. As proteins are
synthesized in ribosomes one amino acid by one, new energetically favorable transition
configurations form constantly. Many of these transient transition states are dead
ends and prevent a folding into a biologically functional protein. However, to prevent
misfolding, folding helper molecules - chaperones - are often involved and bridge
dead end foldings [55]. But even passive effects, e.g. crowding, influence the folding
crucially [56].

For the folding process, interactions between sidegroups are crucial. The interac-
tions can be estimated and categorized by the sidegroup polarity. The polarity ranges
from charged to aromatic, as illustrated in figure [[Ta] depending on the aminoacid
residue. Consequently, after folding and relaxation of the total interaction forces, the
protein displays polar regions, spatially separated from apolar regions, as illustrated

in figure [11D]
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Figure 11: Aminoacid residues sorted for polarity. Side group polarity interactions
have a consequence on protein structure.
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The resulting forces determine the interaction of the protein with the lipid mem-
brane. Either, the protein adsorbs peripherically to the membrane, which is dom-
inated by electrostatic forces. Or, the protein inserts into the membrane, where
their hydrophobic body is in contact with the hydrophobic membrane core and their
hydrophilic outerior is exposed to surrounding water. However, as proteins structure
is a function of the environment, it is very common for proteins to rearrange in
presence of any other substance, e.g. membranes.

There is another possibility, which is highly relevant to this thesis, where the result-
ing forces are in an equilibrium between different states and transition dynamically
from one into the other. For example, this could be from a peripherical adsorption
to a transmembrane insertion. Clearly, this kind of membrane proteins are highly
sensitive towards any changes (like protonation or thickness) of the membrane. These
protein forces can change, e.g. the aminoacid Histidin has a pK, value around neutral
pH and is therefore highly sensitive to the pH value, which changes the electrostatics
drastically.

Finally, multiple tertiary structure monomers can interact and form quarternary
structures.

Enzymes being a subgroup of proteins have a special feature which is fundamentally
different from proteins in general. Enzymes are biocatalysts and follow the classical
definition of a catalyst. Enzymes take part in a chemical reaction and are released
in the end - enzymes are not consumed.

The huge advantage of catalysts in general is the reduction of the activation energy.
Without a catalyst, the transition state is energetically very unfavorable. With a
catalyst, other - energetically more favorable - transition states form. In detail, the
catalyst forms transient bonds with the substrate, resulting in a substrate-enzyme
complex.

Once the enzyme-substrate complex separates, the product is released and the
original state of the enzyme is restored. This reaction cycle is referred to as Turnover.
The rate at which the Turnover occurs is of special interest.

2.4.2 Enzymatic Activity

The activity of enzymes is a quantitative information on how many molecules are

altered per unit time. Therefore, the SI unit is katal and kat = 2

~. A commonly
used unit is U = 10‘6“‘701. Enzymatic activity is highly non-constant and a function
of environmental parameters: temperature, pH-value, substrate concentration and
many other concentrations. For freely dissolved enzymes, the basic dependency
of the activity on temperature is exponential until denaturation. In contrast, the
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dependency on the pH-value is peak-like with an optimal pH-value. This is also the
case for several other concentrations, like certain metal ions for specific enzymes [58].
The dependency on the substrate concentration is more complex.

Substrate Concentration

The activity is generally a function of the relative substrate concentration. This
time dependent function is generally categorized into Michaelis-Menten kinetics
and non-Michaelis-Menten kinetics. While the latter is dominated by interactive
enzymatic reactions, where self-catalytic, allosteric or other kinds of enzymes are
involved, the Michaelis-Menten kinetics describes the classic relation, which is the
case for this thesis:

Vmax[S]

v= . +15] & (17)

e v enzymatic activity
® Upmax Maximum enzymatic activity

e K, Michaelis-Menten-constant, which marks the substrate concentration, at
which v = %Umax

e [S] substrate concentration

Basically, an analysis of the limits of the Michaelis-Menten-equation results in three
regimes of enzymatic activity. The first is at relatively low substrate concentrations,
where enzymatic activity is directly proportional to the substrate concentration. In
this regime enzymatic activity is low.

The second regime is in excess substrate concentration, where the enzymatic
activity is at maximum and constant. This regime is also referred to as the steady-
state. As keeping the substrate concentration constant is experimentally challenging,
all measurements in this thesis are done in the excess substrate regime at constant
enzyme concentration.

The third regime is an intermediate regime between the previous two at intermedi-
ate substrate concentrations.

Note that the activity is linearly proportional to the enzyme concentration. How-
ever, if the substrate concentration is not kept constant and substrate is simply being
consumed, the substrate concentration in equation [17| declines faster.

As exponential laws are counter-intuitive, literature uses Arrhenius-plots to linearize
the activities.
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Arrhenius Plots of Enzyme Activities

A standard procedure for activity measurements is to measure the activity at distinct
temperatures. As collision theory models an exponential dependence of the activity
as a function of temperature, an Arrhenius plot is a convenient way to present data.
In an Arrhenius plot, the logarithm of the activity is plotted against the inverse

temperature.
Ea
= -— 1
k Cexp( kBT) (18)
Eal
Ink =1 -(—)= 1
n nC (k?B T (19)

e (' collision frequency
e In(C y-intercept of the Arrhenius plot
e k reaction rate

e [/, empirical activation energy

Ea
kg °
If the enzyme displays an Arrhenius behavior, a straight line on the Arrhenius plot

will appear.

Note that the activation energy is easily extractable from the slope, which is

2.4.3 Membrane Associated Enzymes Deviate From Arrhenius Behavior

Certain membrane associated enzymes display kinks in the Arrhenius-plot, often
referred to as bi- or ti-phasic Arrhenius plots. The molecular mechanism remains
unclear [59]. However, there is a major difference to enzymes in organisms - enzymes
are not freely dissolved in bulk liquids, but bound to surfaces and proteins. In fact,
this is not the exception, but the rule, as the amount of free water in cells makes up
only about 20% [60].

Various molecules have a high potency to bind water, like hyaluronic acid (HA),
where m(HA) = 1g can bind up to V(Hy0) = 61 of water [61]. This also holds
for lipids, where as a rule of thumb, 20-30 water molecules completely hydrate
one uncharged lipid [2]. More water has no effect, as a separated, aqueous bulk
phase forms. However, especially charged lipids require large quantities of water
for hydration. Calorimentric measurements reveal concentrations down to ¢ = 1mM
phosphatdylglycerol bind all water in the system.
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Therefore, surfaces are of highest importance for in cellulo processes and conditions.
This is also true for enzymes: When bound to a cell surface — a membrane — many
enzymes change their properties [62]. In the 1970’s, many studies have found
deviations from a pure Arrhenius-behavior for membrane associated enzymes. More
precisely, they found discontinuities and kinks in the Arrhenius plots, indicating
deviation from the exponential behavior. A short selection of enzymes, for which
discontinuities and kinks were reported: (Na*-K+*)-ATPase [63, [64], 65, [66] 67], Ca2*-
ATPase [68, 69, [70, [71], Crss-isoprenoid alcohol kinase [15], [59] [72], phospholipase
[73), [74, [75], [76], acetylcholinesterase [77, [78, [79], and various other enzymes [80, 81
82, 183, )84l 1’5, 186].

The cause of the kinks puzzled the community. Many theories have been proposed,
tested, and discarded. One temporarily popular theory proposed a correlation of
the enzyme activity and the phase transition of the lipid membrane. However, the
data seemed to be inconsistent and more and more individual explanations and
exemptions for each case arose.

Interestingly, a very similar course happened recently in fundamental enzymatic
studies. However, the enzymes in this case were not membrane-associated, but
freely dissolved. Nevertheless, many highly debated studies reported supra Brownian
motion diffusion coefficients, going along with increased enzyme activity. This is
very surprising, as diffusion limitation is a fundamental thermodynamic concept,
putting a natural upper barrier for turnover rates [87]. At first, literature came
up with explanations, which were enzyme- and reaction-specific mechanisms like
conformation changes [88] or cross-diffusion [89], very similar to what was happening
in the 1970’s. Finally, in 2020, a careful study by Jee et al. has found a simple
but powerful underlying general thermodynamic link for supra Brownian motion
diffusion [90]. They studied a broad variety of enzymes, covering a large regime in
turnover number and Gibb’s free energy of the reactions. Their results supported
the existence of supra Brownian motion, but only for exothermal reactions. From
another point of view, this study finds that substrate availability regulates enzyme
motility and therefore activity.

Ambiguities in the 1970’s literature on membrane-associated enzymes based on
experimental methods made it even harder to interpret the experimental findings.
The sensitivity of enzymes to purification techniques is clearly visible by comparing
the studies [91] and [92]. Astonishingly, both studies claim to measure the same -
the activity of membrane-associated bacteriorhodopsin as function of temperature.
The first study finds bacteriorhodopsin to be insensitive to the lipid phase transition
- in contrast, the second study indeed finds a sensitivity to the lipid phase transition,
labelled contemporary as a biphasic Arrhenius curve. This demonstrates clearly
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differences in even qualitative results depending on the method. There is a clear
need for more careful interpretation of results in the light of the applied methods.

It already has been reported, that enzymes can respond to different phases in
the lipid. In general, it is not trivial that membrane bound enzymes display an
activity when dissolved in lipid-free water. Literature reports such lipid 'co-factors’,
which are necessary for activity of certain enzymes. However, no strict specificity
on polar head groups, bilayer structures, or other variables could be determined
for enzymes needing lipid co-factors [59]. This finding eliminates the hypothesis,
that the biochemical structure is crucial to the enzyme, very much including effects
on enzyme conformation. It favors more general, thermodynamic influences on the
system, such as the hydration shell of the lipid membrane.

Literature further reports one phenomenon, which is very familiar to the hypothesis
of this work. The phenomenon is viscotropic regulation, introduced by Kimelberg
and Papahadjopoulos [63, [64]. However, Sandermann reviews this as follows [59]:

The term "fluidity’ is rather vague and only loosely defined. Associated
physical parameters include spectral order parameters, relaxation times,
partition coefficients of probe molecules, lateral or rotational diffusion
coefficients, T, values, and so on.

The authors do not identify those parameters as linked with one another due to
thermodynamics. Sandermann continues [59]:

These parameters differ greatly in their physical meanings, yet they
have been used to establish a general correlation between lipid motional
parameters and the functional properties of reconstituted enzymes.

This statement must be carefully analyzed, as the parameters have been shown
to be linked. The first reported breaks in Arrhenius plots have been attributed to
melting transitions. Further on, breaks were rather attributed to phase separations,
also occurring near melting transitions.

Discontinuous Arrhenius plots of microsomal and mitochondrial enzyme
activities have been attributed to lipid thermal phase transitions [...],
even though the Arrhenius ’breaks’ were apparently not accompanied by
calorimetric phase transitions |[...]. [59]

This has to be elucidated further in future studies. Very recent publications
observe something similar, appearing inconsistent. On the one hand, optical methods
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detect a phase transition, on the other hand, calorimetry does not detect a phase
transition [93]. The reason might involve cholesterol, which is well known to suppress
structural phase transitions. HeLa membranes contain up to 49% cholesterol [94],
this is probably the reason, why the excess heat capacity never exhibited a peak in
our experiments. In contrast, endoplasmic reticulum membrane contains only about
5% cholesterol [95]. Nevertheless, publications from the 1970’s demanded a change
in the dogma.

Some studies, like from Enoch et al. [96] and Kumamoto et al. [81] aim further
towards a new theory of catalysis. Enoch et al. start by observing the classic
discontinuity in the enzyme activity, where they used 14:0 PC membrane and a
certain amount of cytochrome b5. Once they increased the amount of enzyme, the
kink disappeared. Consequently, they concluded that lateral diffusion became rate
limiting.

However, when they slightly modified the systems components to test the robustness
of their conclusion, they found that the discontinuity was caused by a change in
the catalytic mechanism, as reviewed by Sanderman [59]. This is supported by
Kumamoto et al. [81], who conclude that “[a] theory that employs the phase change
can adequately accommodate all the data for temperature "breaks" in Arrhenius
plots”, [81]. Subsequently, they emphasize that the theory needs to be applicable
to different membranes and enzymes. The authors state that the theory should be
about the general field of catalysis, which is a bold criticism on the existing model.

As Cytochrome b5 is commercially available, I would strongly recommend to
measure Cytochrom Reductase b5 in my experimental setup in future studies.

2.4.4 Intrinsic Thermodynamic Quantities Regulate Enzyme Activity

The studies in this field lost momentum and the community turned their attention
to other topics. However, this unresolved issue has been picked up by Schneider and
coworkers conducting analogous experiments on lipid monolayer associated enzymes.
Fichtl investigated the activity of several lipid monolayer associated enzymes [97].

An intriguing example are the experiments on embedded horseradish peroxidase
under an isothermal expansion of an 1,2-dipalmitoyl-sn-glycero-3-phospho-(1’-rac-
glycerol) (DPPG) monolayer. He found a strikingly similar shape of the enzyme
activity and the lipid monolayer compressibility. As elaborated before, compressibility
is a susceptibility, as is the heat capacity. All susceptibilities are derivatives of
the Gibb’s free energy and are mutually coupled [24] 98], 99]. Additionally to his
observation of the correlation, the correlation is valid even for variations of the lipid
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type (DMPS), just as demanded by Enoch et al. The correlation was even conserved
for variation of the pH value.

To address the second demand - a variation of the enzyme - Nuschele studied
acetylcholinesterase embedded in a lipid monolayer. Even for acetylcholinesterase,
very similar results have been found [I00]. Summarizing, these results show that the
enzyme activity depends on the phase state. This underlines the thermodynamic
behavior of membrane associated enzymes and meets further the demands by Enoch
et al. for an universal explanation of catalysis.

Dynamic Phase Changes Modulate Enzymatic Activity

Fichtl’s and Nuschele’s experiments beautifully show the independence of enzyme
type, distinct pH value, and lipid type. However, they showed that, indeed, there
is a dependence on the phase transition, which emphasizes the physical nature and
thermodynamic behavior of the membrane associated enzyme activity.

Until now, we have regarded only quasi-static systems in a monolayer. However,
these principles hold also for dynamical systems. Dynamical systems are of highest
interest for the nerve signaling theory, as the action potential is a propagating
pulse phenomenon. Therefore, Fichtl et al. applied pH-pulses to DMPS monolayers
and measured the activity of embedded acetylcholine esterase to demonstrate the
applicability for dynamic changes of the phase state [97]. A propagating pH-pulse
can evoke a propagating, local phase transition. When the pulse front is spatially
far away from the monolayer associated enzyme, its activity remains indifferent and
constant. Once the pulse reaches the enzyme’s environment, the activity can be
enhanced by more than an order of magnitude.

This study is part of a series of publications establishing a new thermodynamic
nerve signalling theory - the soliton model [I0I] - where the action potential is
described by an acoustic-like wave propagating laterally on the membrane. Once
the membrane is interrupted by an synaptic cleft, the action potential has to be
transformed into a biochemical signal, which heavily involves neurotransmitters and
enzymes. The signal transformation requires a trigger- and detector, to which phase
state sensitive membrane associated enzymes might be suited for [I02]. Ergo, it
would be of highest interest if the demonstrated phenomena also hold for bilayer
associated enzymes, which I will present experiments on.

Yet - why is an interaction of the membrane associated enzyme activity with the
membranes heat capacity expected?
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2.4.5 Activity of Membrane Associated Enzymes Becomes a Susceptibility of
the Ensemble

The underlying theory has been originally published by Kaufmann [I03]. The
interested reader might struggle with accessibility of the literature, however, parts
have been picked up, elaborated on, and published online elsewhere [2} 104 105, [T06].

In his theory, Kaufmann considers the state of the interface between the enzyme
and its surrounding. He then applies Einstein’s ansatz to the enzymes interface [107].
When Kaufmann considers the state of the interface, the enzyme is part of the lipid
membrane. This is legitimate, as the lipid membrane and the enzyme share one
continuous surface of bound water. It is important to realize that the bound surface
water is relatively decoupled from the bulk water due to the impedance mismatch
[108]. In contrast, the lateral coupling of the bound surface water is strong. This
decoupling results in an own thermodynamic potential of the mutual water interface,
according to Einstein [109].

The entropy potential can be approximated by a Taylor series to:

0S 1 0%S

S(nl) = SQ + ZZ—(ST% + —EZE

i U5

e n,,n; thermodynamic variable
e S5y entropy at equilibrium

The first derivatives % equal the thermodynamic forces, driving the system back

to equilibrium. The second derivatives 2=
On;on

- equal the susceptibilities. Fluctuations
in the thermodynamic variables are coupled, as elaborated on before [24, 98]. Such
fluctuations occur in enthalpy, area per lipid molecule, charge, and also membrane
thickness.

At this point, it is important to stress that various microscopic mechanisms exist,
which are associated to fluctuations. However, those mechanisms have been found
independent from the underlying thermodynamic theory and have been published
accordingly. Such mechanisms can very much involve e.g. out of plane membrane
fluctuations [110], which, according to the thermodynamic theory, might be one
special-case-mechanism, contributing to the total increased activity.

However, the goal of this theory is not to find all specific micromolecular mecha-
nisms, but to set a framework or set of all possible mechanisms contributing. As all
those unknown micromolecular mechanisms are included in this statistical approach
of an entropy potential of the interface - thus, out of plane membrane fluctuations
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[110] are a special case. Nevertheless, out of plane fluctuations are proportional to
the heat capacity and other susceptibilities.

The reason why fluctuations are proportional to the fluctuation relies in the
fluctuation theorem, which is the result of inserting the mean enthalpy results into

equation [0}
d{H) _(H?)-(H)?
= = 21
“Tar RT? (21)
The fluctuation theorem is closely related to fluctuation dissipation theorem [IT1].
Analogously,
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The explicit experimental prediction from this theory is, if the heat capacity of the
system exhibits a peak, the membrane associated enzyme activity - being a coupled
susceptibility - will as well display a peak during the phase transition [104], 106}, [T08].
They are related through Maxwell’s relations [98]:

Ac, o< ARy oc Aoy o< Acy o< ACT, (25)

where Cr is the isothermal capacitance.

To emphasize, Konrad Kaufmann adds the enzyme activity « into this proportion-
ality [I12]. Testing the experimental prediction and therefore this proportionality
Ac, o< v experimentally is one of the major purposes of this thesis.

In the light of this theory, many inconsistencies in experimental findings resolve.
For example, some studies suggest that an ’annulus’ of 30 surrounding phospholipids
determine the activity of the sarcoplasmic Ca?*-ATPase [68]. Newer studies found,
that most of the annulus is replaceable by a neutral detergent [I13]. Once again, this
lessens the importance of exact chemistry and stresses the role of net thermodynamic
effect.

Therefore, we designed an experiment to further elucidate the correlation of
the membrane associated enzyme activity and the excess heat capacity along the
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same lines as summarized above. In major contrast to existing literature, we chose
particularly a water-soluble enzyme, which is by its nature not associated in any way
to a lipid membrane. The lack of evolutionary bias makes this enzyme an excellent
choice to investigate the correlation of membrane phase transitions and enzyme
activity.

In particular, I quantify the activity of "a disintegrin and metalloproteinase with a
thrombospondin type 1 motif, member 13" (ADAMTS13) in absence and presence
of lipid vesicles as a function of temperature. In this temperature range, the lipid
vesicles are at different phase states, which I quantify by calorimetric measurements.
Additionally, I vary the phase state isothermally by using 13:0 PC, 14:0 PC, and 15:0
PC. For this, I measure the activity of ADAMTS13 in parallel at 24°C, where 13:0
PC is in the L, phase, 15:0 PC in the Lg- phase, and 14:0 PC at the phase transition.
Finally, I discuss the observed correlation in the context of Kaufmann’s theory of
catalysis and describe the contribution to the new model of nerve pulse propagation.

2.5 Nerve Pulse Propagation

After the historic overview of membrane models, as well as the chemistry of lipids,
the physics of lipid ensembles, and its impact on membrane-associated enzymes,
we will dive into the biological applications. The first biological application is a
thermodynamic model on the nerve pulse propagation, a generalization of the model
by Hodgkin and Huxley.

In order to sense, a stimulus has to be transmitted from the surface of our body
to the brain. The signal can be detected by electrodes - therefore it contains an
electrical component and is at least partially a voltage pulse, also called action
potential. The action potential propagates along nerve cells, of which the regions
relevant to the propagation are called axons and dendrites. Axons and dendrites
can be layered in myelin, which enhances the propagation velocity by 2 orders of
magnitude.

The Hodgkin-Huxley model claims the action potential to be purely electric. The
voltage pulse arises from a temporary and spatially restricted permeability towards
ions. The asymmetric ion concentration from the resting state breaks down at
this local, transient ion-assisted permeabilization. However, the local, transient
ion permeabilization propagates along the axon or dendrite, embodying the action
potential. In this model, ion channels cause this local, transient ion permeabilization.
Ion channels are switchable and display complicated regulation concerning their
openings and closings.
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The regulation of the openings and closings is important. Until today, the Hodgkin-
Huxley-model has been extended concerning the regulation. Originally, the openings
and closings were governed by a threshold voltage. Various specifics have been added
ever since, like mechano-sensitive ion channels, temperature-sensitive ion channels
[114], cold- and methanol-sensing ion channels [I15], acid-sensing (pH) ion channels,
lipid-sensing ion channels [116], enzyme-sensing ion channel [I17], and so on.

The scientific community of ion channels studies their specificity and molecular
mechanisms and even biomimicking them [I18, 119]. In this model, it is crucial to
assume the membrane being an ideal insulator with a constant capacitance. This
allows to come up with an equivalent circuit, which is presented in figure [12]
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Figure 12: Equivalent circuit of a membrane. Adapted from [120].

Hodgking and Huxley were awarded with the Nobel prize in 1963 for their model.
However, many publications raise concerns about major contradictions of this model.
In fact, Hodgkin and Huxley were very careful on the wording in their original
publication [120]:

The agreement must not be taken as evidence that our equations are
anything more than an empirical description of the time-course of the
changes in permeability to sodium and potassium.

Furthermore, if nerves are to be described as electrical cables with an intrinsic
resistance, heat dissipation is expected. However, measurement data has found that
there is practically no net heat release. To be more precise, heat is indeed firstly
released, but reabsorbed in the same quantity. This is possible, because the time to
transport heat away is longer than the release and absorption process [I21]. A similar
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concept has been reported in 2020 from a independent group in an independent
scientific field for the diffusivity of enzymes [90].

In this study, the authors report supra Brownian motion diffusion of enzymes.
They claim, that during the catalysis event, the released heat induces random thermal
reorientation and translocation and thus increases diffusion. However, viscous drag
forces from the environment dissipate the motional energy, resulting in a negative
feedback.

To be clear, the authors state, that their theory is different from textbook knowledge.
Implicitly, they propose two time constants: A long time constant, where the produced
heat is scattered into the whole system and the temperature rises globally, which is
in agreement with textbook knowledge. However, on a short time constant, the heat
is confined locally, consumed by the enzyme and converted into motional energy,
which is contrary to textbook knowledge. To the best of my knowledge, this thesis is
the first to claim resemblance of those both concepts.

Heat being absorbed via two mechanisms with two time constants is key to
the soliton model [I0I]. In the soliton model, the propagating action potential
accompanied by a phase transition of a lipid membrane releases latent heat into the
environment. The thermal conductivity of the environment is relatively low, so the
heat is at short time scales spatially confined. As the action potential propagates,
the phase transition is reversed and the locally confined heat is consumed, resulting
in an adiabatic process.

Experimental hints towards the incompleteness of the Hodgkin-Huxley model can
be found while studying the energetics of the action potential. A process without any
net heat release is an isentropic process. Isentropic processes are reversible. Tasaki
also measured mechanic dislocation in the vicinity of a nerve fiber and found it to
be in phase with the action potential [122].

However the direct contradiction arises at the capacitance of the equivalent electric
circuit. The capacitor plates are the opposing polar head group planes of the bilayer.
Capacity is defined as C' = 660% and the distance d is equivalent to the membrane
thickness. As Tasaki found a dislocation of d during an action potential, the change
in capacitance over time is not zero, as the change in distance over time is not zero

%’ > 0 and therefore % > 0. This is in direct contradiction to the Hodgkin-Huxley
dc _
e -
thickness are well known observations for melting transitions. These contradictions

model, where 0 is assumed. Also, a change in volume, area, and membrane

have been addressed recently by Kotthaus in 2019, who proposes even another
mechanism, a mechatronical mechanism of nerve signaling [123].

Optical measurements including fluorescence anisotropy measurements indicate
a phase transition during an action potential. A shift of ambient conditions closer
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towards the systems phase transition temperature facilitates triggering an action
potential. In contrast, a shift of ambient conditions further away from the systems
phase transition temperature, impedes triggering of an action potential [124]. The
shift in ambient conditions could be realized by heating or cooling of the system. The
interested reader on this subject might refer to literature for a thorough discussion
on the inconsistencies of the Hodgkin-Huxley model [2, 97, 10T, 102, 108, 125], 126,
127, 128].

To account for these contradiction, a new nerve signaling model has been proposed,
the soliton model [I0T]. This model postulates that a perturbation of the thermody-
namic state of the membrane propagates laterally along the membrane. A very good
model for demonstration of this concept are lipid monolayers on Langmuir troughs.
Many forms of perturbations have been published to propagate along the monolayer
and to be accompanied by a local phase transition, such as pH-pulses [102], mechanic
pulses [129], and even temperature pulses [124]. Recently, even perturbations on a
bilayer have been reported [130].

These models treat the propagation on a single nerve cell. However, the transmis-
sion path to the brain generally consists of many nerve cells. Two nerve cells are
separated by the synaptic cleft, where the action potential cannot simply translocate
into the next nerve cell. Therefore, in the current consensus, the action potential
(electrical signal) releases neurotransmitters (chemical signal) at the presynaptic
membrane, which diffuse to the postsynaptic membrane, where they trigger a new ac-
tion potential (electrical signal). The trigger event is mediated by receptor molecules,
which form a complex with the neurotransmitters. To free the receptor in order to
restore excitability, enzymes hydrolyze the substrate - the neurotransmitters.

However, earlier reports suggested that the hydrolysis products, more precisely
the protons, might trigger the new action potential [I31]. This is called cholinergic
transmission. The interested reader might also consider [132].

2.5.1 Cholinergic Transmission

The major debate concerns the role of acetylcholinesterase in the signal translocation
mechanism. In the currently accepted model, acetylcholinesterase frees the receptor,
to which acetocholine binds, by hydrolysis. Following a suggestion by Wurzel [131],
the acetylcholinesterase hydrolyzes the acetylcholine before reaching any receptor
and produces charged choline. According to Wurzel, the charged choline is the cause
of excitation and creation of an action potential. According to Kaufmann, the other
hydrolysis product - the proton - is the cause of excitation and creation of an action
potential [133].
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In Kaufmann’s model, the protons do not dissociate into the bulk, but get buffered
by the negative charges in the membrane, where the acetylcholinesterase is embedded.
This proton-buffering significantly changes the electrostatics of the membrane and
therefore changes the phase state. One type of molecule, which severely influences
the phase state of the membrane, is an anesthetic. The potency of an anesthetic is
quantitatively described by the Mayer-Overton rule.

2.5.2 The Mayer-Overton Rule

The potency of anesthetics could be excellently estimated by studying the anesthetics
partition coefficient between water and (originally olive) oil:

[Cuy0]

——22] - P l«ED 26
[Cmembrane] - %0 ( )

[Ch,0] solubility of the substance in water

o [Chiembrane] solubility of the substance in oil

P-! partition coefficient

ED5q median effective dose

The Mayer-Overton-rule is valid for about six orders of magnitude, highly stressing the
physical nature of this phenomenon and independence from the molecular chemistry.
To be clear, Overtons physical understanding of this proportionality is reduced to
the ability of a molecule to dissolve into the membrane of a cell. Any molecule,
which dissolves into olive oil, has an anesthetic effect. If the solubility is high enough,
the molecule appears to us as an anesthetic. Accordingly, the only reason why
different drugs have different EDj is they have a different solubility in oil (partition
coefficient). In other words, for the anesthetic effect, it is necessary to exceed a
threshold number of molecules inserted into a membrane - per area membrane.

From a thermodynamic point of view, an anesthetic is an impurity. Interestingly,
impurities cause a freezing point depression, which is linearly proportional to the
molar fraction of the impurity x.

RT?
AH

But not only anesthetics have an effect on the phase transition temperature. It
is well-known that proteins change the shape of the heat capacity profile, as the

ATy, = ( x (27)

interaction energy eps & epp (between a protein and the lipid in the respective phase
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state A or B, where A is favorable at small temperatures) is generally different.
Qualitatively, it holds:

e cpp = epp broadening of the peak [23]
® ¢pa = €pp <K €pids Sall broadening of the peak [23]

e ¢pp < epg heat capacity peak is shifted towards lower temperatures, higher
protein miscibility in the fluid phase [134]

e cpy > epp heat capacity peak is shifted towards higher temperatures, higher
protein miscibility in the gel-like phase [135]

Quantitatively, the shift in membrane phase transition temperature has been
calculated [I36]. The authors found that an anesthetic concentration of EDj5q lowers
the melting temperature by AT}, = 0.5K. This value should be kept in mind for the
experimental results of the permeability studies.
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2.6 Membrane Permeability

Until now, the first biological applications is the thermodynamic nerve pulse propa-
gation theory, which relies on a phase transition propagating along the membrane.
The next biological application relies on phase transitions as well. During phase
transitions, the permeability of a membrane spikes. To understand this phenomenon,
we will study the membrane permeabilization mechanism, existing permeabilization
techniques, and the ansatz in this thesis for a new permeabilization technique using
acoustofluidics. We will use acoustofluidic permeabilization to develop a drug delivery
tool for living cells. Finally, we will gear up to nanoparticle-mediated permeability on
lipid membranes. As a start, I would like to provide an introduction to the paradigm
of cell membrane permeability.

2.6.1 Membrane Permeability Based on Born’s Continuum Model

A biological membrane has various functions. One obvious function is being a passive
barrier for internals of the organism, ranging from cell organelles, to DNA, RNA,
and ions like Na*. In contrast, the cell membrane has to be permeable to various
kinds of nutrients. These requirements seem to contradict at first, but is reality for
biology. However, the textbook view on this topic is represented best by a quote
from the lecture notes of a Spring School I visited in 2018 [137]:

"The impermeability of the lipid bilayer for charged molecules makes it a
perfect electrical insulator."

The authors argued with Born’s continuum model [I38] and found:

wo Ly gy (28)
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Which was a too high energetic barrier to be biologically reasonable, as the lipid
bilayer became permeable at Viem =2 V.

Summarized, the textbook view represents the membrane as an insulator, a passive
barrier, which has biochemical mechanisms to allow for selective transmembrane
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transport. In this textbook view, proteins like aquaporins permit water to permeate
the membrane by forming pores in the cell membrane. Electrostatic forces inside the
pore enable the selectivity for water. This concept is analogous for ion channels and
pumps, which are ATP-driven.

2.6.2 Membrane Permeability Mechanisms
The following permeation mechanisms are known:
e Transmembrane diffusion
e Pores
e Pore-forming proteins
e FEndocytosis

The first mechanism, transmembrane diffusion, is largely neglected for ions based
on Born’s continuum model. This model might be appropriate - in cases where the
assumptions are fulfilled and no phase transition is involved.

The first findings of the importance of phase transitions in permeability have
been done in 1973 [I39]. The authors find a peculiarity, which can easily be missed.
Exemplary, for artificial DPPC membranes, 2?Na permeation peaks at the phase
transition temperature [2]. Therefore, variation of phase state must be a control
measurement when studying permeability, as suggested by Schneider [108].

A quantitative model has been established later on [I40], connecting permeability
and lateral compressibility #4. This model regards how much tension it takes to

induce a defect, similarly to pumping a balloon, until it pops:
P =Cy+Cyrif (29)
e P permeability
o (Cp Cp,,.. constants
As susceptibilities are coupled [98, 9], % is [141]:

2T
K = /<;§‘170 + ’YLOACP (30)

A

This can be used in equation [30} resulting in [140]

P= 02 + C3Acp. (31)
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This model indeed predicts a maximum permeation at the melting transition. Pure
diffusion through the membrane as a permeation mechanism is insufficient to explain
a peak in permeation at the phase transition. Meanwhile, plenty of studies have
been conducted on energetics of membrane pores [142] [143]. On the single pore level,
Blicher et al. [I41] and Wunderlich et al. [I125] have calculated the amount of work
needed to form a pore:

AW (a) - ﬁ(ﬁomo (32)

In this equation, the pore forming energy is inversely proportional to the isothermal
compressibility. Therefore, once the isothermal compressibility peaks at the melting
transition, the pore forming energy breaks down. Consequently, also on the single
pore level in a simple model system, the pore forming energy breaks down at the
phase transition. This simple model system only requires one type of lipids, therefore,
the resulting concept of spontaneous pore formation is very fundamental. However,
this does not yet take effects into account, which arise from more complex systems,
like accumulation of proteins.

To elaborate on pores, further microscopic and theoretical studies characterize
pores into two categories, hydrophobic pores and hydrophilic pores. The difference
is at the rim. Acyl-chains of hydrophobic pores are in contact with water at the rim,
whereas in hydrophilic pores lipids rearrange such that the acyl chains are protected
from water, as presented in figure [13al

Hydrophobic pores are energetically unfavorable and collapse fast. Once the pore
overcomes a critical radius of about r ~ 0.5nm, hydrophilic pores are meta-stable at
r ~ 0.8 nm under certain conditions. Any type of disturbance, like mechanical stress
or electrical fields, change the pore energy landscape, as presented in figure For
moderate disturbances, this might very well facilitate forming pores. However, for
extremer conditions, pore-forming leads to a burst of the cell or vesicle, just like in
the pumping-the-balloon comparison.

Another mechanism to form pores is by protein-mediation. Proteins are known
to form pores in membranes. Examples are alamethicin, melittin, and margainin.
The pore sizes can be up to the magnitude of 100 nm. Oliynyk et al. visualized
this via atomic force microscopy in the tapping mode, revealing a high softness
in the vicinity of the pore rim, where the peptide is located [144]. This finding is
very interesting, as softness is equivalent to a high compressibility, which in turn
represents the membrane state. To be clear, a high compressibility is associated with
a phase transition.
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(a) Pore formation as function of radius. (b) Various forces achieve Permeabilization.

Figure 13: The energy landscape of pore formation is highly dependent on thermo-
dynamic quantities, like temperature. Adapted from [95].

The formations of pores can be mediated by many techniques. In the following,
we will take a in-depth look into permeabilization techniques.

2.6.3 Permeabilization Techniques

Intracellular delivery is a major mutual challenge for various applications, like
cell-based therapies, gene editing, induction of pluripotent stem cells, intracellular
probing, and many more. An excellent and extensive review has been done by
Stewart et al. [95]. The following paragraphs provide a brief summary.

The two main strategies of drug intracellular loading are either membrane non-
disruptive or membrane disruptive. Membrane non-disruptive techniques tend to be
of biochemical nature and include vectors, vehicles, nanocarriers, detergents, and
other delivery particles. These methods are rather elaborate and require detailed
knowledge about the molecular targets. Therefore, they do not offer a general solution
for cell-based screening of agent libraries. Membrane disruptive techniques tend
to be of physical nature and include electroporation, optoporation, micro-injection,
and shear mediated permeabilization, presented in figure [I4 Physical concepts are
mostly carrier-free.

An interesting feature of the novel permeabilization techniques presented in this
thesis is that it is a combination of several techniques in their pure form. Firstly,
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Figure 14: Detailed overview of the permeabilization techniques. Adapted from [95].

a common permeabilization technique is Electroporation [I45]. The electrical field
induces a transmembrane potential, which exerts electrostatic forces on ions. These
might create defects, which facilitates a transient pore formation [146]. A major
challenge of electroporation is the post-treatment cell death.

Secondly, a very intuitive method for permeabilization is the ultrasonic treatment.
For example, sonoporation methods expose the cells to ultrasound in the range of
f=20kHz —10 MHz. Various applications utilize sonoporation, like for clot lysis in
blood vessels, stimulation of bone fracture healing, and tumor treatment [147]. In the
context of drug delivery, sonoporation facilitates pores in the plasma membrane by
microfluidic cavitation and implosion [I48]. However, cavitations are usually scarce in
fluids, therefore the efficiency is low. To overcome this, ultrasonic contrast agents can
be added, for example microbubbles [149, [I50]. Promising, new contrast-agent-free
sonoporation methods even achieve a high throughput at a high cell viability [I51].

Thirdly, a treatment involving microfluidics is fluid-mechanical treatment. These
techniques utilize flow-induced shear forces to form pores. In detail, flow can cause
buckling instabilities in the lipid bilayer and facilitate pore-opening [152]. Microfluidic
channels offer a classic parabolic velocity profile and therefore a linear shear profile.
In contrast, an even simpler shear profile - a constant shear rate - is commonly
realized in shearing disc viscosimeters using the plate-cone-geometry. This technique
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is used in this thesis as well, along with the plate-plate geometry. A viscosimeter
offers the most defined shear profile and is known to enhance cell permeabilization
[153]. All these fluid-mechanical approaches come with low Reynolds numbers, which
indicate a highly laminar flow.

Outside of the highly laminar regime, further fluid-mechanical techniques exist.
Interestingly, one technique presented by Ramesan et al. [I54, [I55] originates from
solid state physics and RF-engineering. The authors use surface acoustic waves (SAW)
to generate oscillating acoustic pressure on the cells. In their setup, the adherent cells
are not directly exposed to surface acoustic waves. In between is a couplant fluid and
a well plate with glass bottom. A major drawback of this method is the strong cell
number limitation, due to the geometric limitations of the interdigital transducer and
the leakiness of surface acoustic waves in liquid environments. Ramesan et al. did
not report acoustofluidic streaming in the experiments, although using parameters,
which are known to induce acoustic streaming, especially at these high powers
[156, 157, 158].

In the approach presented in [I59], we combine laminar flow in a microfluidic
channel with chaotic advection employing SAW. Chaotic advection traps suspended
cells within a continuous fluid stream in the microchannel to overcome the drawbacks
of the previous concepts. Major advantages of this method are precise spatial and
temporal control of the applied SAW in the microfluidic framework. The exact setup
is presented in section [9.4] This permeabilization strategy was inspired by the mixing
concept reported earlier [157, 160, T61].

2.6.4 Permeabilization Procedure

Taking a look in the typical experimentalist’s workflow, the workflow consists of four
steps, as illustrated in figure [I5] At the first step, the drug and the cell suspension
merge as a homogeneous fluid. This is not trivial, as mixing quality determines the
dye concentration exposure distribution. As our acoustofluidic approach originates
from mixing, for our permeabilization method, this challenge is resolved automatically.
Nevertheless, at this point, the drug has not been inserted into the cells yet.

At the second step, the permeabilization technique is applied and ideally, the cell
membrane has been permeabilized. Once a cell membrane has been permeabilized,
the drug can start to diffuse inside the cell. The exact or relative time where a cell
membrane has been permeabilized might vary for all cells of the experiment. Here,
experimental details matter, the exact permeabilization time evolution governs the
uptake distribution. Furthermore, the whole permeabilization time interval of an

42



before seconds minutes hours
1 | ] 1

' Membrane ’ Membrane : Cytoplasmic :

disruption recovery recovery
L 0 © 0o °|fc © © o ° o

To ©

! '
! Permeabilizing ! Recovery
Conditions ] Conditions

'

Permeability

Time

Figure 15: Typical permeabilization procedure. Adapted from [95].

experiment is critical, too. It should be as long as necessary for the desired uptake,
but as short as possible to avoid excessive cell stress.

At the third step, cell membrane permeabilization has ended, leading to a rehealing
of the membrane. Once again, time matters, the shorter the rehealing process between
end of treatment applied and cell membrane has healed, the narrower the uptake
distribution. Now, the cell membrane has become impermeable, again. At this point,
the drug is inside the cell, as well as outside the cell. Ideally, the concentration is
similar. However, this is unrealistic due to many surfaces and barriers inside the cell,
which impede diffusion. It might be possible, that the drug has an affinity towards
the cell interior, e.g. because of the drug chemistry. Experimentally, due to the
low contrast between the cell exterior and interior, classical analysis methods, like
fluorescence microscopy, are not feasible.

In the last step, the contrast is restored by eliminating the fluorescent dye from
the extracellular medium. This is commonly referred to as washing. The improved
contrast allows for a differentiation of permeabilized cells, as they appear bright. At
this point, it becomes obvious, that a closer look to the cell membrane is beneficial
to study permeabilization.

2.6.5 Cell Membrane

In contrast to artificial membranes, cellular membranes consist of more than pure
lipids. Other molecules are mainly proteins and sugars, as illustrated in figure
Real membranes differ for organelle types and are not necessarily symmetric, as
specified in table[I According to the table, phosphocholines are commonly the most
abundant lipids, followed by phosphoethanolamines, and cholesterol. Note, that
saturated lipids commonly outnumber the unsaturated lipids, which is presented in
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Figure 16: Key cell structure and properties. Adapted from [95].

table 2 Although lipids in general outnumber the other molecules by far, proteins
make up about 50 wt.% of biological membranes.

Besides the numbers of lipids, the cell structure is important. The cell structure of
a typical animal cells is presented in figure [16] in addition to quantitative information
on intra- and extracellular ion concentrations and membrane potential. Furthermore,
the figure shows more details on the membrane compositions and the underlying
actin cortex linked to the plasma membrane.

When treatment is applied to a cell for permeabilization purposes, many events
and event paths are possible, as illustrated in figure [I7} On the one hand, if plasma
membrane repair fails, then the cell dies. Dead cells do not have an intact cell
membrane, leading to spontaneous permeabilization, which has to be considered in
the experiments.

On the other hand, if the plasma membrane repair succeeds, then the cell survives.
In this case, cell stress has to be considered, as it follows a permeabilization treatment
and might have left damage.

Even if the cell survives, the cell can still initiate apoptosis and die. Electroporation
[145] is a method, which is successful in permeabilizing the cell membrane, however,
the ionic composition of the cytoplasm is disturbed, which can lead to apoptosis
[163, [164]. In some scenarios, like direct tumor treatment, this can be a highly desired
effect [165], 166]. In the best case scenario, the cell regenerates to its pre-treatment
state.

Permeabilization of the cell membrane for the purpose of forcing water-soluble
material into the cell is the interesting scenario for in wvitro therapeutic research
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Table 1: Membrane head group composition for various cells and organelles. Phos-
phatidylcholines (PC), phosphatidylethanolamines (PE), phosphatidylser-
ines (PS), phosphatidylinositols (PI), sphingomyelin (SM), cardiolipin (CL),
cholesterol (chol). Adapted from [162].

Membrane PC | PE | PS | PI | SM | CL | Glycolipid | Chol | Others
Erythrocyte | o | g | 7 | 3| 18| 3 20 | 11
(human)

Plasma (rat | (o | 15 | 7 | 5| 19| - 8 19 21
liver)

ER 48 | 19 4 8 5 — tr 6 10
Golgi 25 9 3 5 7 — 0 8 43
Lysosome 23 [ 13| — | 6 | 23 |»5 - 14 16
Nuclear 44 (171416 3|1 tr 10 15
membrane

Mitochondria | 38 | 29 0 3 0 14 tr 3 13
Neurons 48 | 21 5) 7 4 - 3 11 1
Myelin 11 17 9 1 8 — 20 28 6

Table 2: Distribution of acyl chains of erythrocyte (in wt%). Adapted from [162].
Lipid
head | 16:0] 18:0| 18:1| 18:2| 20:3| 20:4| 22:0| 22:4| 22:5| 22:6| 24:0| 24:1
group

PC 31 |12 |19 |22 |2 7 - - 2 - - -
PE 13 (12 |18 |7 2 24 | 2 8 4 8 - -
PS+PI| 3 37 18 - 3 24 |3 4 3.5 110 | — -
SM 24 |6 - 3 = 14 195 | - - - 23 | 24

Total [20 |17 |13 |9 1.5 |13 |2 3 2 4 D 4
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and development. However, hard particles behave differently in terms of uptake.
An important group of hard particles are nanoparticles, which are abundant in our
environment.

2.6.6 Membrane Nanoparticle Permeability

The term nanoparticles categorizes particles with a common size in the nanometer
range. Even larger particles in the micrometer range are called microparticles and
are commonly visible under a light microscope. In contrast, nanoparticles, require
electron microscopy for visualization. Particles below ~ 1 nm approach the atomic
scale.

Nanoparticles promise big advances for potential medical applications. Studies
have been conducted on implant materials [167, 168 [169], carrier materials for drug
delivery [170} 171, 172, [173], clinical trials to image tumors [I74], antibacterial agents
[175], and nanomedicine [I76, [I77, [I78]. However, nanoparticles have potential
medical downsides, too. Many studies have documented potential harms, which
are widely present in human environments. Such nanoparticles can be found in
cosmetics, paints, and printer toners [I79} 180} I81], like titan dioxide (E 171), silver
(E 174), and silicon dioxide (E 551). Known undesirable effects are such as toxic and
coagulatory effects [I82] and pregnancy complications [I83]. However, these findings
are not easily transferable to humans, as they have been conducted using certain
model systems.

46



Nanoparticle Models

Studies on nanoparticles are manifold. On the one hand, applied studies have been
done on in vivo models to conduct direct measurements on mammals, such as mice
[184]. To obtain a macroscopic picture, studies measure quantities such as LD50
values [I85], or quantify the bio-distribution of nanoparticles [I86]. On the other
hand, in vitro studies focus on a microscopic picture. Such experiments show a
temperature difference in nanoparticle uptake, such as no nanoparticle uptake at
4°C- in contrast to significant uptake at 37°C [187, (188, [I89]. Besides experimental
studies, in silico studies supplement literature with e.g. metadata analysis. One
study found that the main toxicity is connected to material chemistry [190]. Another
crucial dimension are studies at an even more fundamental level, which use artificial
models. Artificial lipid models allow for insight into the nanoparticle-cell interaction
[31), 911, [192], which is a major interest of this thesis.

In detail, artificial model systems can serve as a model for internalization pathways.
Internalization pathways have a broad diversity, as medical applications span a broad
diversity of substances. These substances reach from molecules to proteins and even
beyond, which can be accommodated by nanoparticle models, as size and surface
chemistry is tuneable.

Lots of very concrete nanoparticle associated applications are already well estab-
lished, even elaborate ones like opto-triggered nanoparticle systems for cancer therapy
[193]. However, not even the passive nanoparticle uptake has been fundamentally
understood, yet. The passive mechanism carries crucial biological relevance, as it
is omnipresent and takes place spontaneously. Here, environmental sensitivity, like
temperature dependency of the nanoparticle uptake, is well known from in wvitro
experiments, which exhibits a nonlinear relation [I89).

To understand such macroscopic effects, microscopic models are crucial. Therefore,
Deserno published a physical model of nanoparticle engulfment based on three major
energetic contributions: The adhesion energy ( Eaqn) as the driving force, the bending
energy (k) and the tension energy (o) as the opposing forces [194]. Based on the
interplay of these forces, three regimes of nanoparticle-membrane interaction were
identified: Repulsion, partial engulfment, and full engulfment. Repulsion appears
below an adhesion energy threshold, which depends on the bending modulus of the
membrane and the particle radius. The partial engulfment regime appears above

this adhesion energy lower limit until the upper limit r( ,) = 2 Eadi_o'. Above this
upper limit, nanoparticles are fully engulfed.

At the end of the full engulfment, there is a catch. The fully wrapped particle forms
a membrane neck. A fission event separates the once continuous membrane into two
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separate membranes. One membrane is wrapped around the nanoparticle, just like a
vesicle, but with a solid interior instead of aqueous medium. The other membrane
is still the original one, but with a membrane defect, a pore, which heals after its
characteristic lifetime. Typical lifetimes are 7 ~ 100ms [I125], but can be largely
increased to the order of seconds by applying tension via micropipette aspiration
[195].

However, while the pore exists, the physical situation changes drastically. The
closed system is now an open system, allowing the exchange of mass, in particular fluid
flow, which additionally reduces membrane tension. Mind the reduced membrane
tension has a feedback on the next nanoparticle uptake process. To estimate the

K

dominant opposing force, the relation \ = 2?
dominant if A > 1, or tension if A <1 [196].

is useful, where either bending is

Bending Modulus

A closer elaboration on the three parameters reveals further insights. The first key
parameter, the bending modulus, is according to Helfrich [197]:

1
€hend = 5%&(61 + Co — 60)2 + /?56102 (33)

€phend bending energy per unit area

Cp spontaneous curvature

c1,2 local principal curvatures of the two-dimensional membrane surface

K, Kk elastic moduli

Quantitatively, typical values for epenq are about epeng ~ 10712 J for a fluid mem-
brane (DOPC, room temperature) [I98]. An elegant geometrical consideration from
Heimburg [2] approximates the bending modulus to

D2

Kg=——. 34
5 16k (34)

e D membrane thickness

Note, that the bending modulus is inversely proportional to the isothermal com-
pressibility. As the isotherm is a highly non-linear function at the phase transition,
so is the bending modulus. The bending modulus has been simulated as function of
temperature, which revealed a minimum at the melting transition [24].
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Only few experimental studies exist to complement this simulation. Two studies
use DMPC and DPPC GUV and measure the bending modulus in the melting regime
and above, but not at lower temperatures [199, 200]. In contrast to Heimburg, they
measure an anomaly within T}, <T < T, +6 K. Within T}, <T <T,,+3 K, the bending
modulus first rises to a maximum, until it decreases for T, + SK <T < T, + 6K
to a limit for both DMPC and DPPC [199]. Interestingly, cholesterol - well known
to suppress first order lipid phase transitions - increases the bending modulus and
diminishes the maximum [200].

Newer measurements close the gap in literature and span the whole relevant
temperature axis - even below T}, as can be seen in figure [I8 The study finds a
bending modulus for DPPC giant unilamellar vesicles that is one order of magnitude
higher in the gel phase compared to the fluid phase [201]. In the fluid phase, the
bending modulus is constant and Ky ~ 10718 J, whereas deep in the gel phase, the
bending modulus is about constant and Ky~ 10719 J.
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Figure 18: Bending modulus as a function of temperature. Adapted from [201].

However, at both phase transitions, Ky exhibits a minimum, as calculated three
years prior by Heimburg. Between the transitions - in the ripple phase - Kp rises
linearly from Ky ~ 10717 J to K~ 10718 ].

A quantitative study on the bending modulus confirms the good comparability of
red blood cells and artificial vesicles, although the membrane composition is different
[202]. This could indicate also a good comparability to cells. However, this might not
be true for every kind of cell, as phase transitions have a huge diversity in broadness.
Some studies find broad phase transitions for biological membranes [93], others sharp
and narrow phase transitions [203].

Nevertheless, the bending modulus is governed by the hydrophobic part of the
lipid bilayer [204]. Quantitatively, the bending modulus is a power law of the packing
parameters [205]. Therefore, an effect on the bending modulus is obvious, as a
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melting transition consists of structural changes, which effectively results in a change
in area and volume per lipid molecule [206].

Tension

The second key parameter, membrane tension, is characterized by two regimes. For
the low-tension regime, the tension rises exponentially with increasing area dilation.
With rising tension thermal fluctuations become restricted. In contrast, for the
high-tension regime, tension rises linearly as function of area dilation. The linearity
originates from the direct expansion of the area-per-molecule [207]. Membrane
tension has been experimentally observed, e.g. in red blood cells [202]. Drastic
change in membrane tension happens when the diameter of a blood vessels changes,
like in capillaries. Or, as will be shown in this thesis, during the adhesion process of
any type of molecule or nanoparticles.

Older studies have shown subtle impact of tension on vesicle phase transitions.
However, a newer study reveals drastic impact on the fluid-solid phase transition
[208]. The authors observe

[...] differently shaped solid domains (striped or irregular hexagons),
[a] shift [in] fluid-solid transition temperatures, [...] a triple-point-like
intersection |[...]. [208]

Tension might be a

[...] potential switch of microstructure in responsive engineered ma-
terials; it is an important morphology-determining variable in confined
systems, and, in biological membranes, it may provide a means to regulate
dynamic structure. [208]

This is yet another possibility to apply physical specificity to biology without the
need for a biochemical cascade reaction.

Adhesion

The third key parameter, the adhesion energy, is a collective term and includes
the following forces: van-der-Waals, hydration, hydrophobic, double-layer forces,
protrusion forces, and thermal undulation [209]. The largest contributors in the case
of bilayers and substrates are the van-der-Waals forces and the electrostatic forces.

Van-der-Waals forces can be expressed as [210]:
Aps, 1 2 1

Fraw = - 228 (= _
W= (5 Tyt (D ey

(35)
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Figure 19: Cooling of a DOPC/DPPC vesicle under tension. Interestingly, the tension
governs which solid phase forms. Also, a shift in melting temperature -
for different tensions - is clearly visible. Adapted from [208].

e Ajr3 Hamaker constant Aoz~ (3—4) x 10721 ]
e D distance bilayer-silica surface

e T bilayer thickness

At small distances, this equation simplifies to

A123

Foaw = —
W 6rD3 (36)
and
Aqos
E =— )

However, this does not sufficiently describe the adhesion energy quantitatively.
The double-layer interaction in an electrolyte is approximated by the Fogg-Healy-
Fiirstenau equation [211]:

_ €cok(2011s — (¥7¢5) exp(-£D) (38)

1%
a4 exp(kD) — exp(-kD)

e ¢ dielectric constant of water
e ¢; dielectric constant

e 1y bilayer surface potential
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e 1) silica surface potential
e D bilayer surface - silica surface distance

e « Debye constant

As phosphocholine is zwitterionic 1 o = 0. Therefore, the equation is simplified to:

—€€gko
Wa = 39
4™ exp(kD) - exp(-xD)’ (39)
which further simplifies at small and large distances to:
Wa = —eeoktbg exp(-2kD) (40)
Wa = —eeoktbs exp((-2D)/2D) (41)

However, adhesion also strongly depends on the material of the nanoparticle. Here,
we use silica, which is highly relevant to our human environment. Silica nanoparticles
are universally used as an additive to food under the terms E 551, E 558 Silicon
dioxide and Silicate™. Furthermore, silica nanoparticles are highly popular as drug
delivery vehicles.

The adhesion energy between silica and lipid membranes has been studied ex-
tensively. Anderson et al. conducted a fundamental study both experimental and
theoretical. In this study, they measured force-distance curves between silica and
phospholipid membranes in two different environments [209]: Repulsion in ultra-pure
water and attraction in buffered physiological salt concentrations, as charges are
shielded by the ions. Quantitatively, the adhesion energy of silica to DMPC in
the fluid phase is Fagn = (0.5-1) %2] However, adhesion energies can range from
Eoan = (1072 -1) Q—g for different conditions [209, 212].

Interestingly, the numbers are slightly misleading for the microscopic picture at the
interface of the lipid bilayer and the silica. The interaction is not trivial. When the
membrane adheres to silica, two equilibrium distances exist [213]: In the first case,
the membrane is separated by d; = 2.5nm from the silica substrate, with a water
layer in between. In the other case, no water layer separates the membrane from the
silica, therefore do = 0nm. This results in a highly distorted bilayer governed by the
substrate roughness. No other equilibrium distances exist, as they are unstable due to
hydration forces, where distorting the orientation of water molecules is energetically
unfavorable.
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Threshold lon Concentration and Saturation for Nanoparticle Uptake

A deeper look into adhesion reveals several dependencies. In the study by Wittmann,
Kamenac et al., we focused on the ion concentration switching on and off the adhesion
energy [214]. We found a salt dependent threshold value for attraction. The threshold
is at about cerit > 15 mM NaCl for a supported lipid bilayer in the fluid phase (DOPC)
and a micrometer sized silica bead.

The adhesion energy rises for higher salt concentrations, until it saturates at about
E.qn = 60 I’;—‘l Note that these quantitative values deviate from Anderson et al.
[T01], which might arise from methodological differences. However, the peculiarity is
the threshold in ion concentration. This result should be severely implemented in
future studies on adhesion energy between silica and lipid membranes and should be
systematically studied for other substrates.

Indeed, the ion concentration threshold behavior has been confirmed for uptake
experiments. In the study conducted by Strobl et al., they went one step further
and added nanoparticle size as another parameter. Their finding is striking: The
lower threshold for nanoparticle uptake is ¢y > 15mM NaCl for 60 nm particles and
DOPC GUV [192]. This suggests an all-or-nothing behavior and another possibility
for a specificity mechanism without the need of direct biochemical cascade reactions.
At this point I would like to mention, that to the best of my knowledge, the adhesion
energy has so far not been measured quantitatively in the gel state at non-zero salt
conditions.

Shift in Phase Transition Temperature

Finally, a direct shift of the phase transition temperature of the nanoparticle-wrapped
membrane has been reported [31]. A follow-up study took this result into account
on direct nanoparticle uptake measurements and expanded the theoretical model
by adding a thermodynamic point of view [191]. Surprisingly, on top of an effect on
nanoparticle-membrane interactions, membrane-membrane adhesion forces change,
too.

Membrane-membrane adhesion forces consist of undulation forces, which are
tension dependent. On the one hand, tension rises for nanoparticle uptake, as
nanoparticles consume membrane area. This is only possible,as water inside the
GUYV is nearly incompressible, which keeps the volume constant. On the other hand,
tension drops when pores allow fluid to escape the vesicle interior. The trade-off of
these two processes highly depends on the pore lifetime. In turn, pore lifetime is a
function on the membrane state. Pore lifetime is enhanced close to the main phase
transition of phospholipid membranes [125] [141].
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Furthermore, simulation results reveal an additional regime, where nearly unlimited
nanoparticle uptake appears [192]. Experimental results also gave a first glimpse
experimentally into nanoparticle uptake of gel state vesicles and observed qualitative
differences for different nanoparticle sizes [I91]. However, there is a lack of systematic
experimental studies on nanoparticle uptake as function of the phase state. This will
be addressed in the section 4.3
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3 Optical Detection of Structural Phase Transitions in
Vesicles and Living Cells

This section presents results relying on a bachelors thesis project by Jacob Brunner
[215] and a masters thesis project by Nicolas Féarber [216], which were both supervised
by me. The objectives of this work are the following. Firstly, measure the membrane
phase transition optically. Secondly, study the relationship of structural phase
transition and shear flow and the quantitative measure of it. Thirdly, test whether a
structural phase transition is detectable for in vitro cells.
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different phase states. The vesicles con- ent phase states. The vesicles consist of
sist of the fluorescent dye and 15:0 PC. the fluorescent dye and 15:0 PC. Clearly,
Clearly, no significant shift is visible and the spectral position of the maximum
therefore the dye is optically insensitive is sensitive to changes in phase state
to changes in the phase state and unsuit- and is perfectly suitable for the optical
able for the optical measurement of the measurement of the membrane phase
membrane phase state. state.

Figure 20: Emission spectrum of multilamellar vesicles stained with different fluores-
cent dyes.

To choose the right fluorescent dye for optical measurements of the membrane phase
state, literature offers a plethora of options [217]. The main purpose of fluorescent
dyes is imaging. Therefore, ideally, the dye has a high specificity for a peculiarity of
the cell, like organelles.
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Our goal is different, as we seek for a dye, which is sensitive to the structural
phase transition. A dye, which is not sensitive to the phase transition of membranes,
is presented in figure 20al In contrast, another dye, which indeed is sensitive to
a structural phase transition, is presented in figure In detail, 6-Dodecanoyl-
N, N-dimethyl-2-naphthylamin (Laurdan) is indirectly sensitive to the structural
phase transition. Its spectral emission is sensitive to the dipolar relaxation of the
lipid-surrounding water the first place. As the dipolar relaxation of the surrounding
water is a function of the membrane phase state, Laurdan is sensitive to phase
transitions.

Summarized, Laurdan might not be a commonly used dye in literature, as the
large majority of literature is interested in imaging, however, it is perfect for our
purposes and can be easily combined with microfluidics.

3.1 Spectral Shift of Membrane Dye Emission in Multilamellar
Vesicles under Shear Force

We combine the optical measurement of the Laurdan-stained membranes with
microfluidics, to generate well-defined shear forces. In contrast to figure [20b] the
following experiments are quantitative in terms of temperature, shear rate, and shift
in wavelength. Firstly, I present the fluorescence emission maximum as function of
temperature for two different lipids at static conditions. Secondly, I elaborate on one
of the lipids - 14:0 PC - in the form of multilamellar vesicles. Here, the wavelength
of the fluorescence emission maximum is a function of temperature at a high shear
rate. To refine these results, I present a new set of experiments, where the shift in
fluorescence emission maximum is function of temperature and shear - at a finer
resolution. Thirdly, I present analogous experiments using another type of lipid -
15:0 PC - to fully exclude system-specific effects from the setup.

The fluorescence emission maximum as function of temperature for 14:0 PC at
static conditions (% = 0) in figure shows the achievement of the first objective
- to measure the phase transition optically. The same is true for 15:0 PC at static
conditions (4 = 0) in figure For both lipids, the phase transition temperature
is well-known and measured calorimetrically. The results T;,(14:0 PC) =24°C and
T (15:0 PC) = 33°C agree with literature [2]. Optical measurements show a steep
jump (at highlighted data points) in fluorescence emission maximum at both Ty,
for the respective lipid. Also, the temperature range was chosen appropriately to
include the other lipids T;, on the measured temperature range. To be clear, figure
shows no jump in fluorescence emission maximum at 7, of 15:0 PC and wvice

versa for figure
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Figure 21: Reference measurement - Correlation of excess heat capacity and fluores-
cence emission maximum as function of temperature. The highlighted
data points mark the inflection points, which indicate the phase transition
optically.

In contrast, to static conditions, the results for 14:0 PC at a high shear (¥ = 8000 1)
rate are presented in figure 22| Clearly, there is a shift in fluorescence emission

maximum A\ ~ —3.9nm, which corresponds to a shift on the temperature axis of
—0.17K
80002 °
Note, that the discrepancy at the inflection data points exceeds the error bars.

about AT, =-0.17K. This results in a linear trend with a slope of about

Therefore, the membrane phase state was successfully changed by shear flow,
measured optically. In principle, Yamamoto and Ando have done something very
similar, as elaborated in section [2.3.3] [45]. However, the results of their study and
this thesis contradict. In their study, the vesicle chain order decreases under shear,
here, the chain order increases under shear. This contradiction could not be resolved
to the last. However, there might be some critical differences in the studies.

In their setup, they use unilamellar, immobilized vesicles, consisting of 3 lipid
types. In contrast, we here use single-lipid multilamellar vesicles flowing through
the illumination zone. Based on these differences, the comparability of the results is
limited as follows.

While Yamamoto and Ando have single-vesicle information, we have statistical
information on many vesicles flowing in and out of the detection area. In the worst-
case, in their study, the volatility might be higher due to the lack of statistical
information. However, I do not expect any qualitative discrepancy to arise from this
difference.
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Figure 22: Fluorescence emission maximum of 15:0 PC as function of temperature for
two different shear rates. The maximum shifts under shear flow towards
lower wavelengths, indicating an increase in chain order for increasing
shear rates.

This is also true for the difference in mobility. In the worst-case, the technical
implementation of the immobilization mechanism using poly(L-lysine) might slightly
alter the phase state. However, as the study provides spatial resolution, no such
effect is visible to the naked eye.

For the difference in lamellarity, it remains unclear, whether qualitative discrepan-
cies might arise. This is supported in the following statement by Heimburg:

This finding leads to the notion that unilamellar lipid membrane tran-
sitions are close to the critical point but most likely in the continuous

T

regime (not first order). [2]

Here, he describes the qualitative difference between phase transitions in multil-
amellar vesicles (first order) and unilamellar vesicles (not first order). However, in
the following sentence, he states that the debate on this hypothesis is still unresolved.

Another major difference are the used lipid types. Additionally, Yamamoto and
Ando did not determine the phase state of the vesicles calorimetrically. This lack
of absolute determination of the location in the phase space impedes comparability.
On top of that, the use of cholesterol complicates the phase diagram drastically - as
a new phase - the solid disordered phase, is introduced and the first-order properties
of the phase transition are suppressed. Additionally, shear might changes the phase
diagram and cause further effects in phase separation. This could also alter the lipid
composition, along with the chain order.
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To increase data quality of figure 22| and challenge the contradiction, a I present a
new set of experiments. The experimental setup remains unchanged, however, more

shear rates enable a finer resolution on the shear rate axis. The results are presented
in figure
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Figure 23: Spectroscopic measurements as function of shear rate and temperature
for 14:0 PC multilamellar vesicles.

Figure [23a] shows the shift in fluorescence emission maximum as function of shear
rate at T' = 23°C. The resulting shift of A\ » —=3.9nm supports the results in figure
to a quantitative extent. Therefore, the contradiction persists.

To obtain figure graphs like in figure were obtained for various isothermal
measurements. Figure 23D presents the results as a heat plot. It becomes very
clear, that this shift is not caused by a flow artifact. Indeed, it is caused by a
change in phase state, as the amplitude in wave length shift is specific to a set of
temperature and shear rate. Furthermore, after relieving the flow, the emission
maximum shifted back, strongly supporting reversibility (data not shown), which
has also been reported by Farber, Reitler, and Kamenac et al. [51]. This observation
crucially differs from the observation by Yamamoto and Ando. Therefore, I highly
encourage further experiments on shear stress at various phase states, at various
lipid compositions, measured optically.

To challenge the hypothesis even further to exclude any system specific effects, we
conduct the equivalent experiments using 15:0 PC. This lipid is practically identical
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to 14:0 PC, but the acyl chains are one hydrocarbon unit longer. The longer acyl-
chains shift the phase transition temperature to 7}, = 33 °C - a significantly higher
temperature.

The results are presented in figure [24], which is the 15:0 PC analog to figure
It shows a shift in the fluorescence emission maximum for 15:0 PC at a high shear
rate (4 = 80001) compared to static conditions. The shift in fluorescence emission
maximum is A\ » —=8.5nm, which corresponds to a shift on the temperature axis
of about AT, = -0.5K. This results in a linear trend with a slope of about gg'o‘%}f.
Therefore, the qualitative results agree well. However, the shift in emission maximum
for 15:0 PC is larger than for 14:0 PC, which could be caused by the higher thickness

or by an asymmetric free energy.
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Figure 24: Fluorescence emission maximum of 15:0 PC as function of temperature
for two different shear rates. Similar to figure 22| the chain order increases
for an increasing shear rate.

Analogously to figure we conduct a new set of experiment using 15:0 PC to
refine the resolution on the shear axis. The results are presented in figure 25

In contrast to figure 23a], in figure 25a] the shift in emission maximum appears to
saturate quickly at about 2000 % As a result, the slope has to be corrected to about
;865011{' Consequently, the calculated threshold shift of AT =0.5K from anesthetics -
claborated on in section - is reached within the present experimental conditions
- and therefore in many biological systems like blood vessels or bone fluids.

To obtain the analogous to figure 23b| graphs like in figure are obtained

for various isothermal measurements. Figure presents the results as a heat
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Figure 25: Spectroscopic measurements as function of shear rate and temperature
for 15:0 PC multilamellar vesicles.

plot. Once again, the highest amplitude in emission maximum shift appears at the
phase transition temperature for higher shear rates. This fingerprint-like behavior
excludes system-specific effects to cause the shift in emission maximum for both
lipids. Furthermore, note, that the temperature range spans for all measurement
sets over both transition temperatures, being another powerful reference feature.

Having studied a homogeneous lipid system, it would be intriguing to study a lipid
mixture. By using e.g. an equal mixture of 14:0 PC/15:0 PC lipids, a heterogeneous
membrane forms, displaying a stable phase boundary over a broad temperature range.
I expect a greater sensitivity of the generalized polarization on the shear rate, as
nucleation sites are not scarce.

Although having tried to disprove the hypothesis, by using 15:0 PC multilamellar
vesicles, the data presented in figure and do not falsify the hypothesis.
Rather, the results support the hypothesis. Accordingly, the second objective has
been accomplished, as we have found a shear rate dependence of the phase state
of the multilamellar vesicles. These results are highly interesting for therapeutic
liposomes used as vehicles for drugs [2I8]. Such temperature-sensitive liposomes
have to be carefully designed in terms of their lipid composition to be close to a
phase transition. However, as the liposomes are transported through the blood flow
to their destination, they are exposed to shear forces. Here, the quantitative shift of
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the phase transition temperature should be accounted for a precise control of the
drug release.

Naturally, the question is - and third objective - is this applicable to in wvitro cells
and how can this be valuable and useful to cells?

3.2 Optical Phase State Measurement of Living Cells

Blicher et al. showed that artificial membranes are most permeable at the phase
transition [I41]. Therefore, we tried to find a possible phase transition in in vitro cell
membranes, to make use of it for permeabilization purposes. The characterization
of lipid membranes phase state is classically measured by calorimetry. While this
is routine work using artificial lipid membranes - and has been conducted in this
thesis various times figure - it is not trivial for in vitro and in vivo cells. An
extensive review on this can be found in section 2.3.2]

An alternative to calorimetric measurements are optical measurements, which are
summarized in section and offer various advantages. Recent publications have
achieved measuring phase transitions in cells using other dyes [51], 203]. However,
prior to these publications, we have used the FRET (Forster-Resonance-Energy-
Transfer) mechanism to measure the phase state of in wvitro cells to a partially
successful extent, which will be described in the following.

The cells are stained using non-fluorescent Calcein-AM (acetoxymethyl), which
spontaneously diffuses through the membrane into the cell. Once inside the cell,
the acetoxymethyl groups are removed by esterases, which results in fluorescent
Calcein. This chemical is commonly used as part of an assay to detect living cells.
Additionally to the Calcein-AM, DPH (1,6-Diphenyl-1,3,5-hexatriene) is added to
the cells, which spontaneously integrates into the cell membrane. Having two dyes
with an overlapping emission and excitation spectrum, the distance-sensitive FRET
signal makes use of the binary-like area and thickness values of the fluid and gel-like
state. The results are presented in figure [26]

Figure 26| shows the FRET-signal as function of temperature. The signal being
relatively linear, we are not being able to detect a phase transition. In some
publications, phase transitions were successfully measured calorimetrically such as in
e. coli [44]. In detail, according to the predictions, the phase transition was supposed
to be somewhere near the cultivation temperature, so the cells could make use of
being near the phase transition. Hence, the temperature range in figure 26| does span
from T'=28°C < T <T =41°C. However, this measurement was the beginning of
further endeavour and a series of publications to quantifying the phase state of a cell
as function of temperature and therefore phase state.
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Figure 26: FRET efficiency as function of temperature. The cell membrane fluidizes
for increasing temperature.

Later, a peak-like behavior was indeed found, but at lower temperatures, than
predicted [51], 219]. For HelLa cells, the studies found different T}, for adherent and
suspended cells. For adherent cells, they found T}, » 15°C and for suspended cells,
they found T, ~ 28°C. The phase transition is very broad for HeLa cells (FWHM
~ 40 K), which disabled us to identify the data point at 7" = 28°C as T,,, as the trend
appears linear on this small scale. Therefore, figure 20] is in excellent qualitative
agreement with literature [51] - and it did give the same trend as published later,
which is a decrease in chain order as function of temperature.

After the short excursion to cell membrane phase transition detection, we continue
with phase transitions in artificial membranes. As indicated before, phase transitions
in artificial membranes are known to permeabilize membranes. In the following, we
will study the permeability - or uptake - of silica nanoparticles in giant unilamellar
vesicles as function of temperature and therefore phase state.
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4 Phase-state dependent Silica Nanoparticle Uptake
of Giant Unilamellar Vesicles

A large part of the results in this section is in the process of publishing [220].

Permeabilization has various mechanisms, as elaborated in section [2.6] we here
focus on endocytosis-like permeabilization. This type of internalization could be
relevant to bacteria, as the cytoskeleton is not involved [221]. As a model system, we
use giant unilamellar vesicles and silica nanoparticles. We measure the nanoparticle
uptake by the vesicles as function of temperature and therefore phase state. The
precise setup is described in section [9.2] Figure shows the nanoparticles using
scanning electron microscopy. In contrast, giant unilamellar vesicles are larger in
diameter by three orders of magnitude, as presented in figure 27al The nanoparticle
uptake experiment is illustrated in figure 283
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(a) Giant unilamellar vesicle imaged by (b) Scanning electron microscopy of
fluorescence microscopy. mono- and doublelayers of silica
nanoparticles.

Figure 27: Imaging the two key components of the model system.

To study the nanoparticle uptake as function of phase state, giant unilamellar
vesicles are suspended in aqueous salted buffer. The phase state is carefully adjusted
by precise temperature control using a peltier element are on top of the container
and a thermocouple. After temperature equilibration, nanoparticles are exposed to
the vesicles and recorded via fluorescence micrographs. The fluorescent micrographs
are presented in figure Here, the shrinkage of a giant unilamellar vesicle is
visualized as a time series. As an image contains only 2D data, the quantity surface
area shrinkage is accessed by assuming a spherical shape of the vesicle and associated
basic geometrical calculations. A resulting characteristic shrinkage time series is
presented in figure 285}
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Figure 28: Nanoparticle uptake experiment

Calorimetry on Vesicles

The comparison of nanoparticle uptake rates and the membrane state requires a
calorimetric measurement of the excess heat capacity of the system to identify the
main phase transition region. On the one hand, the excess heat capacity Ac,(T) of
giant unilamellar vesicles is presented in figure as well as the excess heat capacity
of multilamellar vesicles. The excess heat capacity of giant unilamellar vesicles show
the characteristic pretransition 7}, = 21 °C and the main transition at 7}, = 34 °C.
The transition peaks display a FWHM of FWHM,, = 1K and FWHM,, = 1.5K. In
contrast, multilamellar vesicles display characteristic temperatures at 7, = 21.8 °C
and T}, = 33.9 °C, with their main transition being much sharper at FWHM,, = 2.3K
and FWHM,, = 0.3 K. This is a well-known effect arising from the strong cooperativity
of multilamellar vesicles, which has been reported before and is in accordance with
literature [31].

4.1 Shrinkage Rate as Function of Time and Shrinkage

On the other hand, nanoparticle uptake is a complex function of phase state. Com-
parison of uptake rates is challenging because the rate is not constant as function of
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Figure 29: R? as a function of temperature and therefore phase state. A measure for
the phase state is the excess heat capacity. The two peaks indicate two
phase transitions, a pretransition at 7}, = 21 °C and a major transition
at T, = 34 °C for 15:0 PC. The fluorescent micrographs visualize the
start and end sizes originating from the nanoparticle uptake (@ = 60 nm).
Quantitative data about the kinetic is respectively presented below the
micrographs, which is the reduction in vesicle surface area as function of
time.

time. To account for this and to visualize it, figure 29| presents the adjusted R? value
of the linear fits. On the one hand, by far most data points are close to 1, implying
a good accuracy for the linear fit. The linear trend suggests further shrinkage for
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longer observation time, which is in accordance with postulated unlimited regimes.
On the other hand, few adjusted R? values deviate from 1 in figure 29| implying a
worse accuracy of a linear fit. The inset kinetics in figure [29 show a distinct curvature
indicating an asymptotic, saturating trend. To achieve better fitting quality, these
data points were fitted using exponential functions. However, the additional fitting
parameters of the exponential function make the comparison obsolete. Note, that the
non-linear uptake rates are in proximity of the phase transition regions, indicating a
correlation of phase transition and NP uptake.
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Figure 30: Vesicle surface area shrinkage rate as function of...

To dive deeper into the data, we analyze the time evolution of the vesicle area
shrinkage rate for four temperatures of interest. The results are presented in figure
[B0al Note that all curves are steadily declining and are clearly not constant. This is
somewhat surprising, as the presented linear fits expect constant rates. In contrast
to all other trends, the shrinkage rate evolution at 1" = 37 °C is the only temperature,
at which shrinkage has notably reached a saturation at around 0.2 %o per second.
All the other curves continuously decline, while T" = 37 °C is rather constant over a
time span of ¢ = 10min, until the observations ends.

Figure [30a] contradicts the conclusion from the paragraph discussing the R? data
from figure 29 It was concluded, that if R? =1, this suggests unlimited uptake at
this temperature. However, as figure provides quantitative information on the
shrinkage rate as function of time, the conclusion has to be revisited. The monotonic
decrease of shrinkage rate of the presented temperatures T = {21°C;22°C;34°C}
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suggests a limited uptake - unless the approach is asymptotic. This is not true for
T =37°C, as the shrinkage rate is constant over a time span of ¢ = 10 min.

Figure supports this conclusion. Here, the same data is plotted against the
vesicle relative area. All shrinkage rates decline monotonically and seem to approach
0, especially T' = 22°C, which declines even faster than the others. Once again, this
is not true for the vesicles at T' = 37 °C. At this temperature, the vesicles show a
saturation at moderate shrinkage rates, suggesting unlimited uptake.

The shrinkage rate limits are interesting to study and were not in the center of
attention at the time these measurements were conducted. Interesting questions
arising are what exactly causes this shape of shrinkage rate time evolution. This could
be studied by using Laurdan as a dye instead of Hydroxyethanesulfonate (DiOC-
14). Laurdan could be used to monitor the chain order during the nanoparticle
uptake. However, the experimental setup should be reconsidered, as it is not exactly
advantageous for continuous measurements, nor in the collapsing region of the vesicle
at small diameters.

The following paragraphs focus on the beginning of the kinetic, where the physics
are more defined. In this region, the nanoparticles are freshly exposed to the vesicles,
resulting in maximal shrinkage rates - depending on the starting conditions, which is
precisely our interest. Therefore, in the following, we simplify the shrinkage rate to
a constant value, which is a good approximation for the beginning of the time series.
The results are presented in figure [31a]

4.2 Shrinkage Rate as Function of Temperature and Phase State

Figure presents the shrinkage rate as function of temperature and therefore
phase state. The value range is between 0%0 and 1 %o per second. More importantly,
the shape of the function is qualitatively similar to the shape of the excess heat
capacity, as the shrinkage rates exhibit peaks in proximity of both phase transitions.
However, a systematic shift exists towards slightly higher temperatures.

The relative position of the shrinkage rate peak is observed at T}y =T}, + 1K for
the pretransition and at T, = Ty, + 3K for the main transition. Interestingly, the
amplitudes of the peaks are not proportional to neither the shrinkage rate curve,
nor the excess heat capacity. As the vesicle area shrinkage rate is not proportional
to the excess heat capacity and therefore the enthalpic characteristics of the phase
transition, the sensitivity might be rather to the structural changes. Structural
changes are e.g. membrane thickness, lateral order or spatial distribution of ripples.

In this context, non-enthalpic differences between the phases have been studied
by De Haas et al. [222]. In this study, they conclude that in the fluid phase, the
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Figure 31: Vesicle area shrinkage rate as function of temperature for 15:0 PC giant
2
unilamellar vesicles and silica nanoparticles (& = 60nm, ¢ = 15-)...

entropic repulsive force due to thermal undulations is larger than the van der Waals
attraction. In contrast, for the gel state, both quantities are comparable. Therefore,
at the phase transition, there is a change of the vesicle interaction from a weak
attraction below the main phase transition temperature to a repulsion above.

However, in in vitro cell experiments on nanoparticle uptake at 7' = 37°C and
T =4°C, opposite results have been found [I89]. At low temperatures, nanoparticle
uptake halts, whereas at high temperatures, nanoparticle uptake thrives. Although
the exact T, has not been reported for the human adenocarcinomic alveolar basal
epithelial A549 cells (A549 cells), if we assume a similar T}, ~ 15°C as HeLa cells, the
experimental temperature has been chosen low enough to reach the gel phase [219].
In conclusion, the findings of De Haas et al. might not be the dominant mechanism
for impeded nanoparticle uptake at low temperatures in A549 cells.

Nevertheless, in the study of Lesniak et al., the temperature resolution consists of
just 2 data points. Further investigation improving resolution on the temperature
axis would be interesting. Particularly because nanoparticle uptake seems not to be
very sensitive on the quantitative enthalpic change, as concluded from figure
In contrast, the conclusion suggests a stronger sensitivity of the uptake rates on
the structural effects. To investigate such structural effects further, we focus on the
silica-phosphocholine surface interaction in the following.
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4.3 Silica-Phosphocholine Adhesion as Function of Temperature

To revisit figure [31a] the vesicle area shrinkage rate maximum is shifted relatively to
the phase transition temperature by AT = +3 K. At first, this shift on the temperature
axis seemed like an artifact and we suspected an experimental flaw. However, to my
surprise, peculiarities at AT = +3 K had been observed before to a quantitative extent.
The studies elucidated the bending energy as function of temperature and they found
the same relative peak temperature shift 7" = T}, + 3K [199, 201]. However, as a
higher bending modulus would impede nanoparticle uptake, this would contradict
our data. Therefore, the bending energy maximum is not the cause of the vesicle
area shrinkage maximum. Note, that the bending modulus exhibits dips at the phase
transition temperatures [201].

The contradiction can only be resolved by a thorough examination of changes
of the physical situation, which is the nanoparticle-membrane interaction. When
membrane adheres to nanoparticles, the chemical potential of the lipids changes when
in contact with silica. This stabilizes the fluid phase of the membrane, quantitatively
to T = Ty, — 2.5 K for 60 nm nanoparticles [31], 223]. However, this does not resolve
the contradiction yet, as this is the opposite direction on the temperature axis.

To resolve this contradiction, we study the adhesion energy as function of tem-
perature and therefore phase state. To access this quantity, we conduct atomic
force spectroscopy of a silica bead glued onto a tip-less cantilever and approach a
supported lipid bilayer as function of temperature, as illustrated in figure and
described in detail in section Note, that in the following experiments, 14:0 PC
is used instead of 15:0 PC, due to experimental convenience. This mainly concerned
higher evaporation rates of the buffer solution for 15:0 PC, as operating temperatures
are Ty, + 10K and therefore up to T' = 45°C. However, I do expect full comparability
of the qualitative results. The results are presented in figure [32b]

Figure [32b] shows a typical force distance curve with the characteristic adhesion
jump on the retraction. However, the figure shows another retraction without an
adhesion. Many efforts were taken to account for a thorough examination if this
was an artifact or not. The frequency of these non-adhesive retraction peaks around
the phase transition temperature Ty, = 24 °C. The quantitative results of the non-
adhesive frequency as function of temperature is presented in figure [32c| as a heat
map. Clearly, in the far fluid state, almost all retractions contain adhesive retractions.
However, in the proximity of the phase transition temperature, adhesive retractions
collapse, both in frequency and in absolute counts. To be clear, this is not a result
of a lack of trials and measurements.
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Figure 32: Atomic force spectroscopy of a silica bead on a supported lipid bilayer as
function of temperature ([NaCl] = 75 mM).

The paradox is, that to evaluate an adhesion energy, it is crucial to identify an
adhesion peak. However, if the adhesion energy collapses close to 0, the data will be
filtered out and treated as an artifact. Only non-zero adhesion events will contribute
to the data presented, which is a form of bias. Therefore, using this method, it
is not possible to discriminate real zero-adhesion-energy and artifacts. However,
for close-to-zero-adhesion-energy and above, this method is accurate and beneficial.
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Furthermore, the very lack of adhesion events does contain information, as well.
Therefore, figure is the best evidence of the collapse in adhesion energy close to
the phase transition.

To be certain on this result, we checked for reproducibility: First, we measured
a significant adhesion occurrence frequency at T = 28 °C. Secondly, using the very
same setup, we immediately changed the temperature to T' = 24 °C and measured
hardly any adhesion events. Thirdly, still using the very same setup, we changed back
to T =28 °C and measured restored adhesion occurrence frequency. Thus, we can
conclude that the adhesion energy is a function of the phase state and the adhesion
energy collapses at the phase transition temperature.

This result is not solely supported by the frequency of adhesion occurrence, but
by the measured quantitative adhesion force, as presented in figure [32dl While
the adhesion force of F,q, = 0.5nN is equivalent to the adhesion energy of about
Eaan(28 °C) = 0.5 23, our results match well with one of our previous studies [214].
However, around the phase transition temperature, the adhesion energy is about
E.an(24°C)=0.1 $—§, strongly suggesting a collapse. Due to the methodological bias
at zero-adhesion-energy, we can not tell if F,q,(24 °C) = 0.

Future experiments could further elaborate on these findings. To somewhat avoid
the bias by potentially discarding zero-adhesion-retractions, I propose the following
setup. Bring the silica bead and the supported lipid bilayer into contact and exert a
constant retraction force on the cantilever, which is smaller than F,q,. At this point,
vary the temperature and check if the silica bead is still in contact or retracting. If
the adhesion energy collapses at the phase transition temperature, the cantilever will
retract even at low forces. The system will behave like a switch in terms of adhesion
- also known as all-or-nothing-like behavior in biology.

To be clear, cells could tune the adhesion of various substances by tuning their
lipid composition, which in turn changes T,,. Another way to change T, is by
an altered protein expression, as well as direct protein mediated binding, which
in turn mediating membrane state and thus adhesion. Most likely, a combination
of all mechanisms are involved. A sinusoidal modulation on the retraction force,
instead of being constant, will bring further insights on the sharpness of the transition.
Additionally, further investigation on adhesion at the pretransition 7}, is an interesting
task for future work.

Summarizing, membrane nanoparticle uptake is strongly a function of phase state.
Phase state governs the undulation forces and therefore the adhesion energy. This
has been experimentally verified by measuring shrinkage rates being a function
of temperature and even shrinkage. Quantifying shrinkage rates as function of
time further enables us to identify limited uptake regions, as well as unlimited
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ones. Furthermore, force spectroscopy of silica beads on membranes allows for
quantification of the adhesion as function of phase state. Interestingly, adhesion
energy collapses at the phase transition temperature, being in accordance to the
reported shift in undulation forces reported in literature.

It would be intriguing to conduct analog experiments closer to biological reality.
This could be achieved by using cell membranes, as well as a defined protein corona
on the silica bead, e.g. by dipping it in bovine serum albumin (BSA) prior to
experiments. Also, a study on various substrate materials would be insightful, as
studies have shown different excess heat capacity shapes, where the leaflets melt
either independently and decoupled on SiOs, or cooperatively on gold [224].

Having gained fundamental insight into the nanoparticle uptake as function of
phase state, we will go one step further. From the very specific system of endocytosis-
like nanoparticles, we will go towards more general permeabilization mechanism,
which is pore-mediated. We will use the pore-mediated mechanism to build a tool
for small and large molecules in vitro cell permeabilization.
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5 Permeabilization of Living Cells and Vesicles

The precise control of permeabilization is vital for cells. In this section, I present
the results of the work published by Kamenac et al. [159], Férber, Reitler, and
Kamenac et al. [51], and from three masters thesis projects by Katharina Biechele
[225], Felix Schilberth [226], and Nicolas Farber [216], which were all supervised by
me. In the publication and the master thesis projects, the focus is on designing,
building, and optimizing measurement setups for suspended and adherent in vitro
cell permeabilization - as well as quantifying the permeabilization and putting it into
perspective to existing methods and literature.

5.1 Permeability of Vesicles as Function of Temperature and
Shear Rate

As elaborated on in the previous sections, phase transitions alter membrane properties
drastically. In this context, Blicher et al. has reported phase-transition-induced
permeabilization. At this point, we pick up this result and take it further by applying
it on in wvitro cellular model systems. However, first things first - we start by
reproducing these results.

5.1.1 Permeability as Function of Temperature in Artificial Membranes

Blicher et al. showed that artificial membranes are most permeable at the phase
transition [I41]. Permeability has no inherent direction, the term refers to cargo
going from the exterior to the interior and vice versa. We make use of this vice versa
principle to build a simplified setup, where giant unilamellar vesicles are filled with
Calcein from the beginning and lose their cargo when permeabilized.

Once the giant unilamellar vesicles are transferred to a dye-less solution, the dye
escapes the vesicle interior through transient pores. This dye escape is proportional
to the loss in intensity on a micrograph. Figure [33a] shows a micrograph of such a
pore-mediated depletion of Calcein from a giant unilamellar vesicle into the exterior.

To reproduce Blicher et al. quantitatively, intensity loss time series are measured
at several distinct temperatures. Figure [33b| presents the dye depletion as function
of time for 14:0 PC giant unilamellar vesicles, which has a T}, = 24°C. Clearly, the
depletion kinetics show low permeability for the gel state at 1" = 17°C, slightly higher
permeability at T' = 31°C, and highest permeability for 7' = Ty,. Concluding, we
qualitatively reproduced the study by Blicher et al.

Having extensively studied the effect of shear rate on membrane phase transition
temperature in section 3.1, we combine this with permeability studies in the following.
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Surprisingly, an unexpected behavior arose - all-or-nothing-like permeabilization of
vesicles.

(a) Micrographs of GUV Calcein depletion as function of time from left to right.
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(b) Quantitative Calcein depletion kinetics of GUV at various phase states.

Figure 33: Calcein depletion of 15:0 PC GUV as function of temperature and time
([FITC - Dextran] = 5pM). Simplified and visualized reproduction of
Blicher et al. [141].

5.1.2 All-Or-Nothing-like Permeabilization of Vesicles

We study the permeability as function of shear forces by pumping vesicles through
microfluidic tubings and compare micrographs before and after the shear treatment.
Therefore, we fill giant unilamellar vesicles with FITC-Dextran already at the
fabrication stage. The vesicle flow is carefully adjusted with the help of a syringe
pump. Most important, the temperature is precisely controlled by placing the tubings
into a heat bath. The results are published [51] and presented in figure .
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Figure 34: 15:0 PC giant unilamellar vesicles were filled with FITC-Dextran and
shear flow treated at 4 = 500 % The discrimination between "full" and
"empty" utilizes the highlighted intensity threshold value at I = 4. The
vesicles were filled with [Glucose] = 100mM and suspended in equimolar
Sucrose solution.
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The scatter plots in figures [34a] and show the raw data of the micrographs -
mean intensities per area for a flow rate of Q = 2 mrl The temperatures were adjusted
to be in the deep fluid phase and in the deep gel-like phase. For the gel-like phase, a
single population is visible with few statistical outliers in all directions. However, for
the fluid phase, suddenly two populations arise.

To be clear, this result was unexpected to us. We expected a single population
for all temperatures, just like in figure According to our expectations, the
system would be sensitive the phase transition and therefore the population would
gradually shift far away from T}, and sharply at Ty,. However, by looking at the
micrographs from the shear flow treated samples, the dual-population-behavior is
elegantly visualized in figure [34¢] In this micrograph, "full" and "empty" vesicles are
visible to the naked eye.

Consequently, we started searching for biases in our experimental setup. One idea
was the possibility for a size bias, where the flow in the tubings could possibly burst
larger vesicles or filter smaller vesicles out, which respectively could be contributing
disproportionately to the fluorescence intensity. However, this is ruled out by
analyzing histograms of the vesicles sizes before and after shear treatment. They
show no significant differences, as presented in figures and [34d] The interested
reader might refer to the original publication, which contains further reference
measurements [51].

I would like to emphasize, that this finding is qualitatively different from Blicher
et al. [141]. Experimentally, the only significant difference is the flow. Therefore,
shear flow has to be involved in the interpretation of the results in the following.

As a parabolic flow profile is present in the tube, the according shear profile is
linear (see section . Therefore, the vesicles experience a shear force range
between 0 < % < Yax, Where the maximum shear force acts at the channel wall. The
exact shear force acting on a vesicle depends on its diameter d, as the shear rate is
defined as 7 = 7. However, there is a special case for at the region of the center axis
of the tube. Here, some vesicle cross the center axis, which causes the crossed part
of the vesicle to be sheared in the other direction. Therefore the maximum shearing
ranges from the part of the vesicle in the very center to the farthest part from there.
As a result, the lowest shear rate achievable is Y = 7.

However, it is questionable, how frequently vesicle; are exactly centered to the
middle of the tube or within a vesicle radius distance. The assumption to be normally
distributed over the tube cross-section is justified - but is only exactly true at the
beginning of the tubings. The non-inertial lift force draws the vesicle towards the
tube center, which distorts the normal distribution [227]. Yet, the non-inertial lift
force decreases for increasing convergence to the center axis. Nevertheless, if the
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vesicle permeabilization displays a threshold behavior, above which the vesicles
deplete, the shear rate has to be in that range.

There is a study in literature, which reports threshold behavior of vesicles at
the phase transitions as function of shear rate [222]. They found phase transitions
at critical shear rates in the order of O(1 %) However, this value is a nonlinear
function of temperature, as the critical shear rate vanishes above the phase transition
temperature. The @) =2 %1 used in this experiment result in a shear profile ranging
in Ymin ~ 0% < < Ymax = 100 %, covering the critical shear rate range. However,
the comparison should be handled with care, as the lipid system differs, e.g. in
lamellarity.

Summarized, a shear-induced phase transition, as reported in De Haas et al. [222],
combined with a continuous range of shear forces acting on the vesicles, could be
the reason for the separation into two populations. However, further investigations
on this topic would be intriguing, as a seemingly highly mechanistic system acts
probabilistic.

5.1.3 Quantitative Permeabilization of Vesicles as Function of Distinct Shear
Rate and Temperature

To engage into the all-or-nothing-like permeabilization behavior quantitatively, fur-
ther experiments have been conducted. In the scatter plot from figure [34b] we
apply the threshold in intensity to discriminate between "full" and "empty" vesicles.
This discrimination allows to display the fraction of empty vesicles as function of
temperature for various shear rates. The results are presented in figure [35]

The pre- and post-transition level of the step-function show peculiarities. For the
two low shear rates, 500% and 100 %, the pre-transition level is similar and low. In
this regime almost all vesicles do not permeabilize and do not lose cargo. Once the
phase transition temperature regime is reached and exceeded, a significant portion
of vesicles are permeabilized and lose their cargo.

By a carefully analysis of the experimental procedure, we could identify a bias for
the step-like behavior. To conduct the experiment, the vesicles are taken out of the
fridge (Ttidge $ 8 °C) and heated to the equilibrium temperature of the experiment.
If the temperature of the experiment is higher than the phase transition temperature,
the vesicles have to cross the phase transition temperature. Therefore, it is not
possible to conduct experiments at higher temperatures than the phase transition
temperature, without the bias from crossing the phase transition temperature. The
bias induced by crossing the phase transition will be elucidated in the following.
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Figure 35: GUV permeability as function of temperature and shear rate. Permeability
was measured by the fraction of full and empty vesicles. Permeability is
a step-like function of shear rate and displays a all-or-nothing behavior.
Additionally, shear forces shift the phase state of the vesicles towards
lower temperatures. Adapted from our publication [51].

The major cause of depletion of FITC-Dextran from the vesicles is by formation
of spontaneous pores [I141]. Accordingly, the amount of work required to form a
pore is proportional to the compressibility [141], which is known to collapse at the
phase transition [201]. Consequently, the number of pores formed for the low shear
rates on the low-temperature-side of the step-function is negligible. Once the phase
transition is reached, a significant number of pores are introduced into the system,
enabling depletion.

Many studies report a stabilization of pores and widening by orders of magnitudes
by an external force [195]. Therefore in combination with softening at the phase
transition, we strongly assume stabilization of vesicle pores by shear forces and the
phase state. This could also be the reason, why depletion in the post-transition
regime is enhanced, as the phase transition regime was crossed and the formed pores
were still present due to stabilization.

At first glance, the measurements at the high shear rate of 4 = 2500% breaks the
argument, as the level of the low-temperature-side of the step-function is signifi-
cantly increased. The total curve still shows a sigmoidal behavior, as the vesicles
permeabilization rises further in the transition regime and in the post-transition
regime. However, firstly, the data should be considered in perspective to the already
elevated reference value at static conditions. Secondly, this could be the consequence
of overcoming a mechanical threshold to induce pore formation.
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To challenge the interpretation of the sigmoidal function being caused by the
bias, it is be necessary to rerun the experiment using vesicles resting in the fluid
phase at room temperature, e.g. 14:0 PC or 13:0 PC. The results reveal the analog
behavior [51]. This supports the experimental bias in crossing the phase transition
temperature for experiments at 17" > T, and vice versa for experiments with lower
T

Summarized, vesicles are more permeable at higher shear rates, as well as at
their respective phase transition temperature. This can not be explained due to
spontaneous dye loss, as spontaneous pores are of size r 1 nm and the dye size is
about d = 2.3nm. Furthermore, analog static experiments reveal no all-or-nothing-like
behavior. Therefore, the all-or-nothing-like behavior must arise from applying shear
flow to the system. In detail, the all-or-nothing-like behavior is a non-linear response
of the pore formation to mechanical shear forces. The increased permeability for
higher shear rates is likely to originate from mechanically induced shear-stabilized
pores. Naturally, the next step is to study permeability on in vitro cells under shear
flow.

5.2 Permeability of HeLa Cells as Function of Temperature and
Shear Rate

Permeabilization studies of in vitro cells carry high expectations in the field of Drug
Delivery, due to their potential therapeutic application. Before presenting the novel
and published acoustofluidic permeabilization method, we focus on the dependence
of drug uptake as function of shear force to finally draw quantitative conclusions on
the enhanced model drug uptake.

5.2.1 Shear Flow Induced Permeabilization of Suspended Living Cells

The novel, acoustofluidic method, is a combination of various contributions, as
elucidated in section [2.6.3] The acoustofluidic setup is described extensively in
section [9.4] Ome by one, we will quantify the individual contributing mechanisms.
The first permeabilization mechanism is pure shear flow, as reported earlier [228].

The exact setup of the pure shear flow is presented in figure [36al In this setup, a
cell suspension flows through a microfluidic channel and comes into contact with a
model drug - a fluorescent dye. The results of the permeabilization by pure shear
flow is presented in figure and [36d

In detail, the cells are exposed to shear stress within the microchannel without
bulk contact to the dye, as illustrated in figure However, two mechanisms drive
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Figure 36: Calcein uptake as function of temperature and shear rate. Adapted from
[159].

mixing of the cell suspension and the dye solution. Firstly, diffusion is predominant
at the interface of the cells suspension and the dye solution, along the microchannel.
Secondly, Dean flow [229] finally fully mixes due to the high curvature at the outlet,
which consists of the microchannel-tubing intersection. However, due to the low
efficiency and short time span, diffusion-driven mixing is negligible.

For low flow rates 0 % <@ <500 %, the uptake increases linearly. For further
increasing flow rates () > 500 %, the uptake decreases. Interestingly, at ) = 1500 %,
the uptake is comparable to quasi-static conditions at ¢) = 50 % Reports from 2008
claim that permeabilization is a linear function of shear stress for cells [I53]. However,
our experiments show a clearly non-linear relationship. Interestingly, the error bar is
large at the maximum permeabilization flow rate. This is in good agreement with

82



the peak-like, non-linear relationship, as small deviations on the x-axis - flow rate -
result in a large variation on the y-axis - permeabilization.

At first glance, there seems to be a trivial solution for this finding. The constant
length of the outlet tube limits the exposure time of the cells to the dye and thus
quantified uptake. However, we account for the variation of exposure time as function
of flow rate ) in figure |36c, Here, the original values are rescaled with a contact
time dependent factor. In the end, the non-linearity persists and the finding of a
pronounced maximum is conserved.

Additionally to the calculation, we test this hypothesis experimentally for robust-
ness. As an additional reference experiment at a fixed flow rate of () = 1000 % and
an outlet tube length of [ = 20 cm, we vary the exposure time by varying the length
of the outlet tube. The results are presented in figure
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Figure 37: Cell permeabilization as function of outlet tube length and therefore
contact time. Adapted from [159).

In accordance, cell permeabilization increases for increasing the outlet tube length
at this flow rate. Interestingly, the increase is not greater than the factor of two,
being consistent with the theoretical estimations in figure [36d Taking these findings
into account, the uptake mechanism is diffusive, as expected for a pore-mediated
mechanism [230].

Sharei et al. found a saturation degree, where 70 % - 90 % of the total uptake
happens in the first minute after treatment. This agrees well to our results for an
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outlet tube length of [ = 40 — 50cm. At this outlet tube length, the dye uptake
saturates presumably due to pore resealing [230]. Strikingly, for a calculation with
the mean flow velocity and an outlet tube length of [ = 40 cm, the mean cell-dye
exposure time is t = 1228 in our setup, which differs from the literature value by a
factor of 2. However, taking into account, that the major part of the cells travels
close to the center (non-inertial lift forces, see [227]), the discrepancy of the mean
velocity to the velocity at the center is a factor of 2. This eliminates the discrepancy
to literature precisely.

Having quantitatively confirmed the findings by Sharei et al. [230], we have
identified the permeabilization mechanism to be pore-mediated. However, pores are
intrinsically transient and reversible, which has not convincingly been covered in
literature, yet. This gap will be closed by the following experiments.

5.2.2 Reversibility of the Pore-Forming Mechanism

To test reversibility of this method, we add a pre-treatment to the experiment from
figure [36D] as illustrated in figure 3§ The pre-treatment consists of pumping the
cell suspension at a high flow rate - ) = 4000 % - through the same microchannel in
order to activate the pore forming. Subsequently, we use the very same cells for an
experiment in the style of figure [37 The results are presented in figure [39
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Figure 38: Illustration of the pre-treatment setup. After a shear treatment at 4 =
4000 %, a t = 10 min waiting time is followed by additional experiments to
quantify the uptake as function of shear rate. Adapted from [I59].

Analogously to figure [36b] a distinct maximum appears in figure [39| for a flow
rate of ) = 500 % Therefore, the results of the experiment could be reproduced
with an additional pre-treatment of the cells. A difference in the technical details of
illumination diminishes the quantitative dye uptake.
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Figure 39: Reproduction of the results from figure m after pre-treatment from
figure 38 Adapted from [T59].

At this point, conclusions from the former experiments can be applied here. Firstly,
formation of pores is a function of the compressibility [141], which is a function of the
thermodynamic membrane state. Interestingly, a study has shown, that suspended
HeLa cells are very close to the phase transition temperature at ambient conditions
[219]. However, the same study has measured a shift of phase transition temperature
as function of shear rates of the order of AT »~ 1K. Therefore, the shift in phase
state is likely to be not predominant in the permeabilization by pure shear flow.

Secondly, we have proposed pore forming by mechanical stimulation [51]. In this
study, the conclusion is not definitive and questions the pore formation by pure
mechanical stimulation. Additionally, figures and [39 show that permeabilization
is a non-linear function of shear rate.

Summarizing, adding a high-shear-pre-treatment reproduces the results from the
original experiment, which shows reproducibility and strongly suggesting a reversible
pore-forming-mechanism.

We have thoroughly studied the permeabilization by shear forces of in wvitro cells
and found it to be reversible, pore-mediated, and a function of shear rate. These
results are crucial for the fundamental experiments later in this section and crucial
for the applied acoustofluidic permeabilization tool, which will be discussed next.
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5.2.3 Acoustofluidic Trapping of Suspended Cells

As the contribution to permeabilization by pure shear flow has been quantified, we
upgrade the complexity of mechanical stimulation employing surface acoustic waves.
The surface acoustic waves in the microfluidic channel create trapping vortices and
the corresponding pressure fluctuations. Note that by employing surface acoustic
waves, the permeabilization and exposure to high dye concentrations happens at the
same location and time. The setup is illustrated in figure [40|
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Figure 40: Illustration of the acoustofluidic permeabilization setup. Adapted from
[159].

Surface acoustic waves couple into the microchannel and create vortices, which
trap suspended cells, while a steady stream of dye solution flows by. This setup
comes with three adjustment parameters, the surface acoustic wave input power level
P, the flow rate (), and the surface acoustic wave cycle duration tgaw. Firstly, we
vary and study P and @), before we then focus on the surface acoustic wave cycle
duration tgaw. The results are presented in figure

For these experiments, we keep the flow rate constant at ¢ = 100 % No significantly
enhanced uptake takes place for power levels up to P = 28dBm. At P = 29dBm,
the cells are greatly permeabilized compared to the pure flow reference (see figure
, @ =50 %, no SAW). The permeabilization is enhanced by a factor of 18 for the
mean value. On the one hand, the large error shows that even significantly higher
permeabilization is possible. On the other hand, this large distribution presumably
can not be narrowed down due to the chaotic nature of the method. Various factors
cannot be controlled, such as the dwelling time of the cells in the trap, or the exact
occupied streamline in the vortex and thus shear stress.

The permeabilization decreases again at P = 30dBm. At this power, cell death is
promoted. Promoted cell death causes a decrease in mean cell density by an order of
magnitude compared to P =29dBm.

Another explanation for the decrease in permeabilization efficiency is the inter-
twinement of the power level and the flow rate [160]. In this study, the authors found
a requirement for good miscibility. Good miscibility requires a quantitatively similar
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Figure 41: Permeabilization as function of surface acoustic wave power (Q = 100 %,
tsaw = 1 min). Adapted from [159].

flow rate between the perpendicular flow generated from the surface acoustic waves
and the flow along the channel. Therefore, a higher power level requires higher flow
rates for an efficient trapping. We will test the applicability of this study in the
following.

5.2.4 Mismatch of Flow Rates Diminishes Permeabilization

To test the hypothesis from the prior paragraph, we vary the flow rate at a purposely
non-optimal constant power level of P =28 dBm, according to figure The results
are presented in figure 42

As anticipated, permeabilization diminishes at reduced cell trapping efficiency for
relatively high flow rates of ) = 100 % However, at relatively lower flow rates of
Qs 80 %, permeabilization is high. Quantitatively, at lower flow rates, the perme-
abilization is 8 times higher than at slightly higher flow rates, which demonstrates
the volatility of the flow-matching-criteria. Interestingly, the enhancement factor
quantitatively matches the enhancement factor from figure 42} exhibiting quantitative
consistency.

Summarized, surface acoustic waves enhance permeabilization exceeding pure-flow-
mediated permeabilization. Surface acoustic waves introduce a dual stimulation - an
oscillating electrical field, as well as additional flow and therefore additional shear
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Figure 42: Permeabilization as function of flow rate. The sharp decline in perme-
abilization arises from the transition of trapped cells to untrapped cells.
Adapted from [I59].

forces. Conveniently, flow and shear forces are experimentally measurable, which
will be studied in the following.

5.2.5 Quantification of the Flow Profile

Besides the approximated shear profile by calculation, we quantify the velocity and
shear profile via particle image velocimetry - the interested reader might refer to
Thielicke and Stamhuis [231]. The flow fields are visualized in figure 43| as a heat
map. To draw a comparison, both flow profiles are needed - without and with SAW
application.

The measurements reveal, that pure shear flow results in a maximal shear rate
of about ¥ =30 % This is in accordance with the calculations assuming a parabolic
flow profile. In contrast, surface acoustic waves increase the maximum shear rate by
a factor of more than two.

The surface acoustic waves are visible as two vortices in the particle image ve-
locimetry image. At those vortices, the shear rate is maximal. The cells being
trapped in these vortices perceive continuous stimulation by these higher shear forces,
which leads to an enhanced permeabilization.

It is not trivial to compare the surface acoustic wave experiment to a pure
flow experiment at double the flow rate. At the first glance, a doubled flow rate
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Figure 43: Particle image velocimetry to quantify the shear rate profile of the flow
without (top) and with (bottom) surface acoustic waves. Adapted from
[159].

would compensate the doubling in shear rate in the surface acoustic wave experiment.
However, firstly, the factor of two is a conservative approximation, as the z-component
is neglected by the projection onto the x-y-axis. Secondly, treatment times are not
comparable, as cells are trapped in the vortices. Pure flow experiments entirely lack
of this feature. Nevertheless, the increased permeability by surface acoustic waves
indeed is partly explained by the increased shear rate.

To elaborate on the feature of trapping - especially in terms of time - we focus in
the following on the surface acoustic wave cycle duration.

5.2.6 Optimal SAW Cycle Duration

The SAW cycle duration tsaw marks the time the vortices need to sweep through
the three frequencies. As at the end of this time, the cycle repeats, the vortices jump
back spatially from the last position to the first position. This results in a release of
all cells trapped in the vortices. Therefore, tsaw is at the same time the maximum
dwell time 4 max and double the mean dwell time t4 mean. On the one hand, future
experiments could improve the setup and equalize both times to achieve a narrow
dwell time distribution. On the other hand, this setup realizes a broader spectrum
of treatment, which could be of desirable.

To quantify the optimal SAW cycle duration, we vary this parameter at a given
flow rate and power level (Q = 80 %, P =28dBm). The results are presented in figure
[ 4l Permeabilization increases linearly as function of SAW cycle duration, until it
reaches a maximum at tgaw = 2min. Short tgaw are similar in permeabilization to
the quasi-static reference (@) = 50 %, no SAW, see figure . The permeabilization
enhancement factor is ~ 13.
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For tsaw > 2min, the permeabilization decreases. This originates from the induc-
tion of increased cell death (mean cell density at tsaw = 6min is decreased by a
factor of 4 compared to tsaw = 2min). Keep in mind, that the evaluation method
is conservative, as the cells are not evaluated immediately, but only consider those
surviving even after a 2 hour incubation period. In total, the results suggest a trade-
off between increasing permeabilization for higher trapping times and promoted cell
death for even higher trapping times.
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Figure 44: Permeabilization as function of SAW cycle duration. Adapted from [I59].

As described previously, tsaw = 2 min is equivalent to a mean dwell time ¢4 = 1 min,
which in turn agrees well with the saturation behavior from figure and literature
[230].

After a thorough measurement on the effect of potential of cell membrane per-
meabilization, it is worth taking a step back and exploring the mechanisms this
is achieved with. Firstly, as the substrate is piezoelectric, an oscillating electrical
field is part of the wave. The field strength is as high as E = 10* % Interestingly,
this has been claimed in literature to be a major permeabilization mechanism [154].
However, we estimate this contribution to be negligible here, as the penetration
depth (Debye length) is at the order of Ap = 1nm at the present salt concentration
of ¢(ion concentration) = 310 mM [232].

Secondly, as discussed for figure [43], the trapping feature prolongs the exposure
time to high shear rates. The prolongation by the vortices is the mean dwell time
tqa = 60s (for a SAW cycle time of 2min), additionally to the travel time through the
microfluidic channel ¢ ~ 6.9s. Therefore, the exposure time to high shear rates differ
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by an order of magnitude. This enables a higher energetic input into the membrane,
which we expect to result in more transient pores [233].

Thirdly, the dye availability significantly improved. In contrast to pure shear flow,
employing surface acoustic waves comes with a constant background mixing feature.
The mixing ensures a homogeneous dye concentration everywhere, all the time.

To be clear, while permeabilization, the dye diffuses from the close surrounding of
the cell into it. Once dye has diffused into the cell, the dye concentration diminishes
in the cell proximity. Consequently, a depletion zone develops over time. This
depletion zone is countered in pure shear flow only by diffusion driven mixing, as
low Reynolds numbers are present. Diffusion driven mixing is negligible compared
to the mixing feature of surface acoustic waves.

Finally, it might even be possible, that due to the vortex mixing, the dye is actively
flushed into the cell, instead of relying on a diffusive mechanism. We confirmed the
diffusive dye-uptake earlier only for the pure shear flow case. Modelling flushing-
assisted dye uptake could be done by the artificially increased diffusion coefficient.
The diffusion coefficient has to be anisotropical. The anisotropy must firstly account
for the high shear rate zones of vortices. Secondly, it has to account for the cell
trajectory and cell orientation, to account for the direction dependence of the flushing
effect.

Any further discrimination in space and time is beyond the technical capabilities of
the setup. However, it is possible to increase the value of this novel permeabilization
method by studying the spectrum of uptake cargo.

Cargo Size Limits

To assess the efficacy of our novel permeabilization method over various differ-
ently sized cargo, we test various sizes of model compounds. The molecular weight
spans about two orders of magnitude: Calcein (my = 0.6kDa), FITC-Dextran
(my =10kDa), and eGFP (my =27kDa). One technical peculiarity between these
different fluorescent dyes is the varying amount of excitable fluorophores per dye
molecule and thus molecular weight. To account for this, we measure the inten-
sity of a constant mass concentration (¢ = 0.2 2%). The results are presented in table .

To test the limits of the cargo size to cross the pores, we conduct experiments
with surface acoustic waves, analog to figure as well as static control experiments.
The results are presented in figure [45]
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Table 3: Normalized dye brightnesses.

Fluorescent Species | Brightness | Dye Concentration | Molecular Weight
p g y g
Calcein 1 0.2 % 0.6kDa
FITC-Dextran 0.12 0.2 % 10kDa
eGFP 0.46 0.2 % 26.9kDa
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Figure 45: Permeabilization as function of cell treatment and dye (@ = 80 %, P =
28dBm, tsaw = 1 min). Adapted from [159)].

In this set of experiments, the permeabilization for acoustically trapped cells is
enhanced about 6-fold for Calcein, which is in good agreement with the enhancement
factor ~ 8 of figure[d2] In contrast, the enhancement factor for optimal conditions is 18,
as shown in figure[dI] The major contribution to the discrepancy of these enhancement
factors arises from the gentler treatment (in figure : @ =100 %, P =29dBm, and
tsaw = 1 min; in figure : Q=80 %, P =28dBm, and tgaw = 2min). Interestingly,
as the optimal SAW cycle duration has been identified to be tsaw = 2min from figure
[44] and as the trend is linear, I would expect a doubling of the permeabilization for
figure [41| from an enhancement factor of 18 to 36. Also, a uniform dwell time of
t = 2min by controlling the cell inflow to the vortex site would further enhance the
factor.
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Uptake FITC-Dextran is 3-fold compared to the static reference, whereas eGFP is
6-7-fold higher. This result at first glance is somewhat unexpected, as a priori, a
bigger molecule is less likely to cross the same pore for two reasons.

First, sterical blocking of the pore edge and the cargo impede uptake. Second,
the diffusion coefficient is a function of molecular weight, according to the Chap-
man—FEnskog theory.

However, the first argument is not exactly valid, as molecular weight is not identical
to size. The geometric body of Calcein is point-like compared to the size of the other
molecules dcaicein(mu = 0.6kDa) = 0.7nm [234]. eGFP is rather globular, therefore
the size scales to the third root of its mass dgrp(my = 26.9kDa) = 2.8 nm [235]. In
contrast, the shape of FITC-Dextran is rod-like, causing a linear scaling of its length
to its mass dprrc_pextran(Mmu = 10kDa) = 2.3nm (according to supplier).

For the second argument, it is the easiest to calculate the diffusion coefficients D
using the Stokes-Einstein-equation [234]:

2
D(Calcein) = 3.3 » 107 o
8
2
D(FITC - Dextran) = 1.1 x 107 m (42)
S
2
D(eGFP) = 1.0+ 10710
S

According to Fick’s law, diffusion is a linear function of D, therefore, neglecting
all other contributions, the permeabilization factors of the dyes should be

3 * CFITC-Dextran ¥ CCalcein ® 3 * CeGFP-

However, they are

CeGFP ™ CCalcein ™ 2% CFITC-Dextran -

As a result, using acoustofluidic trapping, FITC-Dextran is half as permeable
as Calcein, however, it is more permeable than expected based on the diffusion
coefficients. In contrast, eGFP is as permeable as Calcein, although expected to be
less permeable by a factor of 3.

Summarized, the novel permeabilization method presented here and published in
literature [I59] facilitates permeabilization by acoustofluidic trapping. This method
still holds for significantly larger molecules (almost 2 orders of magnitude), such as
sugars and proteins. A priori, we expected a limit at the protein level, however, it is
perfectly applicable. Future work might test for larger molecules, like plasmids.
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As a an outlook on the acoustofluidic permeabilization tool, I would like to present
results and remarks regarding certain claims in literature.

5.2.7 Plausibility of Nanoaberrations without Acoustofluidic Treatment

In Ramesan et al. [154], the authors claim they found a new permeabilization
mechanism employing surface acoustic waves on adherent cells. In this publication,
they claim having found a new mechanism - explicitly not to be pore-related - but
mediated by what they call indentations and nanoaberrations. They back this claim
by scanning electron micrographs of the permeabilized cells, which they took by
"freezing" (immobilizing procedure) the cells during or right after the treatment.

On these micrographs, they find holes in the membrane with a diameter of
about d = 500 nm, which is supposed to be smaller than pore sizes from literature
(d =1-10pm). However, it has been extensively reviewed in section [2.6.2] that
standard meta-stable pores exist from d > 0.8 nm on. On top of the size-difference,
they support their claim by comparing lifetimes of this new internalization mechanism.
They claim shorter lifetimes of presumably few seconds or less, whereas pore resealing
requires minutes.

However, I doubt the finding of a new internalization mechanism, as claimed in
the study. Firstly, the authors line of argumentation is as follows: Because no pores
were observed, there were no pores. I find this misleading, as they did not show in
the first place, that this method is consistently able to image pores. If they would
have used another permeabilization method - which is known to be pore-mediated -
and they would have imaged these pores using their protocol, only then would their
line of argument be convincing.

Secondly, the difference in size to known pore sizes is a factor of 2, which is
relatively low. At best, they might have extended the known size spectrum of these
pores down to 500 nm in regard to the literature they cited.

Thirdly - and most importantly - I could reproduce their results by accident. I
prepared samples using a similar protocol based their study. Surprisingly - we imaged
small holes of the size of less than d § 100nm on the cell membrane, as presented
in figure [46c To be clear, the cells did not receive any permeabilization treatment
besides the immobilization protocol in section [9.3

The diameters in figure [46c| are even smaller than in their study. An appropriate
comparison is impossible at this point. In their study, they neither provide a
comparable magnification factor, nor high quality images. Nevertheless, having
applied no permeabilization treatment at all and being able to observe even smaller
"nanoaberrations" questions their results significantly. In my opinion, at best, their
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Figure 46: Scanning electron microscopy of immobilized HeLa cells.

SAW treatment enlarged the sizes of holes like in figure [d6d. The enlargement could
have the holes visible to them in the limited technical capabilities of their scanning
electron microscope, which in turn led to a bias in their evaluation. The fact that
they found these holes even in their control questions these results further. It would
be intriguing to have insight into this rebuttal process for future studies.

After this novel tool for acoustofluidic cell permeabilization, we continue our
fundamental research and add temperature as another dimension, to be able to
measure a temperature-shear-rate-permeabilization landscape.
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5.2.8 Permeabilization Landscape - Intensity as Function of Temperature and
Shear Rates of Suspended Cells

To obtain a landscape diagram, we conduct temperature-controlled shear exposure
to suspended HeLa cells in a viscosimeter using a cone-plate geometry, as discussed
in section and similar to literature [I53]. The use of a commercial viscosimeter
allows for high-quality shear rate control.

Figure [A7a] shows the internalized dye intensity as function of temperature at static
conditions (4 = 0). It shows a distinct maximum at 7' = 38°C (squares), which has
been highlighted in the figure. Dye uptake at supraphysiological temperatures rises

due to protein denaturation and membrane blebbing [236] and is not of interest to
this thesis.
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Figure 47: Permeabilization of suspended HeLa cells as function of temperature and
shear rate.

Figure shows further the permeabilization as function of temperature and
shear rate. The data is qualitatively and quantitatively reproducible and the number
of evaluated cells at each temperature is at least 1000. The shape of the curve for
A= 6000% could be interpreted either as a two-level behavior, or as a slight peak at
T =29°C (diamonds), followed by a sharp decline. We further evaluated the peak
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position of 4 = 1800% (circles) and plotted all peak temperatures as function of shear
rate in figure [A7D]

Figure shows a linear trend of the permeability peak position as function of
shear rate, which is an important result. Quantitatively, this peak shifts about -1,4
K per 1000 %, stabilizing the fluid phase. The shear rate % = 1000% corresponds to a
shear stress of 7 =717 = 1Pa, as the dynamic viscosity of water is 7 = 1 mPa*s. Shear
stress of this magnitude can be found throughout the human body - in blood flow
1237, 238], bone fluid flow [239], urinary tract [240] or air flow [241]. Shear stress is
well-known to be crucial for e.g. stem cell differentiation [242].

Another, independent set of experiments, conducted in another project finds similar
results. The results are presented in figure 48| and reveal a shift of the maximum
permeabilization temperature at -0.6 K per 1000 %

Two arguments support the robustness of the results. Firstly, these experiments
have been conducted independently and over an even broader range of shear rates,
ranging up to ¥ = 18,000%. Secondly, the use of two different fluorescent dyes,
which differ in molecular weight (my(Calcein) = 0.6 kDa and my(FITC - Dextran) =
10kDa) and size, still follow the same linear trend.
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Figure 48: Maximum permeabilization temperature as function of shear rate for
suspended cells in a custom-built viscosimeter.

To dive deeper into the data and to get a glimpse on the permeabilization landscape,
we will focus on the distribution of the permeabilization as function of temperature
and shear rate. To be clear, similar experiments to figure will be conducted, but
with a smaller temperature mesh and more importantly another dimension displaying
the intensity distribution. The results are presented in figure and [49b]
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Figure 49: Permeabilization landscape - Intensity distribution as function of tempera-
ture and shear rate of suspended HeLa cells. Treatment time ¢ = 1 min on
a plate-cone viscosimeter geometry. The experiments were conducted in a
1:1 mixture of dye solution (¢ =1 2£) and cell medium with ¢ = 11vol.%
Optiprep™ to prevent sedimentation.

Figure shows the shear rate of 4 = 6000 %, where the permeabilization landscape
is presented. In detail, the dye uptake is now color coded, in contrast to figure [A7a]
where the information on distribution is hidden in the error bars. Interestingly, two
maxima evolve around 7" = 27°C and T = 34°C, as can be seen by the dark regions.
However, these maxima quickly decline for higher intensities, as the high mean
intensities are of light green color. At T =30°C, the tail of the Gauss distribution
reaches the farthest into high intensities, which is indicated by the contour line.
Consequently, at T'= 30°C, the permeabilization here is the highest.

In contrast, employing a shear rate of % = 12000% shows a significantly different
permeabilization landscape, as presented in figure [A9b] Here, the temperature, at
which the permeabilization is highest, is at T" = 27°C. Consequently, the 4 = 6000%
higher shear rate shifted the maximum 3 K towards lower temperatures, resulting in

a shift of 1865011(' This is in excellent agreement to the results obtained before.

At this point, I would like to add our publication [51] to the comparison. In the

study, we report a shift in phase transition temperature of AT, ~ 0.6 10?01‘ The

numbers agree excellently. However, I would like to point out, that not (Sexactly

the same quantities were measured. In the data presented here, suspended HeLa

cells display a maximum permeabilization temperature, which shifts linearly by

N —L4K 4o 05K

M Too0l To00T - In the publication, the phase transition temperature of giant
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agreement strongly suggests a correlation and good comparability of respective

unilamellar vesicles shifts upon shear stress ATy, ~ 0.6 The quantitative
artificial and real membranes.

Although the figures and [48] show robust results, the experimental design has
an imperfection - the shear dimension can only be measured discretely. Discrete
measurements are labor-intensive and comparability is impeded, as experiments are
conducted on several days with changing cell passage numbers. Therefore, I designed
an experimental setup, which draws the line in the sand as clear as it can be. For
that, I chose the setup to be a plate-plate viscosimeter with adherent HeLa cells to
conduct permeability experiments as above. The advantages are elaborated on in
the next section.

5.2.9 Permeabilization as Continuous Function of Shear Rate and Discrete
Function of Temperature on Adherent Cells

To extend our findings to adherent cells, we use a viscosimeter with plate-plate
geometry to have a continuous, linear shear treatment for permeabilization. The
advantages of this setup are tremendous. Firstly, using a viscosimeter is essential.
Viscosimeters are designed for shear studies. In a viscosimeter, the shear profile is
experimentally as defined as it can be.

Secondly, the setup has a radial symmetry. Radial symmetry makes any kind of
non-linearity immediately visible to the naked eye. In contrast, local imperfections
or artifacts are not radially symmetric and are therefore easily distinguishable.

Thirdly, the plate-plate geometry allows for a continuous, linear shear profile.
Consequently the applied shear rate ranges between 0 < 4 < Anax (Tmax ). To be clear,
one experiment in the plate-plate geometry contains more information than a whole
set of experiments in the plate-cone geometry.

Finally, adherent cells are crucial, as they are immobile on the experimental time
scale. This allows for unlimited observation and continuous, spatial information
on the single cell level. In contrast, in an commercial viscosimeter, it is impossible
to take micrographs during the ongoing experiment, as the bottom plate is not
transparent.

A fluorescent micrograph is presented in figure [50] To access the spatial informa-
tion and make use of the single cell information, it is convenient to use two kinds
of fluorescent markers with different colors. The first marker (NucBlue™) stains
the cell nucleus in blue and is used to identify the cell position. The other marker
(Calcein-AM) stains the cell cytosol in green and is used to quantify cell permeabi-
lization. Calcein-AM is originally used to mark alive cells, as only a functioning
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metabolism will trigger fluorescence intensity in the dye. Therefore, to quantify
permeabilization, the loss in intensity is attributed to loss in dye from the cell interior
due to permeabilization.

Figure 50: Two-channel fluorescent micrographs of adherent HeLa cells before and
after shear treatment. A) Calcein-AM in the cytosol in green before the
shear treatment. B) Cell nucleus in blue before the shear treatment. C)
Remaining Calcein after the shear treatment. D) Remaining cells on the
substrate.
Treatment time £ = 1 min on a plate-plate viscosimeter geometry. The
experiments were conducted at 7= 30°C in a 1:1 mixture of dye solution
(c=128) and cell medium. The rotational frequency of U = 1000 rpm
generated a linear increase in shear rates of up to 4 =10k %

At the first glance of figure artifacts - like cell density irregularities - are
immediately visible in the a priori picture. Fortunately, we can identify those as
artifacts due their asymmetric pattern. Furthermore, they do not disturb the analysis,
as firstly, the cell density averages out over the ring and secondly, the data is analyzed
on the single-cell level, where cell density is irrelevant.

At the second glance of figure 50| characteristics exhibiting radial symmetry come
to attention, which are indeed caused by shearing. The a posterior: micrograph in
the FITC-channel indeed exhibits a dark ring. Consequently, this indicates a specific
increase in permeability at this (narrow) particular shear rate (range). However, as
the DAPI-channel exhibits the same dark ring, it simply follows that the cells detach
at this particular (narrow) shear rate (range).

As permeabilization is the focus of this work, this side result was at first irritating
and it was treated as an artifact to get rid of. However, a closer examination revealed
that the origin of this de-adhesion is intriguing.

Various literature exists, which does not observe this shear rate specific peak in
detachment [153, 243]. After a thorough examination, I realized that this setup
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is a different realization of a study from earlier by our group [243]. However, I
would argue, that viscosimeter design is much more suitable and reliable to study
de-adhesion as function of shear rate. The well-defined linear shear profile is inherent
to the viscosimeter - in contrast to the asymmetric acoustic streaming from figure
bId On top of being asymmetric, the continuous shear profile of the jet has been
binned to four discrete values.

Their finding is a linear de-adhesion rate as function of shear rate. In contrast, we
find a highly non-linear cell de-adhesion as function of the shear rate. These results
contradict each other, although their comparability is good: Firstly, the shear rate
ranges are similar. Secondly, the force distribution is continuous and areal. This is
not true for AFM studies, where the cantilever applies a point-like force.

Nevertheless, the existence of a dark ring in the DAPI-channel is directly linked to
de-adhesion at a particular (narrow) shear rate (range). Therefore, cell ce-adhesion
is a non-linear response function by the cell-adhesion-apparatus to the shear rate.
To the best of my knowledge, this result is the first of its kind and is about to be
published soon. However, at this point, we refocus on the permeability as function
of shear rate.

In figure and figure the analysis accounts for the de-adhesion, by analyzing
permeabilization on the remaining adherent cells. Certainly, there is some kind of
bias in this study, as we have unwillingly filtered de-adhered cells from the analysis.
However, within the limits of this setup, it is not possible to account for these cells.
One easy possibility to access these cells would be to analyze the supernatant of
the sample, where those cells are suspended in. The information would lack the
exact information on shear rate, as its trajectory in the sheared liquid volume is
untraceable a posteriori.

Despite having accounted for the detached cells, the FITC-intensity loss - which is
the measure for permeability - displays a peak. In detail, the cells are permeabilized
for a (narrow) particular shear rate (range), which - at this point - strongly supports
that permeability is a non-linear function of phase state. To secure these results, we
put great effort in reproducibility.
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(c) Cell de-adhesion as function of shear rate. Adapted from [243].

Figure 51: Permeabilization and de-adhesion as function of shear rate and radius.
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Reproducibility

We have reproduced the experiment many times where we have observed de-adhesion
and permeabilization rings. However, those rings appeared at slightly varying radii
and therefore shear rates. This variation was unexpected and puzzling. After careful
consideration, this could originate from several biological and technical errors.

Firstly, cell passaging at a different time point in their cell cycle might lead to
variations in the membrane due to variations in cell maturity. Secondly, the custom-
built viscosimeter is a powerful achievement on its own, however, it comes with
technical imperfections. The major technical imperfections are: limited quality of ball-
bearings and higher tolerances. These imperfections lead to different effective shear
rates in every experiment, although plate-plate distance was presumably adjusted.
Before having put lots of effort to improve the technical quality of the setup, we
present another experiment, which was supposed to keep all technical imperfections
constant. The results are presented in figure [51b]

The experiment of figure immediately succeeds the experiment of figure |>1al
Therefore, the biological error arising from varying cell passages is eliminated by
using the very same cells. However, obviously, the cells in the second part of the
experiment have already been stressed from the first part of the experiment.

The technical error is tackled by applying half the rotational speed of the vis-
cosimeter from figure . Therefore, the technical error is (presumably) eliminated,
as no hard adjustments requiring a reassembly are necessary, just turning a knob.
Quantitatively, using this procedure, ball bearing tolerances might not allow to a
priori predict precisely the exact shear profile if the system. However, this procedure
should be able to provide the exact relative variation of the shear profile.

The formation of a permeability peak in figure has already been discussed.
Indeed, in the consequent experiment of figure a second permeability peak forms
- as expected. However, I would have expected the radius to be at double the value
from figure as the rotational speed was half. In contrast, the first radius was at
di ~ 3.0mm, the second radius is at dy » 9.7 mm.

At this point, another technical error was spotted: The glass substrate itself
bends to the outwards as function of shear rate. Therefore, a thicker glass substrate
increases the technical sophistication of the experimental setup. The results using
the thicker glass substrate are presented in figure

Figure clearly shows the formation of a permeabilization peak at the radius
r1 = 3.8 mm after ¢t = 39 min. Subsequently, after ¢ = 39 min, the rotational speed is
halved and the shear treatment continues until ¢ = 165 min. The results are presented
in figure 52Dl To be clear, the data from figure is not included explicitly in
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Figure 52: Permeabilization as function of radius and shear rate. The experimental
setup is analog to figure , but has been technically improved.

figure [52b] However, it is implicitly included, as the outcome from the prior shear
treatment provides the initial conditions for figure [52b]

Consequently, after t = 39 min of starting the second part of the experiment, a
second peak emerges at ro = 8.8 mm. However, the prediction for the peak was at
ro =2%ry =7.6mm. Once again, it does not exactly match the prediction.

At this point, we suspect further technical errors as the root of cause. In detail, the
plate-plate distance is a function of shear rate, as the thrust force from the rotation
acts on the plate in z-direction. Unfortunately, the mounting of the plate behaves
like a spring to a certain extent.

Summarized, taking into account that the shearing device is custom-built, I
consider this to be fantastic results, proving the permeability and de-adhesion to
be a non-linear function of shear rate. Many successor experiments with improved
technical setups, protocols and more applications, have been and are being conducted
to this project.
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5.2.10 Comparison Permeabilization of Suspended and Adhered HelLa Cells

Comparing the Permeabilization of HeLa cells in suspension and in adhesion, sus-
pended HeLla cells showed a permeabilization maximum at 7= 30°C at 4 = 6000 %
However, adherent HeLa cells showed a permeabilization maximum around ~ = 3000 %
Although there are minor differences in the experimental setup, like the fluorescent
dyes and viscosimeter geometry, these differences should be negligible. Therefore,
the difference in maximum permeabilization shear rate has to originate from the
difference between being adhered or suspended.

As follow-up study has recently been published, which elaborates on permeabi-
lization as function of chain order [219]. They found a difference in chain order
for suspended and adhered cells. For suspended cells, the membrane is less fluid
than for adherent cells at any constant temperature. Furthermore, they measured
permeability and chain order simultaneously as function of temperature. Their
finding revealed maximum permeability at GP » 0 and therefore a correlation of
permeability and phase transition, as supported by our results.

Finally, after studying phase transitions in the fields of fundamental biophysics,
applied biophysics, and biomedical engineering - biochemistry remains as a major
player in the field of biological sciences.
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6 Enzyme Activity at Melting Membranes

Until now, we have studied, what happens in the membrane and through the
membrane when we apply shear forces and change temperature. At this point, we
will focus on what happens at a membrane and how phase transitions influence this.
Historically, this field is associated to biochemistry, as it heavily involves enzymes.

6.1 Acetylcholinesterase Activity as Function of Temperature

As elaborated beforehand in section there is a major dissent in literature about
the correlation of membrane associated enzyme activity and heat capacity. In this
thesis, we overcome the flaws in past literature and carefully design a lipid system
bridging experimental imperfection in literature. In detail, I use large unilamellar
vesicles, which display a broader excess heat capacity to not be missed in 1K
temperature steps, but still sharp enough to display a detectable effect. Furthermore,
I use acetylcholinesterase to ensure high biological relevance, as acetylcholinesterase
hydrolyzes the neurotransmitter acetylcholine, which is of crucial to nerve signalling
theory.

The experimental setup is described in section [9.5] Briefly, I measure the acetyl-
cholinesterase activity as function of temperature. The measurements are conducted

l

Ip (A=412 nm)

colorimetrically, as illustrated in figure [53|

large
unilamellar
vesicle

Acetylcholinesterase

’ /Y Acetate
Acetylthio- Proton

/Y Acetate choline Thiocholine
Acetylthio- Proton . .
choline Thiocholine Thiocholine
+ b
Thiocholine DTNB TNBZ
+ — TNB”

DTNB ¢

I, (A=412 nm)

Figure 53: Illustration of the experimental design. The activity is colorimetrically
measured for enzymes attached to vesicles (left) and for freely dissolved
enzymes (right).
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Colorimetric assays relate the absorption of light directly to the enzymatic con-
version of substrate by the Lambert-Beer law. However, the direct product of the
enzymatic conversion is thiocholine, which is optically inactive. By adding a colori-
metric marker to the solution, we gain optical activity. In detail, Ellmann’s reagent
(DTNB) reacts with thiocholine to TNB2?~ and can be spectroscopically analyzed at
A =412nm [244]. The difference in concentration of TNB2- at the start and the end
of the reaction is directly proportional to the enzyme activity.

The colorimetric endpoint kinetics are performed simultaneously and quasi continu-
ous on the temperature axis. In detail, two activities (DMPC+AChE and free AChE)
are measured at the same position on the spatial temperature gradient, resulting
in two measurements at constant temperature. In the first of the two samples, the
enzyme is attached to the vesicles, in the other, the enzyme is freely dissolved, serving
as a reference. The results are presented in figure [54]

I 24T T T T 1
DMPC+AChE
2 ——owee 02 23'9’5/2 uh [ free AChE
/3\_ +ACh | ;,48\/ 21
) +AChE 0.1 @ 21F -
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= | 0.0 ;
(&}
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m SN
£ 2 15F ]
@ =
:
) 12 .
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temperature (°C) temperature (°C)

(a) Excess heat capacity of: DMPC; DMPC (b) Acetylcholinesterase activity as function
and acetocholine (+ACh); DMPC, of temperature.
acetocholine, and acetylcholinesterase
(+AChE, all substrate cleaved); DMPC,
acetylcholinesterase, and acetocholine at
a higher concentration (++ACh).

Figure 54: 14:0 PC membrane associated acetylcholinesterase activity as function of
temperature and phase state.

The excess heat capacity of the system is presented figure[p4al For all measurements,
the main phase transition is clearly visible as a peak. Interestingly, the double-peak
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characteristic of DMPC could be resolved in the measurement. The pretransition is
hardly visible at T}, ~ 14°C. To address one major experimental flaw in literature, I
firstly measure the excess heat capacity of pure DMPC vesicles, which display the
main transition temperature at T}, = 23.95°C. Secondly, I add acetylthiocholine
(+ACh) to the vesicles at the final concentration of the experiments. The addition
of acetylthiocholine shifts the main transition temperature notably to 7} = 24.38°C.
The addition of acetylcholinesterase (+AChE) and the subsequent conversion of
acetylthiocholine does not shift the main transition temperature further. Neither
does further addition of acetylthiocholine (++ACh) to five times the original final
concentration. Nevertheless, according to Kaufmann’s theory, we expect an activity
peak at Ty, = 24.38°C- to be exact - as this is representative of the experimental
setup. However, as the experimental temperature steps are AT = 1K, in the following,
we assume Ty,(14:0 PC + ACh + AChE) = T3,(14:0 PC + ACh) = T1,(14:0 PC) »
24°C.

Figure presents the results of the activity of acetylcholinesterase bound to
DMPC vesicles, as well as freely dissolved acetylcholinesterase. The activity rises to a
maximum and then decreases for increasing temperature. While this is qualitatively
the predicted behavior, the maximum activity temperature T;,.x = 30°C does not
match 7,(14:0 PC) ~ 24°C. Furthermore, the freely dissolved enzyme displays the
same behavior to a quantitative extent. Therefore, these experiments do not support
the predictions.

To further elucidate on this, I exchange the lipid from DMPC to 1,2-dilauroyl-sn-
glycero-3-phospho-L-serine (sodium salt) (12:0 PS). This yields in fundamentally
different results, presented in figure [54b]

In figure [55a] the freely dissolved acetylcholinesterase activity increases steadily.
In contrast, the membrane associated acetylcholinesterase increases first, but then
decreases after a maximum. However, acetylcholinesterase associated to 12:0 PS
large unilamellar vesicles shows a rather small and broad peak. In contrast to 14:0
PC, acetylcholinesterase activity at 12:0 PS membranes is qualitatively a function of
membrane phase state, as the theory predicts.

A thorough analysis of the experiment reveals a slight decrease in activity for the
very last data point of freely dissolved acetylcholinesterase. In principle, the technical
hardware provides a temperature gradient of T+ 10 K, which is sufficient to test for
predictions according to Kaufmann. However, as this decrease is reproducible, we
measure a higher, overlapping temperature interval. The results are presented in figure
55b| and reveal a decrease in activity for the membrane attached acetylcholinesterase,
as well as for the freely dissolved acetylcholinesterase. While this is expected for
the membrane associated enzyme, as a broad, but small peak is present, the freely
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Figure 55: Membrane associated acetylcholinesterase activity as function of tempera-
ture. The membrane are 12:0 PS large unilamellar vesicles.

dissolved enzyme activity decreases as well. Denaturation can be excluded, which
starts around 7' g 40°C, not at T' g 30°C. Figure includes the data from figure
bhal and both data sets match quantitatively well, despite a minor decrease in activity
for the newer data, probably due to aging effects on the enzyme. The decrease in
activity starting at 7" 30°C might arise from a heat block [108].

Summarizing, acetylcholinesterase is partly sensitive to the membrane phase
transition. For DMPC, the activity of the freely dissolved enzyme is equivalent
to the membrane associated enzyme. For 12:0 PS, a relatively small and broad
peak is visible for the membrane associated acetylcholinesterase. However, a heat
block might interfere with the temperature range of the experiment. Therefore, I
exchange the enzyme to a "neutral" enzyme, ADAMTS13, which is not evolutionary
associated with lipid membranes to exclude membrane-enzyme interaction effects
possibly developed by evolution.

6.2 ADAMTS13 Activity as Function of Temperature

The enzyme ADAMTS13 is extensively introduced in section [2.4.5. The work
presented in this section relies to a large extent on a publication by Kamenac et al.
and partly from the masters thesis project [128] [245].
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6.2.1 ADATMTS13 Kinetic

The experimental setup is thoroughly described in section [0.5 Briefly, figure
illustrates the usage of large unilamellar vesicles, displaying an excess heat capacity
peak with intermediate sharpness.

I ! I ! I ! I !
1500 - —— membrane associated enzyme —
—— freely dissolved enzyme
excitation green [ 7
light emission =
light }’ 1200 -
N\, ( 2
£ 900}
W’ J W’ADAMTSBl 3
[
quenched § 600 - slope 0.224
green - o
fluorophore \ S
large fluorescent | = 300} —
unilamellar green slope 0.058
vesicle fluorophore 0 500 1000 T
0 1 | 1 1 1
0 10000 20000 30000
time (s)

(a) Ilustration of the experimental design.(b) Typical kinetic measurement (7" = 26 °C)
The activity is fluorometrically measured of freely dissolved enzyme (blue) and
for enzymes attached to vesicles (left) membrane (14:0 PC) associated enzyme
and for freely dissolved enzymes (right). (orange).

Figure 56: Enzyme activity as function of time at constant temperature. Adapted
from [128].

Besides the lipid carrier system, we use a commercially available assay to measure
the enzyme activity. As depicted in figure [56a] the enzyme is attached to the lipid
membrane and converts a minimal version of the original substrate von Willebrand
factor, which is called VWF86 [246], 247]. The peculiarity of the VWFS86 is being
a fluorescence-resonance-energy-transfer-based (FRET) fluorescent label, which is
quenched in the uncleaved state and emits green in the cleaved and unquenched
state.

To distinguish the change in activity contributed by the presence of the vesicles, 1
conducted reference measurements on two levels. On the first level, the reference to
the membrane-associated enzyme is a freely dissolved enzyme, just like for the acetyl-
cholinesterase experiments in section [l To be clear, vesicle solution is substituted
with buffer. On the second level, the background fluorescence signal is quantified by
substituting the enzyme with buffer.
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This setup allows to measure enzyme kinetics fluorometrically. A typical pre-
analyzed measurement over a 10 hours time span is presented in figure [56b] Whereas
the vesicle-containing sample reaches saturation rather quickly, the vesicle-free
reference has not yet saturated within the 10 hours time span.

In the inset of figure [56b] a typical evaluation of the activity is presented. This
is in contrast to the acetylcholinesterase experiments, where endpoint kinetics lack
continuous temporal data and do not allow for in-detail temporal analysis. After
a short warm-up time, the kinetic is linearly fitted from ¢; = 100s to t5 = 1100s.
A linear fit has two main characteristics, the slope and the y-intercept. While the
y-intercept is ideally 0, as the thermal cleavage has been corrected prior by the
second level references, in reality it is slightly positive. This fluorescence originates
from the short time span between starting the chemical reaction - by adding and
mixing the enzymes to the substrate - and starting the measurement. However, as
excess substrate is available and the activity is proportional to the slope, the slightly
positive y-intercept is irrelevant.

6.2.2 ADAMTS13 as Function of Temperature Attached to 14:0 PC and 15:0
PC Vesicles

Figure [57] shows the activity and the excess heat capacity as function of temperature
for two different lipids. The main phase transition temperature is in accordance with
literature [3I]. The width of these large unilamellar vesicles excess heat capacity
curves is higher compared to MLV, because of reduced cooperativity [23].

Moreover, Figure shows the steady state activity of ADAMTS13 as a function
of temperature in a freely dissolved state and associated to 15:0 PC LUV (orange
squares). The activity of the freely dissolved enzyme increases with increasing tem-
perature (blue circles) in accordance with an Arrhenius behavior, as reported earlier
in literature [58]. In contrast, ADAMTS13 associated to 15:0 PC membranes shows
an overall higher activity and a pronounced maximum at Ty, = 34°C. This activity
maximum temperature matches the excess heat capacity maximum temperature.
The control measurement presented in figure reveals the substrate fluorescence
intensity is not a function of temperature.

It is important to emphasize, that this is an inherent qualitative difference to
the freely dissolved enzyme. In particular, between 7' = 33°C and T = 38°C, the
activity decreases with increasing temperature, which is an anti-Arrhenius behavior.
It is intriguing, that the 15:0 PC associated ADAMTS13 activity is overall elevated
in comparison to in its freely dissolved state. At the peak activity, the 15:0 PC
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Figure 57: Correlation of excess heat capacity and ADAMTS13 activity as a function
of temperature and therefore membrane state. Adapted from [128].
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membrane associated ADAMTS13 is increased by a factor of about 10 compared to
the reference.

We want to make sure this correlation is not a product of system specific coincidence.
Such a system specific coincidence could be an eventual evolutionary bias in terms of
temperature optimization. However, we can disprove this potential evolutionary bias
twofold. Firstly, this potential evolutionary bias has been observed to not exist in
literature [58]. Secondly, we conduct reference experiments to exclude the possibility
experimentally.

To do so, we exchange the membrane lipids from 15:0 PC to 14:0 PC. This is
crucial, as the head groups are identical, so there is no change in chemistry. However,
the acyl-chain is one unit shorter. This slightly decreases the thickness of the
membrane, but we do not expect any influence on the enzyme, as ADAMTS13 is
bound peripherically. More importantly, the use of 14:0 PC substantially shifts the
phase transition temperature of the system from Ty, = 33°C to T, = 24°C.

The results are presented in figure and reveal, that the shift in excess heat
capacity to Ty, = 24°C is accompanied by a shift in the activity peak to Tiay = 24°C.
Once again, the peak activity temperature matches with the maximum excess heat
capacity temperature, just as in figure [57al The peaks characteristics are similar,
as the FWHM is identical for both excess heat capacities and for both activities
respectively.

Furthermore, we conduct endpoint kinetics on ADAMTS13 as well, analog to
the acetylcholinesterase experiments. Endpoint kinetics on a temperature gradi-
ent are conducted simultaneously, which excludes any error by one-time-pipetting-
contamination and enzyme aging. The results are presented in figure [57d Qualita-
tively, it is identical to figure and fully supports the hypothesis. Even more so
quantitatively, as the simultaneous measurements result in a smooth curve exhibiting
a peak. We would like to emphasize, that in comparison to the literature and as
elaborated on in [2.4] this does not result in a kink in the Arrhenius plot.

The illustration in figure 58| visualizes the results of figure where the activity is
enhanced at the phase transition temperature of membrane associated ADAMTS13.
In fact, this illustration - as explicit and concise as it can be - serves as an inspiration
for a real experiment. This new experimental setup improves comparability and
excludes any eventual artifacts arising from the presence of a soft interface. For
example, an artifact could be the influence of lateral diffusion of substrate along the
membrane, which is not possible for freely dissolved enzymes as there is no surface.
In detail, we measure the activity of ADAMTS13 associated to 13:0 PC, 15:0 PC,
and 14:0 PC large unilamellar vesicles simultaneously and isothermally at T = 24°C.
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Figure 58: Illustration of the results and microscopic picture from figure :
ADAMTSI13 (purple circle segment) is attached to membranes at three
different membrane states: fluid, phase transition, and gel-like (indicated
by their acyl-chain shape and color). Uncleaved FRET-substrate (black
with colored dots in gray and red) from the left side gets converted to
product (right side, colored now green and red as FRET is eliminated).
Excitation is indicated by the blue arrows, whereas exmission is indicated
by green arrows. The quantity of product and green emission arrows
indicate the increased activity in the form of an endpont kinetic at any

point in time before saturation. Adapted from [128].
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The simultaneous measurement excludes any doubts related to enzyme aging or
day-to-day experimental ambiguities. The results are presented in figure

6.2.3 ADAMTS13 Activity as Function of Acyl-Chain Length

Figure [59b| shows the excess heat capacity as function of temperature. Most impor-
tantly, at 7' = 24°C, Ac,(13:0 PC) = 0, Ac,y(15:0 PC) ~ 0, and Ac,(14:0 PC) >> 0.
As a consequence, 13:0 PC is in its fluid state, 15:0 PC is in its gel-like state, and
14:0 PC is at its phase transition. This is the thermodynamical situation at the
activity measurement presented in figure 59al ADAMTS13 associated to 14:0 PC
clearly shows the highest slope and therefore activity, which is presented in a bar
chart in figure [f9d Both other enzyme-lipid systems exhibit significantly less activity.
The asymmetric activities could result from the underlying Arrhenius behavior or
from an asymmetrical entropy potential.

In principle, the information from figure [59al could have been obtained from figure
for 14:0 PC and 15:0 PC. However, the advantage of this experimental design is
clearly the exclusion of errors, as described above. Nevertheless, these results are
in perfect qualitative agreement with figure [57] The quantitative activities slightly
vary, which might originate from enzyme aging. The combination of the consecutive
and simultaneous measurements convincingly demonstrates the correlation of the
membrane associated enzyme activity and the excess heat capacity of the lipid
membranes. This is in good agreement with the prior findings on permeability
correlating with the excess heat capacity, which is also a two-dimensional membrane
property.

To put these results into perspective to literature, the common Arrhenius plot is
convenient and presented in figure [60] The Arrhenius plot does not show kinks or
discontinuities. In contrast, it shows peaks at the phase transition temperature for
the membrane associated enzyme for both lipid systems and a straight line for the
freely dissolved enzyme.

Interestingly, this shape has been reported before by Lehto and Sharom [76] for the
activity of Phospholipase C at DMPC membranes. However, their interpretation was
vastly different. They interpreted it in the context of biphasic curves as a triphasic
curve. They concluded the non-Arrhenius behavior arises from a change in collision
frequency with increasing temperature due to AS at the phase transition. Another
interpretation, popular later on in the 70’s, was the assumption for these results
to be caused by phase separation. Accordingly, the lipid domain phase separation
would occur at the transition temperature and would act as a solubilizing agent for
the substrate. This would have caused enhanced accessibility of the substrate.
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Figure 59: Control experiments using ADAMTS13 associated to 13:0 PC, 14:0 PC,
and 15:0 PC vesicles. Adapted from [128].
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Figure 60: Arrhenius plots of the data shown in figure . Note, that the plot does
not show kinks or discontinuities. In contrast, it shows peaks at the
phase transition temperature for the membrane associated enzyme and a
straight line for the freely dissolved enzyme. Adapted from [128].

Kimelberg and Papahadjopoulos [64] report inconsistent results regarding the
position of the kinks on the temperature axis with respect to the phase transition
temperature. They find the kinks to occur at the beginning of the main phase
transition and at the end for various lipids. For others, the temperatures vary even
further. However, they note that slight variations of the aqueous environment, e.g. a
3 mM Mg?*, shifts the heat capacity profile of DPPG liposomes by AT = 10K. It
is important to add, that this is also the case for proteins [23]. Paradoxically, they
measured pure phospholipid vesicles calorimetrically, instead of measuring the whole
system including the proteins.

Nevertheless, for the first time, an intriguing idea arose at this point in the
publication - as their results revealed that membrane fluidity influences enzyme
activity, they speculated, that the vice versa might be possible:

The fluidity of the membrane lipids can be controlled by cholesterol, fatty
acyl chain length, and unsaturation, and it in turn can be a means of
controlling the activity of membrane-bound enzymes. Thus, by affect-
ing the activity of key membrane enzymes, lipid fluidity could have a
controlling influence on the general metabolism of the cell. It is quite
possible that changes in membrane lipid fluidity could be involved both
in physiological controls as well as pathological situations. [64]
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This prediction is perfectly accomodated by Kaufmann’s theory [104], as well as
other puzzling experimental findings from literature. From the theory’s point of
view, experiments, which have not observed peaks but kinks or discontinuities, are
predicted to show peaks at the intersection region of the kinks and discontinuities.
Potential reasons why literature did not observe such peaks could be because of
technical temperature control reasons.

In particular, broad finite temperature steps of the data points combined with the
sharp phase transitions make it harder to measure at the "sweet spot" temperature.
Other reasons could be changes in environmental conditions, such as contamination
or (micro environmental) pH-shifts, as proposed by literature [64]. Indeed, Fichtl et
al. proposed a self-regulation of enzymes due to a change in H* at lipid monolayers,
that a can lower the activity [97, 102]. Interestingly, Fichtl’s prediction is a special
case of the general principle from the quote presented above by Kimelberg and
Papahadjopoulos [64].

As a final remark, the attachment of the enzyme to the membrane is simplified a
binary state. This is a strong simplification of nature, where membrane affinity can
be a continuous function of many physical quantities, such as: lipid-protein distance,
electrostatic coupling of the membrane and the protein, and size of the protein. The
attachment degree might enable the cell to fine-tune the response of the enzyme to a
pulse propagating on the membrane in terms of sensitivity, intensity, saturation, and
other characteristics. It might even be a dynamical process, requiring a sequence of
pulses to move the system to the phase state.

Summarized the study of Kamenac et al. has revealed, that membrane associated
enzyme activity is a function of temperature and therefore membrane phase state. To
be more precise, this is true at least for ADAMTS13. To investigate the universality
of this principle it is crucial to increase the variety of enzymes.

Comparison of ADAMTS13 and Acetylcholinesterase

A comparison the the two enzymes reveals, that acetylcholinesterase is fundamentally
different from ADAMTS13, as figure is qualitative different from figure [55al The
reason for the membrane selectivity of the enzyme remains a major future task and
a key question to basic understanding of cell-cell communication. One major main
reason for this might be the difference in turnover numbers, which vary by orders
of magnitudes. Consequently to the short time constant of a turnover, as well as
release of H* as a reaction product, the lipids become protonated, which changes
the membrane phase state [102]. However, this is only plausible for lipids with an
according pK, value.
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In detail, pK,(PC) ~ 1 [198], pK.(PS) ~ 5.5 [198], 248], therefore the pK, values
of the membranes are vastly different. Here, Fichtl’s enzyme regulation model might
play a role [97, [102], 106]: acetylcholinesterase produces protons in its catalytic
activity and causes local acidification. If the H* production rate is higher than its
removal via diffusion or reaction with the buffer, the local pH could change from
pH=6.4 to pH=5.5. While this is reasonable [132] 249], suddenly, H* removal is
possible by an alternative mechanism than pure diffusion. In detail, the protons will
be absorbed by the membrane and are able to travel at the speed of sound [97] and
dissociate elsewhere, where they can be buffered away.

In contrast, due to the low pK, of 14:0 PC membrane, this additional H* removal
mechanism can not be activated. As a consequence, the pH value drops further, until
the enzyme activity is impeded by the low pH value, which is a well-known effect
in classical biochemistry. This negative feedback will result in a steady state at an
arbitrary lower activity than usual.

As the phase state can be significantly altered by protonation, biological con-
sequences could be extensive. This is true especially for any membrane-mediated
biological processes, such like domain formation, drug-liposome interactions, and
membrane fusion [250].

At this point, I would like to generalize the mechanism of self regulation of enzymes.
The generalized self regulation concept is based on the binding coefficient of enzymes
being known to be a function of various quantities, such as lateral pressure. A
critical threshold value exists e.g. for lateral pressure, which marks a transition of
the enzyme being peripherically bound or transmembrane penetrating. Naturally,
equilibrium is highly sensitive to the amphiphility of the enzyme. The transition of
the membrane-association states as a function of lateral pressure has been shown in
literature [144) 251].

For this membrane-association transition, a feedback might exist, where the product
of the reaction shifts the equilibrium of the protein-membrane-association, leading
to a conformational change of the enzyme and subsequent deactivation. A special
case of this might be protons changing the intermolecular potential of the membrane
due to different electrostatic forces - as proposed by Fichtl. A thorough study on
acetylcholinesterase binding affinity as function of membrane phase state should be
considered in future projects.

On the biological applications side, the presented data shows at least the plausibility
of the trigger part in the trigger-detector-mechanism based on membrane associated
enzymes. For the future, it would be intriguing to design an experiment to explicitly
measure the detector potential. The hypothesis for the detector mechanism is that
the phase transition temperature is a function of enzyme activity. However, several
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studies in literature raise promising results. A similar behavior has been shown by
Zhang et al., who found a shift in melting temperature depending on the lipid bilayer
thickness - modulated by a peptide [252]. The peptide Ac-K2-(LA)12-K2-amide has
different conformations for different surrounding lipid chain lengths and is capable of
shifting between 7.1 K and -2,4 K.

Melting Front Radius is a Function of Thermodynamic Quantities

Finally, I would like to address a refine the trigger-detector mechanism to real world
biology. Part of the beauty of the thermodynamic nerve signalling models is based on
thermodynamic specificity. Instead of requiring biochemical specificity by reaction
cascades based on the lock and key principle, thermodynamic specificity requires
particular combinations of thermodynamic quantities, as elaborated by Schneider
[T08]. In the following, I would like to add one more mechanism of robustness.
This concept picks up the model by Mouritsen and Bloom. In this model, the free
energy of the system minimizes, if a thick transmembrane enzyme is surrounded by
longer acyl-chain lipids or lipids in the gel state, as illustrated in figure [61] However,
if no long-chain-lipids are available, but the free energy to elongate other surrounding
lipids is small, this could resolve the mismatch, too. To be clear, it depends which
mechanism, lipid rearrangement, or lipid phase transition is energetically favorable.

Figure 61: Melting front due to membrane-protein mismatch in the mattress model.

Such enzymes, which change their surrounding lipids phase state, have already
been reported, such as bacteriorhodopsin [12]. Consequently, a spatial melting front
exists as a stable circle-like form around the enzyme. To take this model further,
a change in any intrinsic thermodynamic quantity, like pH or temperature, would
change the radius of the melting front spatially. The radius would depend on chemical
potential. This could be the microscopic picture of figure |62] where gel-like spots
on an overall fluid membrane can be seen on a cell adhered to a coverslip. The vice
versa could be valid for a thin transmembrane protein in a thick (gel-like) membrane.

This model would also resolve the contradiction, that recent studies brought up.
On the one hand, phase transitions in cells are broad (FWHM ~ 40K) and at a
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Figure 62: Generalized Polarization micrographs of mouse embryonic fibroblasts
adhered to a coverslip. Adapted from [253].

constant temperature, the temperature equivalent distribution of cell membrane
chain order is AT ~ 9K [219]. On the other hand, phase transitions in cells have
been found to be sharp [203]. By employing this model, the cell membrane would
not melt at once, but locally shift the melting front radius, which can be sharp on
the microscopic level, as well as broad on the macroscopic level.
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7 Summary

Revisiting our hypothesis, the scope of this thesis is to consider phase transitions
and their correlation with membrane involving processes and finally the implications
of lipid membranes on biological processes. To meet the claim of generality and
universality of this hypothesis, this thesis includes a large diversity of studies. The
diversity reaches from fundamental studies to applied studies, even to a biomedical
tool. The diversity further extends to vastly different areas in biology, ranging from
transmembrane processes - such as permeabilization - to lateral, in-plane processes -
such as enzymatic activity on membranes.

The results pick up on the findings of Parasassi et al. and use their phase transition-
sensitive fluorescent dye Laurdan. Having Laurdan incorporated in the membrane,
flow in microfluidic channels creates shear forces acting on the membrane over a
temperature range. Indeed, the optical information of the membrane dye reveals a
change in phase state. In detail, the shear forces decrease the chain order. However,
the effect is most pronounced in the most sensitive point - at the phase transition
temperature. This result could be qualitatively reproduced for another lipid type,
which is a powerful reference.

On the quantitative side, 14:0 PC membranes display a shift in membrane phase

transition temperature by 86%(24"(3) N fégf)}i, whereas 15:0 PC membranes appear
more sensitive by %L;“(SSOC) ~ f(']%‘g}i. These results are highly interesting for

therapeutic temperature-sensitive liposomes encapsulating drugs, as they are exposed
to shear forces in blood flow. As the lipid composition has to be carefully adjusted to
meet the phase transition temperature, the shear-mediated shift has to be accounted
for for a precise control of membrane permeability and therefore the drug release.

The variety of vehicles for in vivo drug transportation are manifold. Besides
liposomes, nanoparticles are a major player in this field. Yet, nanoparticle-membrane
interactions have not been studied systematically as function of temperature and
therefore phase state. The results of this study reveal that silica nanoparticle uptake
in giant phosphocholine unilamellar vesicles is a complex function of the phase state.
Peak uptake rates exist and do correlate with the phase transition. However, -
contrary to expectations - the uptake peaks are shifted to T = Ty, + 3K relative to
the phase transition temperature.

To elucidate this behavior, the model of Deserno et al. was applied. According
to this model, three key parameters govern nanoparticle uptake - adhesion as the
driving force, tension and bending as the impeding forces. While bending energy
has been well-studied in literature, the adhesion as function of temperature has not.
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A force spectroscopy study on the adhesion as function of phase state reveals the
collapse of the adhesion in the phase transition region.

Diving deeper into the broad field of permeability, new in vitro cell permeabilization
methods are highly desired. The groundwork for our new permeabilization method
relies on fundamental experiments on passive uptake. Therefore, our study picks up
the permeabilization experiments of Blicher et al. and combines them with shear
forces from fluid flow. Unexpectedly, we observe all-or-nothing-like permeabilization
behavior - entirely different from Blicher et al. - just by adding shear flow. All-or-
nothing behavior is well-known from biology, like in triggering of action potentials. A
possible connection of these results seem likely, as both are a membrane phenomenon.
Further studies on this relation seem to be very fertile future projects.

The reason for the all-or-nothing-like behavior remains intriguing. Major lines of
arguments are, firstly, that shear flow shifts phase transition temperature towards the
experimental temperature and facilitates pore formation. The effect has been reported
above, however, appears to be not predominant in this system. Secondly, pores could
be created by mechanical disruption of the membrane. However, experiments using
a different lipid type rules this explanation out. In the end, only a combination of
a threshold shear force and proximity to the phase transition temperature could
explain the all-or-nothing-like behavior, however, this remains another intriguing
future project.

All the expertise in shearing, phase transitions and permeabilization is finally
utilized to build a vector-free tool for permeabilization of suspended living cells.
While doing so, several findings come our way. On the fundamental side, we find
permeabilization to be a nonlinear function of shear rate.

On the applied side, the permeabilization of suspended HeLa cells is enhanced
by more than one order of magnitude. To achieve this, surface acoustic waves are
combined with a microfluidic channel to achieve an acoustofluidic cell trapping
device. To trap the cells, surface acoustic waves couple into the fluid and generate
vortices. These vortices are spatially and temporally fully controllable, which offers
the opportunity to conduct a trapping protocol with various parameters.

To challenge the limits of this novel acoustofluidic in vitro cell permeabilization
tool, we extend the size of the cargo from a fluorescent molecule (600 Da, Calcein),
to a sugar (10,000 Da, FITC-Dextran), and finally to a protein (27,000 Da, eGFP).
The acoustofluidic permeabilization tool succeeds in loading the cargo into the cells
for all three categories to a great extent. It would be intriguing in future projects to
add plasmids as potential cargo material and further test the limits of the novel tool.

To put the icing on the correlation of permeability and shear forces, I designed a
new type of experiment. This new type of experiment has the power to visualize
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the correlation as illustrative, and convincing, as it can possibly be. Therefore a
shear treatment acts on adherent cells in a plate-plate viscosimeter. The powerful
advantages of this experimental setup are manifold. Firstly, the viscosimeter enables
a well-defined, continuous, linear shear profile - which captures the whole shear axis
in one experiment. Secondly, the experimental setup is insensitive to artifacts lacking
radial symmetry and insensitive to varying quality of cell passages - a leap forward
for repeatability and robustness. Finally, adherent cells are immobile and allow for
spatial information on the single cell level. Thanks to the spatial information, cell
permeabilization is visible as a dark ring on the cell layer.

Secondly, a dark ring appears in the permeability fluorescence channel. After
a careful analysis and normalization to the remaining, adherent cells, the finding
persists. Adherent cell permeability is a non-linear function of shear rate, strongly
supporting our correlation hypothesis. Latest studies and follow-up experiments
have indeed confirmed this correlation.

As the final project, after covering the fields of fundamental biophysics, applied
biophysics, and biomedical engineering, biochemistry remains as a major player
in the field of biological sciences. Therefore, I pick up the findings of Fichtl et al.
and measure the membrane phase transition acting on the enzyme activity. As a
result, the membrane associated enzyme activity is a highly non-linear function
of temperature and therefore phase state of the membrane. In detail, I observed
Anti-Arrhenius behavior in the temperature interval above the phase transition
temperature.

This result cannot be comprehended by the currently accepted induced fit theory.
An alternative theory, which precisely predicts our findings, has been developed
by Dr. Kaufmann. The consequences on the fundamental side are enormous,
as lots of literature exists, where enzymatic activity has been measured without
reference to the phase transition of the lipid membrane. More precisely, temperature
steps are often too big, such that the phase transition could have been missed.
This is amplified by using multilamellar vesicles with a significantly sharper phase
transition of FWHMyy ~ 0.1 K, which could have resulted easily in missing activity
measurements at the phase transition region.

To secure the experimental findings even further, additional experiments were
designed and conducted to challenge the hypothesis. By exchanging the lipid to a
longer acyl-chain lipid, the phase transition temperature changes without affecting
the chemistry in any way. The results once again reveal a correlation of the maximum
enzyme activity temperature and the membrane phase transition temperature.

In a final experiment, we do not measure enzyme activity as a function of tem-
perature, but as a function of acyl-chain length. This allows for a simultaneous and

125



isothermal measurement, where the phase state is varied by the acyl-chain length of
the lipids. Therefore, it is even possible to eliminate the lacking interface of freely
dissolved enzymes, as now the reference is membrane associated enzyme. Once again,
the results reveal significantly increased activity for the enzyme attached to the
membrane at the phase transition.

The correlation of membrane-associated enzyme activity and membrane excess
heat capacity supports the plausibility of a trigger and detection principle for the
soliton nerve signalling theory.
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8 Outlook

In this thesis, we have gained insights on the impact of phase transitions of membranes
on cellular biological processes. We have seen the power of membranes at phase
transitions due to highly non-linear behavior. Trans-membrane processes, such as
endocytotic nanoparticle uptake and cell membrane permeabilization, as well as
biochemical processes, such as enzymatic activity are extremely phase state sensitive.
These results lead to two major conclusions for future studies.

The first major conclusion is on the general side. There is a demand for more
optical spectroscopy on phase state-sensitive fluorescent dyes in artificial and cel-
lular lipid membranes. Those promise a bright future, as they are associated with
major advantages. The major advantages are the easy implementation, as dyes are
inexpensive, easy to handle, allow for high-throughput of cells, and are commercially
available and affordable equipment. The only disadvantage is the deviation from
the natural membrane composition, as the fluorescent dye is incorporated into the
membrane. However, this disadvantage can be easily circumvented by additionally
using non-contaminating optical methods, such as Raman spectroscopy and infrared
spectroscopy [34]. The following projects would greatly benefit from this method.

Firstly, in the nanoparticle-membrane adhesion experiments, it would be possible
to simultaneously measure the lipid chain order and correlate the adhesion more
inherently to the membrane phase state. However, these experiments would still
have a bias for extremely low adhesion energies. This could be easily accommodated
by keeping the retraction force constant and varying the temperature to test for a
real cantilever jump-off.

Secondly, the acoustofluidic permeabilization tool could be improved by adding
real-time chain order measurement at the vortices. This could reveal how the chaotic
nature of the vortices influence the lipid chain order of the cells during treatment.
I would expect a broad distribution of chain orders and fast temporal fluctuation
of chain order. Furthermore, a controlled inflow of many cells at once, as well as
applying a broader range of cargo sizes would enable careful analysis on cell stress
and pore size by the permeabilization treatment - and therefore further improve
permeabilization enhancement by parameter tuning.

Thirdly, the enzyme studies would greatly benefit from a simultaneous chain
order measurement, especially, as Laurdan works well in artificial lipid membranes.
However, the main experiments require studying many more combination of enzymes
and lipids. The potential enzyme dependence, which findings in this thesis hints at,
must be examined. A good starting point therefore is acetylcholinesterase at 14:0
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PC and 12:0 PS membranes, as well as bacteriorhodopsin, due to its relevance in
literature.

Finally, - and most intriguing to me - Laurdan-based chain order measurement
would be of highest benefit in the plate-plate viscosimeter. While studying the
detachment and permeability as function of shear rate and temperature, Laurdan
could reveal, if the non-linearity is at GP =0 and therefore at the phase transition.
Furthermore, phase state measurements using Laurdan on cells, which were grown
in various environments, could reveal highly valuable insights on current adaptation
theories [254]. These environments could be growing the cells on a different tempera-
ture, pH, salt concentration, or even down to certain molecules like in the presence
of ethanol.

The second major conclusion is the necessity for new reference experiments in
future studies. During the studies of this thesis, I found profound evidence for
the importance of phase transitions in biological systems, as published in several
high-ranking journals. However, during discussions with parts of the community
and in literature, the disregard and ignorance in parts of the community for this
phenomenon became evident to me. This does not stop at the written and published
level, such the following lecture notes (2018):

"The impermeability of the lipid bilayer for charged molecules makes it a
perfect electrical insulator." [137]

However, this has been proven wrong repetitively in literature since in 1973 [2], 139,
141]. Sadly, the verbal discussion took place on a non-factual level.

Therefore, control experiments on phase transitions of biological systems is com-
monly unknown and unchecked in literature. Such control experiments could include
DSC experiments to check for first-order phase transitions or the addition of Laurdan
to check for jumps in the GP when changing the environmental parameters. With
the use of such control experiments, a clear line could be drawn between effects
originating from molecular biochemical effects and fundamental ones originating
from physics - especially thermodynamics.
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0 Materials and Methods

The following materials and methods were used.

9.1 Artificial Lipid Membranes

Preparation of the Periphery

Work under the fume hood and use special gloves and safety goggles. Fill stock
chloroform (Sigma-Aldrich, Taufkirchen, Germany) into two beakers with the labels
pure and purer chloroform. The beakers height has to be sufficient (about 5cm), so
the cannula of the syringe can be immersed into the chloroform completely.

1. Aspirate as much pure chloroform as possible and empty the Hamilton®
(Hamilton Bonaduz AG, Bonaduz, Swiss) syringe into a waste container.

2. Repeat five times in total.
3. Repeat step 1 five times with purer chloroform.

4. Clean glass vials by filling them with chloroform, vortexing, and discarding the
solvent several times (about 2-3 times). Keep in mind, that when aiming for a
certain lipid concentration, the cleaning chloroform has to fully evaporate.

5. Transfer desired lipid. Whenever immersing the syringe into a new lipid stock
solution container do steps 1-3 prior to prevent contamination.

6. When finished, leave the syringed cleaned by following the steps 1-3.

Fabrication of the Lipid Cake

Use lipid stock solutions from Avanti (Avanti Polar Lipids, Birmingham, AL, United
States of America) without further purification. Seal the lipid stock solution using
the lid and additional Teflon sealing tape. For the sealing, cut an appropriate amount
and wrap it tightly and clockwise around the glass vial-lid junction. The clockwise
wrapping enhances sealing when the lid is tightened. This is important, as chloroform
evaporates and the concentration of the lipid stock solution might rise, as well as
water and other contaminants might intrude.

1. Take the lipids out of the freezer and wait for them to equilibrate to room
temperature. Transfer the desired volume using an appropriate syringe into a
cleaned glass vial.
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2.

Repeat step 1 for all desired lipids. Keep in mind to clean the syringe each
time whenever the syringe gets contaminated or another lipid container is used.
If the lipid mixture contains fluorescent dyes, minimize the exposure to light
by using brown glass and wrapping aluminum foil around the glass vials at
every step possible.

Once all desired lipids have been added, mix the lipids gently before drying
out. Therefore, carefully rotate the glass vial gently while the lipids are still
completely dissolved. This is critical for a homogeneous mixture.

If the lipids are used for electroformation or for film trough experiments, do
not evaporate the solvent and stop at this point.

Evaporate the chloroform by a gentle stream of Ny to obtain a dry lipid cake.
The dry lipid cake still contains traces of chloroform, therefore place the glass
vial in a desiccator under vacuum for several hours, preferably overnight.

If not stated otherwise use m = 1 mg of total lipid mass.

Multilamellar Vesicles

1.

2.

Fabricate a lipid cake as described above.

Preheat the ultrasonic bath (Sonorex Super 10 P, BANDELIN electronic GmbH
& Co. KG, Berlin, Germany) at least 10 K above phase transition temperature.

Hydrate the dry lipid cake by pipetting the desired aqueous solution to obtain
the desired concentration. Usually, the aqueous solution is ultrapure water or

buffer.

Seal the glass vial tightly with Teflon tape. Once the heat bath temperature
has equilibrated. insert the glass vial into the heat bath.

. Turn on the ultrasonic treatment at full power for ¢ = 30 min.

. After sonication, turn off the ultrasonic, but keep the temperature to allow for

healing of the multilamellar vesicles from the ultrasonic stress (¢ = 30 min).

The multilamellar vesicles are now ready to use and typically appear milky
and opalescent for the eye. Store in the fridge.

For further literature concerning fabrication techniques, the interested reader might
refer to literature [255, 256].
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When working with vesicles, subsequent characterization of the vesicles is recom-
mended. Detailed, microscopic information could be obtained e.g. by using cryo
transmission electron microscopy, macroscopic information can be obtained e.g. by
using dynamic light scattering.

Small Unilamellar Vesicles

To fabricate small unilamellar vesicles, use the sonication technique, as described in
literature [214]. Briefly, the steps are the following:

1. Fabricate multilamellar vesicles as described above.

2. Use a powerful sonicator (Sonoplus, BANDELIN electronic GmbH & Co. KG,
Berlin, Germany) which has a vial holder.

3. Press the vial containing the suspension firmly into the holder.

4. Turn on the sonicator at: power p =65 %, cycle time t4ygyeycle = 0 %, and total
sonication time ¢ = 10 min.

The small unilamellar vesicles can be stored in the fridge for several days, the
interested reader might refer to a study on the storability of vesicles [257].

Large Unilamellar Vesicles

A common technique to fabricate large unilamellar vesicles is extrusion. Multiple
commercially available devices exist, in this thesis, I use the Extruder Set from Avanti®
Polar Lipids, Inc., which is similar to the one described in [258, 259]. The setup
consists of a metal block, an extruder, and two appropriate Hamilton™ syringes.

1. Extruder setup preparation:

a) Prepare the metal block by placing the metal block on top of a temperature
regulated hot plate. Set the temperature to at least 10 K above the main
phase transition temperature of the lipids.

b) Clean the syringes and hard parts of the extruder using isopropyl alcohol
and dry them thoroughly.

¢) Assemble the extruder by inserting the O-rings tightly into the grooves,
then pre-wetting two filter supports and carefully placing into the center of
the O-rings. Consequently place a polycarbonate filter (pore size 0.1 pm)
carefully on top of one O-ring, and finally insert the Teflon parts into the
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10.

case and seal it tightly. Mount the extruder, as well as the syringes on
the metal block and wait for all parts to equilibrate to temperature.

. Fabricate multilamellar vesicles, as described above.

Preload the syringe with the same aqueous solution as used for lipid hydration
and push the buffer into the extruder to fill dead volume inside the extruder
and minimize loss.

Discard the buffer or ultrapure water remaining in the other syringe.

Load the multilamellar vesicle suspension inside one syringe and allow the
multilamellar vesicle suspension to adjust to temperature.

Start extruding the vesicles by pushing the suspension gently from one syringe
through the polycarbonate membrane of the extruder into the other syringe.

Push the suspension back into the first syringe.

Repeat the steps 7 and 8 at least 10 times for the sake of monodispersity of
the large unilamellar vesicles.

. End the extrusion by collecting the suspension from the syringe, which was

not begun with.

Transfer the suspension into a fresh and clean glass vial and store it in the
fridge. The vesicles can be stored several days.

For the enzyme kinetic experiments, use 13:0 PC, 14:0 PC or 15:0 PC and
1,2-dioleoyl-sn-glycero-3-[(N-(5-amino-1-carboxypentyl)iminodiacetic acid)succinyl]
(nickel salt) (18:1 DGS-NTA (Ni)) and mix at a molar ratio of 98:2 in a glass vial.
For these experiments, the final lipid concentration is ¢, = 3 mM.

Giant Unilamellar Vesicles

To fabricate giant unilamellar vesicles, use diluted lipids dissolved in chloroform as
precursor material (V' =125pL 14:0 PC or 15:0 PC at 15 =% and 1L DiOC14 at
1 2£). A common technique is electroformation. This protocol is slightly modified
from the original publication by Angelova et al. [260].

The electroformation setup consists of a heat bath, a signal generator, and a
chamber, which in turn consists of two electrodes and a spacer.
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10.

11.

12.

13.

. Clean the electrodes (FTO-coated glass slides, Sigma-Aldrich, Taufkirchen,

Germany) and the spacer using isopropyl alcohol and dry them thoroughly
using No.

. Spread the lipid solution onto the coated side of the FTO-coated glass slides.

Immediately place the second FTO-coated glass slide on top, such that the
coated sides are facing each other sandwiching the lipid solution. Once the
lipid solution has evenly spread between the glass slides, which can be seen by
the wetting edge, quickly pull them apart horizontally and let the chloroform
evaporate.

. To thoroughly extract the solvent, use a desiccator and apply vacuum for

t = 30 min. Protect from light if fluorescent dye is used.

Assemble the formation chamber by clipping two slides together with a Teflon®
spacer in between, where the coated sides face each other.

Fill the chamber with sucrose by using a syringe with a cannula, matching the
holes in the Teflon spacer.

Use the lower hole for inserting the sucrose solution (¢ = 150 mOsM) and the
upper hole for air removal. Avoid remaining air bubbles by tilting the chamber
while carefully filling it.

Connect the assembled chamber to a signal generator.

Place the assembled and connected chamber into a heat bath at least 10K
above the lipids phase transition temperature and allow for equilibration.

Apply U = 0.5V peak-to-peak for ¢t = 15 min at f = 10Hz at a rectangular
shape.

Raise the voltage to U = 2V peak-to-peak for another ¢ = 2 hours.

Extract the liquid using a pipette by sliding the FTO-coated glass slides
carefully against each other until a slit opens.

Store the giant unilamellar vesicles in the fridge.

The interested reader might refer to literature for further optimized protocols

261
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Supported Lipid Bilayer

A common technique to fabricate supported lipid bilayers is vesicle fusion, as described
in literature [21], 212].

1. Fabricate small unilamellar vesicles as described previously.

2. Use a glass cover slip or freshly cleaved Mica (Muscovite Mica for AFM,
Sigma-Aldrich, Taufkirchen, Germany).

3. If using glass cover slips, use a strong cleaning protocol, such as subsequent
rinsing with various solvents, acids, bases, according to some protocols even at
boiling temperatures and intense rinsing with ultrapure water, as described in
literature [263] 264]. If using Mica, the cleaving replaces the cleaning of the
surface. To cleave it, either use a scalpel, or exfoliating it using Scotch® Tape
shortly before adding the vesicle suspension.

4. Add the small unilamellar vesicle suspension onto the substrate and let the
suspension incubate in a heat bath at T'= T}, + 10K for several hours.

5. Rinse the cover slip with the bilayer excessively with aqueous solution to remove
the unruptured excess vesicles. The supported lipid bilayer must not dry out
and can be stored in the fridge. To check if the fabrication was successful, use
FRAP [209] or continuous bleaching [265].

Note that during the incubation, the vesicles adsorb due to the hydrophilized
surface and rupture, leaving a bilayer residue on the substrate, leading to a bilayer-
residue-mosaic. The defects at the bilayer-residue edges heal over time by lipid
relocation processes. However the rupture process only takes place if certain criteria
are met, like critical surface coverage and stability of the vesicles, which is governed
by the electrostatics of the system. The interested reader should refer to literature
[266, 267] regarding the criteria and the kinetics of the supported lipid bilayer
formation.

For the force spectroscopy experiments, use 14:0 PC and DiOC14 as the fluorescence
dye. Hydrate the lipid cake by using V' = 1 ml HEPES buffer containing NaCl
(cupprs = 15mM, cnac1 = 75 mM). The fabrication of supported lipid bilayers was
not always successful. For future experiments, I recommend two improvements.
Firstly, Schonherr et al. [212] claim a critical rupture size of about 75nm, therefore
large unilamellar vesicles might be better suited than small unilamellar vesicles.
Secondly, a cleaning protocol using a boiling solvent could produce better results.
Try trichloroethylene as a vapor cleaning agent for organic residues in combination
with a subsequent Ny-gun to blow off inorganic residues.
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Supported Lipid Bilayer in a Black Microfluidic Channel

1. Fabricate a microfluidic channel, which will be described extensively in section
9.4

2. Fabricate the desired small unilamellar vesicles suspension as described previ-
ously.

3. Flood the microfluidic channel with the small unilamellar vesicle suspension
and seal the openings to prevent drying out.

4. Place the microfluidic channel in a heated chamber at T' = T, + 10K and
incubate over night.

5. Rinse thoroughly with aqueous solution, just as described previously for stan-
dard supported lipid bilayers.

While the supported lipid bilayer fabrication is similar, a peculiar type of microflu-
idic channel must be used, which is extensively described in literature [268]. In this
publication, the authors add carbon-black pigments to the Polydimethylsiloxane,
to prevent the auto-fluorescence of the Polydimethylsiloxane to interfere with the
fluorescent dye emission signal of the supported lipid bilayer. In my experiments,
I followed this ansatz, however used hand-filed charcoal instead of carbon-black
pigments. This sufficiently absorbed the residual excitation signal and eliminated the
Polydimethylsiloxane auto-fluorescence. The amount of charcoal which can be used
is limited by substrate bonding, as charcoal impedes bonding proportionally to its
fraction. As bonding strength is a function of forces acting on the microchannel, a
precise charcoal concentration is obsolete and should be adjusted individually using
a spectrometer. As a rough guide, no more than 25wt% should be used.

Spectrometry on Multilamellar Vesicles in Shear Flow

1. Fabricate multilamellar vesicles using 14:0 PC and 15:0 PC, respectively. Use
as fluorescent dyes DiOC14 (DiOC14:60012, Biotium, Fremont, CA, United
States of America) and Laurdan (Laurdan:40227, Sigma-Aldrich, Taufkirchen,
Germany) at a molar ratio of 5mol%. Use ultrapure water as the aqueous
solution.

2. Fabricate a black PDMS channel to minimize autofluorescence of the PDMS.

3. Set up the microfluidic periphery, consisting of the following:
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a) Operate a standard upright microscope.

b) Place a heat bath below the black PDMS channel, such that the heat
bath does not block the light path.

c) Connect the tubings to the channel.

d) Use an external, calibrated thermometer (PASPORT Quad Temperature
Sensor, PASCO, Roseville, United States of America) to be certain about
the exact temperature of the PDMS channel.

e) Load the multilamellar vesicles into a syringe and use a syringe pump
(PHD 2000, Harvard Apparatus, Holliston, United States of America) to
control the flow rate.

4. Conduct the spectrometry as follows:

a) Use a fluorescence microscope (Olympus BX51, Olympus, Tokyo, Japan)
solely as an excitation light source.

b) Use a spectrometer (QE65000, Ocean Optics, Ostfildern, Germany) to
measure the emission spectrum.

optical fiber
microscope
spectrometer
microfluidic
=Mchannels
. syringe
tubing cover slip pump
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Figure 63: Experimental setup of the fluorescence emission spectroscopy of multil-
amellar vesicles under shear flow. Adapted from [215].

Generalized Polarization

A well-known quantity to quantify the fluidity of a membrane is the Generalized
Polarisation (GP) [32], 269]. In detail, the characteristic emission maximum for the
membrane ordered phase is at A = 460nm and at A = 490 nm for the disordered
phase. However, Generalized Polarization is a continuous quantity, defined by the
intensity ratio of the two maximum wavelengths [32]:

Ig - Ir
GP=—— 43
IB+IR ( )
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Iy and Iy are the emission intensities at A = 460 nm (blue edge) and A = 490 nm (red
edge). Note that the GP is a dimensionless quantity ranging between -1 < GP < 1,
where at -1 the membrane is completely fluid and completely ordered at 1.

To visualize and validate, we conduct calorimetric measurements and spectral
measurements as function of temperature, as presented in figures and
21bl Clearly, the excess heat capacity exhibits a peak at T, = 24°C, where the
G P exhibits a quasi-step at T' = 24°C. This step-like function reminds very much
of a calorimetric measurement, where the y-axis is the heat () and the x-axis is
temperature T. As the heat capacity is defined as

d@
%= (G7)
analogously, the derivative of the G P-value a can be identified as

_(dGP
o= (S )

It has the same shape at a structural phase transition, which is a peak, as the
heat capacity.

From the technical perspective, the illumination source is critical. A mercury-
vapor-based lamp as a UV-light source needs an excitation filter (A = 335 nm-395nm)
to excite fluorescence in the vesicles. Do not use an emission filter, as the whole
spectrum is of interest. To intensify the signal, a converging lens couples more light
into the fiber going into the spectrometer. For slight quantitative differences to
literature, note that any emission is also dependent on the excitation spectrum [32].

9.2 Vesicular Nanoparticle Uptake and Adhesion Forces

Nanoparticle uptake experiments consist of the vesicular system, the detection setup,
and the evaluation method. The vesicular system requires a container where the
nanoparticles and the vesicles interact.

Nanoparticle Uptake Setup

Giant unilamellar vesicles are a suitable model system due to their visibility under
the fluorescence microscope (Axiovert 200M, Carl Zeiss Microscopy, Jena, Germany).

1. Fabricate giant unilamellar vesicles as described previously using 15:0 PC
and 3,3’-ditetradecyloxacarbocyanine (Texas Red™ DHPE, Thermo Fisher
Scientific Inc., United States of America) as the membrane dye. Use PBS buffer
(pH = 7.0) containing either saccharose or glucose (D-(4)-glucose monohydrate,
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Merck, Darmstadt, Germany). For all aqueous solutions, use ultrapure water
(pure Aqua, Germany) with a specific resistance p <18 MQcm. Adjust osmolarity
(Osmomat 030, Gonotec GmbH, Germany) to ¢, = 150 mM.

2. As a container, use a well plate (Nunc™ MicroWell™ 96-Well, flat, transparent,
ThermoFisher Scientific Inc., Waltham, United States of America). A major
advantage of well plates is the prevention of unspecific adhesion to the substrate.

3. Mount the well plate on the fluorescence microscope.

4. Dilute the giant unilamellar vesicles by adding V' =27l into a well filled with
V' =70nl consisting of [NaCl] = 56 mM, [Glucose] = 20 mM, [PBS] = 18 mM
buffer and ultrapure water. Mix gently by aspiration and allow for a quick
sedimentation due to a higher density of the encapsulated saccharose solution.

5. Control the temperature using a micro controller and a Peltier element. For
the sake of robustness, measure and monitor the temperature in an equivalent
adjacent well by a thermocouple. Preheat for £ = 30 min prior to each experiment
to ensure an equilibrated temperature in the well plate.

6. Dilute the nanoparticles to a final surface area concentration of ca = c(47r?) =
1m?2/1 (¢ number of particles per volume).
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Figure 64: a) Schematic illustration of the measurement setup. b) Vesicle area as a
function of time (7" =34°C). ¢) Fluorescent micrograph time series of a
GUYV after the addition of nanoparticles (7" = 37°C). The vesicle clearly
shrinks with ongoing time.

To start the experiment and quantification, the following steps are necessary:
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1. Add the nanoparticles to start the uptake. While doing so, mix gently by
pipette aspiration.

2. To quantify the uptake, take fluorescent micrographs to measure the vesicle
surface area. Use distinct time steps of ts.e, = 5 min over an overall time period
of tiota = 30min, or tia = 2h, respectively. All chosen time scales are a
compromise, balancing photo-bleaching of the fluorescent dye and micrograph
quantity.

3. To evaluate the uptake, assume spherical isotropy to determine the surface
area for each vesicle from a circular fit at every time step.

4. The shrinkage is function of time in-between a linear to exponential function -
for the present nanoparticle size and surface area concentration [192]. Therefore,
fit the data linearly, but take the parameter adjusted R? into account to monitor
deviation from linearity.

Atomic Force Microscopy Setup

Measure the adhesion force between the membrane and the silica as function of
temperature as follows:

1. Fabricate two supported lipid bilayers on mica following the protocol above.
Use DMPC and 15:0 PC as lipids. For the sake of success rate in bilayer
formation, add 5mol% DOPC. Use 15mM Hepes und 75 mM NaCl as buffer.
Validate the quality qualitatively by continuous bleaching.

2. Insert the supported lipid bilayer into a BioCell™ (JPK BioAFM Business,
Germany) to comfortably control the temperature.

3. Mount the BioCell™ on the optical microscope (ZEISS Axiovert 200M, Carl
Zeiss Microscopy Deutschland GmbH, Germany).

4. Use MLCT-010 cantilevers. Approach the cantilever and calibrate the setup
characteristics by determining the spring constant k.

5. As the probing setup, take the MLCT-O10 cantilevers and glue a silica bead
(@ = 7.38 pm, microParticles GmbH, Germany) to the cantilever following
a JPK technical protocol [270]. Clean the silica-cantilever each time before
inserting into the AFM in a plasma chamber.
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6. Mount the atomic force microscope (JPK NanoWizard II, JPK BioAFM
Business, Germany) and do the standard setup.

7. Determine the the sensitivity s and use the value for the spring constant from
the prior measurement.

8. Set the temperature and wait for equilibration.

9. Set up a grid of 5 x 5 measurement points at 5 pm distance to prevent
systematic errors due to local bilayer imperfections. Set up the approach at
2um/s at a force setpoint of F'=20nN and add a waiting time of one seconds
to ensure relaxation of the adhesion process. Set up the retraction at 0.22 pm/s.

10. To identify the adhesion force, only use measurements with a clean adhesion
peak.

Differential Scanning Calorimetry

A differential scanning calorimeter (DSC) is effectively an oven, which precisely
measures temperature and power. More up-to-date devices regulate the power such
that the heating rate is kept constant. The heating rate determines the operating
mode, it could either be zero for an isotherm, or most commonly it could be a constant
for a dynamic segment. Follow these steps to perform calorimetric measurements
(MicroCal VP-DSC, MicroCal Inc., now Malvern Panalytical Ltd, United Kingdom):

1. Thoroughly clean both chambers by the following cleaning protocol.

a) Clean an appropriate syringe to first extract all remaining reference fluids
and discard into waste.

b) Extract the remaining fluids from the sample chamber and discard into
waste.

c¢) Rinse the sample chamber with V' =50ml 1vol.% Mucasol® (Schiilke &
Mayr GmbH, Norderstedt, Germany) in ultrapure water.

d) Rinse the reference chamber with V' = 50ml 1vol.% Mucasol in ultrapure
water.

e) Rinse the sample chamber with V' = 50 ml ultrapure water.
f) Rinse the reference chamber with V' = 50 ml ultrapure water.

g) Clean an appropriate syringe to extract all remaining ultrapure water
from the rinsing in both chambers and discard into waste.
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2. Degas all fluids which are about to be measured in the DSC.
3. Clean an appropriate syringe to transfer the following materials.

4. Fill the reference chamber with the reference material with a small excess
amount.

5. Fill the sample chamber with the sample material with a small excess amount.

6. Extract the excess by a standard syringe to ensure the same volume in both
chambers. This could be done by using the top plane as a stop for the syringe,
while the cannula has to at such length, that only a small - but constant -
amount of liquid is extracted. The syringe needs to be clean and always extract
the excess reference material first.

7. Close the lid and adjust the pressure to p = 15 psi by the appropriate screw.

8. Setup the parameters in the software like number of up and down scans (6),
heating rate (8 =15K/h), and use the default values for data point frequency,
filtering, and molarity.

Please note, that when an endothermic or an exothermic process of interest is taking
place in the sample chamber, the heating rate deviates and has to be compensated by
power regulation. If this is a reversible process (e.g. melting transition), it appears in
every up and down scan. If this is an irreversible process (e.g. chemical reaction), it
only appears during the the reaction time. Commonly, this results in the appearance
of a peak in the first scan only. Accordingly, when studying reversible processes, it is
good practice to do multiple up and down scans to get rid of irreversible processes.

Experimental Design and Baseline Subtraction

To evaluate a DSC measurement, data of power as function of time is converted into
data of power as function of temperature. To obtain the excess heat capacity of
the process, subtract the baseline. The baseline subtraction is often not trivial and
requires thorough and careful thinking.

To study lipid melting transitions, a DSC measurement should fulfill various quality
requirements.

1. Use a small heating rate (below 30 K per hour) to avoid heating inertia from
limited heat conductivity of the device or sample. A higher heating rate will
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overestimate the melting temperature and a higher cooling rate will underesti-
mate the melting temperature. For excellent accuracy, use as low heating and
cooling rates as possible and average over one up and down cycle.

2. The temperature should contain the peak or dip regime. Ideally, include a part
of the constant or linear regime before and after the peak or dip - depending on
the broadness of the melting peak - +20 K around the transition. This enables
a good estimation of the baseline.

In lipid membrane DSC measurements, pure lipid mixtures often display another
phase, the ripple phase. Here, the main transition peak is accompanied by a smaller
pretransition peak, which can not be separated from the main transition. Therefore,
it is likely to assume that both transitions are continuous. In most cases the melting
temperature is considered as the main peak temperature. However, some studies
suggest to define the phase transition temperature where 50% of the enthalpy of both
transitions has been reached. As the contribution of the pretransition is relatively
small, this will cause a slight discrepancy towards lower temperatures and it would
not change the results of this thesis, just slightly different numbers.

9.3 In Vitro Cells

Cell Culture Environment

To cultivate cells, use an incubator (T'=37 °C, ¢ = 5% CO,), a biosafety bench, in
vitro cells, and sterile consumables. The interested reader might refer to literature
[271].

Working in a sterile environment includes extensive safety measures, such as:

e Wear a lab coat and gloves. Put sleeves inside the gloves, to prevent exposing
skin inside the biosafety bench (HeraSafe KS, Thermo Electron Corporation,
Waltham, MA, United States of America). Spray 70/30 (70 % Ethanol & 30 %
distilled water) on Gloves each time before engaging the sterile environment
from the non-sterile outside.

e Before operating inside the biosafety bench, turn on the ultraviolet light for
t = 30min. To operate inside the biosafety bench, turn off UV light and turn on
the airflow. Waiting ¢ = 30s for the the airflow to become laminar. After the
waiting time, clean the biosafety bench using 70/30 and wait ¢t = 30 s afterwards.

e Equipment entering into the biosafety bench needs to be cleaned thoroughly
using 70/30. Sterile packaging must not be opened outside the biosafety bench.
Prewarm all liquids which come into contact with the cells to 37°C.
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e Open containers only as long as necessary. Avoid operating over open containers
or touching the inside of the container.

e Do not contaminate filters in pipettes or pipettes themselves.

e Clean the biosafety bench thoroughly after working using 70/30. After sealing
the biosafety bench, turn on the UV light for ¢ = 30 min.

Cell Passaging

Find the cells (HeLa, ATCC® CCL-2™, Manassas, United States of America) in
the incubator in a flask (Nunc™EasYFlask™25 cm?, ThermoFisher Scientific Inc.,
Waltham, United States of America) at ¢ =5 % COs, ¢ = 95 % humidity and 7" = 37°C.

1. Take the cells out and check the flask for pH changes (yellow indicates acidic
environment or bacterial contamination, purple indicates fungus contamination)
and confluence under the microscope.

2. Passage the cells at ~» 70 % confluence using the following steps:

a) Aspirate the cell medium using an appropriate sized serological pipette,
therefore slightly tilt the cell flask to one bottom corner, place the pipette
tip in the very corner, aspirate and discard the cell medium.

b) Transfer 5ml PBS ((D)PBS - solution (w/o Ca2+, w/o Mg2+), Bio&Sell
GmbH, Nurnberg, Germany) into the cell flask and flush the bottom by

repetitively aspirating and releasing the PBS (5 times), finally discard the
PBS.

c) Transfer a de-adhesion agent into the cell flask (1 mL Trypsin 0.025 %
(Bio&Sell GmbH, Niirnberg, Germany) or Accutase® (Sigma Aldrich, St.
Louis, MO, United States of America)).

d) Transfer the cell flask into the incubator to allow for higher enzymatic
activity of the enzymes in the de-adhesion agent. Visually check by tilting
the cell flask into various directions and inspect the bottom: Once all
white cell aggregates flow with the liquid and do not adhere at the bottom,
stop the de-adhesion.

e) Stop the de-adhesion by transfering the cell flask back into the bio-safety
bench and add 4 ml of cell medium (10 % FBS (Fetal Bovine Serum, Sigma
Aldrich, St. Louis, MO, United States of America), 1 % Pen-Strep solution,
Bio&Sell GmbH, Niirnberg, Germany). Aspirate and release the solution
as before.
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f) Before transferring the desired proportion to a new cell flask, fill it with
5ml cell medium prior to inserting the cells (commonly add V' =500 nL
cell suspension to the V' = 5ml for a splitting of 1:10). To ensure even
distribution of the cells, carefully agitate the cell flask.

g) Use the other V = 4.5ml cell suspension for experiments or discard into
waste. Dilute the cell suspension by adding medium or increase cell
concentration by centrifuging and removal of the supernatant.

Freezing and Thawing of Cells

To freeze the cells, follow this protocol:

1. Passage the cells as described previously following the steps a)-g) with the
remaining V' =4.5ml cell suspension.

2. Transfer the remaining cell suspension into a centrifuge tube and centrifuge at
a = 100 g until the cells have sedimented.

3. Carefully extract the supernatant until the cell aggregate remains with as little
cell medium as possible.

4. Add V = 1.5 mL fridge-cold Biofreeze (Biofreeze Freezing Medium, Sigma
Aldrich, St. Louis, MO, United States of America) and re-suspend the cells.

5. Transfer the cell suspension into a cryo tube (TPP™ Cryo Tubes, ThermoFisher
Scientific Inc., Waltham, United States of America).

6. Store in the fridge for ¢t = 2h.

7. Transfer into the LN, dewar.

To unfreeze the cells, follow this protocol:

1. Prewarm cell medium in a heat bath at T = 37°C.

2. Prefill a centrifuge tube with V' = 5ml of cell medium and a cell flask with
V' =5ml cell medium.

3. Unfreeze the cryotube while holding it into the heat bath, while constantly
inspecting the cryotube.

4. Immediately after being completely thawed, transfer the cell suspension into
the prefilled centrifuge tube.
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5. Centrifuge at a = 100g. Discard the supernatant as much as possible to
eliminate the BioFreeze (until V' ~ 0.2ml supernatant is left).

6. Re-suspend the cells and transfer the concentrated cell suspension into the cell
flask.

Cell Immobilization Protocol for Scanning Electron Microscopy

This protocol is a simplified version of Ramesan et al. [154]:

1. Incubate the cells overnight on a silicon wafer piece in cell medium to allow
the cells to adhere to the substrate.

2. Fix the cells with ¢ = 2.5 % glutaraldehyd for ¢ = 60 min at room temperature
and dehydrate in washing steps using ¢ = 0.1 M ethanol.

3. Dry the fixed cells overnight.

4. Load the sample in the scanning electron microscope.

9.4 Acoustofluidics

Acoustofluidics is a fusion of micro- to nano-scale acoustics and fluid mechanics.
While this field by itself has many branches with various applications, I here focus
on biomedical ones. Therefore, the acoustofluidic devices in this thesis consist of an
interdigtial transducer (IDT) and a microfluidic channel.

Fabrication of Microfluidic Channel Masters

To fabricate microfluidic channel masters, clean room facilities, a photo resist, and
photo-lithography are needed. The interested reader might refer to literature [272].

e Work in a flowbox (LOTUS Systems GmbH, Immendingen, Germany). Use a
polished, unoxidated, appropriately sized silicon wafer (e.g. 3”, MicroChemicals
GmbH, Ulm, Germany).

e Apply a thorough cleaning procedure using various solvents in series as follows:

— Immerse the silicon wafer into an acetone beaker and place the beaker in
an ultrasonic bath for ¢ = 5 min at full power.
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— Prepare another beaker with isopropyl alcohol and a waste beaker. To
transfer the silicon wafer into the isopropyl alcohol beaker, apply a transfer
procedure. The transfer procedure’s only purpose is to keep the wafer
wet while flushing away the prior solvent, as drying out allows for dust
particles to adhere to the surface:

x For transferring the wafer, use special wafer tweezers and hold the
wafer at an edge not of interest.

x Take out the wafer and immediately keep flushing the consequent
solvent onto the wafer. The wafer must not dry out. Operate above
the waste beaker.

* When the prior solvent has been flushed off, immerse it into the beaker
containing the next solvent, while still flushing.

x Optionally, use further solvents like ethanol and water for the sake of
cleanliness.

— Dry the substrate using No.

— Place the wafer onto the spin coater and lock the wafer in place by applying
vacuum.

— Deposit the photoresist (SU8-50-100, micro resist technology, Berlin,
Germany) onto the wafer (V~ 1ml per inch?). See the manufacturer’s
data sheet for further information.

— Start the spin-coating process (DELTA 10 BM, SUSS MicroTec Lithogra-
phy GmbH, Garching, Germany).

— Soft-bake the coated wafer on a hot plate at 7" = 65 °C for few minutes
(see MSDS). During soft-baking, photoresist solvent evaporates.

— Install the coated wafer into the mask aligner (Standard Mask Aligner
MJB 3, SUSS MicroTec Lithography GmbH, Garching, Germany), place
the appropriate mask, and optionally choose a spectrum filter (i-line
A =365nm).

— Expose the coated wafer to the UV light.

— post exposure bake the coated wafer, therefore place the wafer on a hot
plate at T'= 95 °C.

— Allow for cooling to room temperature.
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— Develop the structure using an appropriate developer (mr-Dev 600, micro
resist technology GmbH, Berlin, Germany). During development, gently
shake the wafer forth and back to increase fresh developer supply.

— Stop the developing procedure by transferring the substrate into a beaker
filled with ultrapure water.

— Rinse the wafer with isopropyl alcohol.
— Dry the wafer with No
— Hard bake at T"= 150 °C for one hour.

For challenging structures, all processing steps might need improvement. Extensive
discussions can be found in forums [273]. Easy to implement improvements are:
higher substrate cleanliness, ramped and extended soft-baking periods (¢ ~» 90 min),
as well as hard-baking periods (¢ » 90 min), and fragment exposure time into shorter
intervals (e.g. t = 15s and consequent t = 45s cool-down waiting times).

Fabrication of Microfluidic Channels

To prepare a microfluidic channel for use, a microfluidic channel master is needed,
Polydimethylsiloxane, as well as a substrate, a biopsy punching device and tubings
[159].

e Prepare Polydimethylsiloxane by mixing the two components from the SYL-
GARD™ 184 Silicone Elastomer Kit (DOW Europe GmbH, Wiesbaden, Ger-
many) in a 10:1 weight ratio.

e Mix thoroughly, until all streaks vanish and a homogeneous viscous fluid with
air bubbles remains.

e Insert the master face-up into an appropriate sized plastic petri dish. For
higher convenience, lay out aluminium foil on the inner surfaces of the petri
dish and flatten the aluminium foil thoroughly. As the aluminium might not
be perfectly even, levelling might be needed.

e Pour Polydimethylsiloxane carefully on top of the channel master, the total

amount needed depends on the desired height of the microfluidic channel
(h~1cm).

e Place the petri dish into a levelled vacuum chamber and apply vacuum until
all air bubbles have vanished.
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e Insert the plastic petri dish into a levelled oven for at least four hours at
T =70°C.

e Find the cured Polydimethylsiloxane as a transparent rubber on top of the
microfluidic channel master.

e Use a scalpel to cut carefully and vertically through the Polydimethylsiloxane
all the way down to the bottom of the microfluidic channel master. Do not
apply too much pressure, as the master might crack.

e If aluminium foil has been layed out beneath the channel master and the PDMS;,
separate from the petri dish before cutting by prying it out or by breaking the
plastic petri dish. Continue to cut around the structure of the master to finally
take out the unbonded microfluidic channel.

e Before bonding, punch holes at the marked inlets and outlets using a biopsy
punching device (PFM medical AG, Koln, Germany) at a size slightly smaller
than the outer diameter of the tubing. Consider varying the sizes to adjust
friction forces to use higher flow rate, so the tubings-inlet-interface does not
leak (typically @ =1.09mm tube in a @ = 0.75mm hole).

e For bonding, a clean substrate and microfluidic channels are crucial. Therefore,
either clean both using isopropyl alcohol and blow dry thoroughly using Ns, or
directly use the microfluidic channel after cutting it out from the master. In
both cases, cover the surfaces on the microfluidic channel and on the substrate
- the bonding interface - with Scotch tape to prevent adhesion of dust and dirt.
Remove the Scotch tape as late as possible before exposing to plasma.

e To prepare the channel and substrate for bonding, use plasma (LabAsh 100E,
Technics Plasma GmbH, Kirchheim, Germany, or see [274]) to hydrophilize the
substrate and microfluidic channel.

e Immediately after plasma treatment, press the channel onto the substrate
firmly and evenly for one minute.

e For ideal bonding, place the glass side of the bonded channel onto a hot plate
at T'=120°C for t = 2 hours and cover with aluminium foil.

When using the channel for acoustofluidic purposes, do not bond the channel onto
the substrate, but use a holder with screws to seal the system. Place the channel
onto the substrate, so that the finger electrode structure precisely fits into the recess
of the microfluidic channel.

148



Finally, use the microfluidic channels for microscopy purposes:

e Insert the tubing into the inlets and outlets and connect the other ends to
syringes.

e Use an appropriate cannula outer diameter to firmly and carefully push the
tubing onto the cannula.

e Load the syringe with the appropriate medium and connect the syringe to the
cannula.

e For precise flow control, use flow pumps (Harvard PHD 2000, Instech Labo-
ratories Inc., Plymouth Meeting, PA, United States of America). Clamp in
the syringe into the flow pump and adjust the flow rate. Connect the outlet
tubings to a (waste) container.

e Mount the microfluidic channel onto the microscope.

Surface Acoustic Wave Chip Preparation

Fabrication of surface acoustic chips is done in a two step process. In the first
step, deposit a photoresist structure on a substrate material using photo-lithography
similar to microfluidic channel master in [9.4] In the second step, the structure is
metallized using physical vapor deposition and developed using solvents.

For the first step, follow the steps in with the following alterations.

e Use two-side polished LiNbO3 wafers (128°rot Y-Cut, A = 25 pm, The Roditi
International Co. Ltd., London, United Kingdom) at an appropriate size and
mark the xz-axis (highest acoustic propagation velocity) at a region of no interest
using a diamond pen.

e Use the photoresist AZ® MiR™ 701 Photoresist cP (Microchemicals GmbH,
Ulm, Germany) and use an appropriate developer (AZ® 726 MIF, Merck
Performance Materials GmbH, Wiesbaden, Germany).

e Do not use wafer tweezers, but use regular tweezers and grab the substrate at
the sides, not at the polished faces.

e Use the following parameters: softbaking ¢t = 1.5min & 7' = 90 °C, exposure
t =158, post exposure baking ¢ = 1min & 7T =110 °C.
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For the second step, follow the physical vapor deposition protocol:

e Clean the substrate by using plasma (P =200 W and ¢ = 20s at p = 500 mTorr).

e Install the cleaned substrate in the physical vapor deposition device (ESTHER
(Electronbeam-RF-Sputtering and Thermal Evaporation), Auto 500 Thin Film
Coating System, BOC Edwards, Guildford, United Kingdom) and evacuate
until p < 107> mbar).

e Deposit three metal layers in the order Ti-Au-Ti (5nm - 50nm - 5nm) at a
rate of 1 é

e Take the metallized substrate out and develop overnight in DMSO.

e If the development is incomplete, place the beaker with DMSO and the metal-
lized substrate into a ultrasonic device and gradually and carefully increase
power (starting at ~ 40 %) for some minutes. Too high ultrasonic power might
damage the structure.

e Rinse DMSO off using ultrapure water.

e If the development is still incomplete, use Q-Tips to mechanically remove
excessive metallized flakes.

e Rinse with isopropyl alcohol and dry using Nj.

e Eliminate eventual short cuts between the finger structures of the electrodes
by applying a current of U =12V DC voltage.

If needed, add a glass layer on top of the chip to protect the structure and even
the surface.

e Rinse with isopropyl alcohol.
e Clean the chip further using plasma (LabAsh at P =800 W for ¢ = 5 min).

e When installing the chips, cover a small region of the main electrodes at the
edge of the chip with aluminium foil.

e Evacuate and deposit a layer of d = 150nm SiO at a rate of 1 é
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To increase accessibility, glue the chip into a circuit board and contact the electrodes
using conductive silver. Connect the circuit board to a signal generator using RF-
wiring.

For the acoustic traps, use tapered IDT (TIDT) with a continuous frequency range
between f = 79 —83MHz. Check by using a vector network analyzer (Rohde &
Schwarz ZVC 20KHz-8GHz Vector Network Analyser, Rohde & Schwarz, Germany).
For employing three distinct traps, exclusively use three distinct frequencies f; =
80.3 MHz, f, = 81.3 MHz, and f;3 = 82.3 MHz. As a signal generator to control
the TIDT, use a CellEvator (Advalytix, Munich, Germany) and contact with SMA-
plugs on a circuit board and high frequency wiring. Use a customized LabView
program (National Instruments, Austin, TX, United States of America) to enable
the regulation of SAW-power P up to the required maximum of P = 30 dBm, as
well as time-controlled frequency adjustment.

Acoustofluidic Setup

Note that Calcein is impermeable to the cell membrane by simple diffusion [275] at
the used timescales. It is therefore suited as a model drug in these experiments and
needs to be prepared as follows:

e Prepare a Calcein stock solution using DMSO and Calcein (my = 622.54 Da)
powder at a concentration of ¢ = 100 22. Dilute to ¢ = 0.2 22 using PBS before
use.

e Prepare a solution of FITC-Dextran (my = 10kDa, Sigma-Aldrich Chemie
GmbH, St. Louis, MI, United States of America) at a concentration of ¢ =
0.2 =&,

e Prepare a solution of eGFP (my = 27kDa, produced by recombinant bacterial
expression [276]) at a concentration of ¢ =0.2 =%, The interested reader might
refer to [159, [160].

This setup is inspired by a previous study by our group [I60]. Briefly, the setup is
as follows.

e Press the Y-shaped microfluidic channel (cross section after the inlet A =
100 pm * 100 pm, cross section at the main channel A =200 pm * 100 pm) on
the chip (align TIDT and the recess under the microscope) with tubings and
syringes attached as described in
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Flush the tubings and the channel using 70/30, consequently flush excessively
with cell medium to eliminate the alcohol.

Load the two syringes with dye solution and cells respectively.

Start the experiment by turning on the flow pumps and eventually the signal
generator.

Observe the propagation of the red cell suspension and the green Calcein in
the inlet and consequently the outlet tube (inner diameter @ = 389 nm, Pro
Liquid GmbH, Uberlingen, Germany) of a length of [ = 9.3 cm.

When all water has been pushed out of the outlet, switch the outlet from the
waste to the well plate containing already V' =200l cell medium to collect the
treated cells (V =100 pl).

Finally, allow for a two-hour cell adhesion period to prevent the cells from
detaching while exchanging the exterior dye-containing solution for dye-free
cell medium.

Acoustofluidic Permeabilization

When the signal generator is turned off, the two fluids hardly mix in the channel.

Mixing is limited by diffusion at the interface of the two liquids due to the laminar

flow, as visualized in figure [65]

well plate
Dean flow

tapered mixin
interdigital 9
dye Transducer

solution

\ . . adhesion,
no SAW*lnact|ve medium A
cell suspension \ exchange,

low mixing by diffusion j imaging 20x

Figure 65: Microfluidic permeabilization setup and procedure. The dye solution

and the cell suspension flow into the y-junction and hardly mix when
in contact. The mixing is limited to diffusion at the interface due to
laminar flow. At the outlet, the two liquids mix by Dean flow mixing,
consequently, the cells are harvested for analysis. Adapted from [159].

When turning on the signal generator, surface acoustic waves are generated and

propagate perpendicular to the flow direction. Once the surface acoustic waves reach

the fluid (x = 450 pm from the Y-junction), energy is dissipated into the fluid, the

wave becomes "leaky". In the chaotic advection of the fluid, the streamlines are
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folded and therefore the fluids are mixed [I61], as visualized in figure [66] This is
when the cells are permeabilized and exposed to the dye. Furthermore, the cells are
trapped here, as the folded streamlines form a pattern, two adjacent vortices at the
intersection of the propagation path and the fluid flow path.

tapered
interdigital adhesion,

dye Transducer medium well plate
exchange,
imaging \—‘
cell suspension

20x

cell stimulation in acoustic trap

(a) Hlustration of the acoustofluidic delivery setup. The dye solution and
the cell suspension flow into the y-junction and hardly mix when in
contact. At the active TIDT sites (gray and black arrows), SAW
couple into the liquid and mix effectively by forming two vortices. The
spatial position of the SAW changes by adjusting the RF frequency.
The dye—cell suspension travels via tubing into a well plate. A two-
hour adhesion period, dye-rinsing protocol, and fluorescence imaging
follows.

(b) Fluorescence image of Calcein in the chan-(c) Phase contrast image time series of HeLa

nel. The fluorescent dye and cell suspen- cells trapped in SAW-induced vortices.
sion are mixed close to the TIDT site. The lines highlight the trajectories in the
vortices.

(d) Typical recorded images in the
different fluorescent channels
(DAPI/Alexa 594/FITC).

Figure 66: Acoustofluidic permeabilization setup and procedure. Adapted from [159].
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The spatial location of the vortices shifts at distinct time intervals, which is
triggered by changing the frequency of the signal generator. We applied three distinct
frequencies (f = 80.3 - 81.3 - 82.3 MHz), each lasting tsep, = 3 * 208, resulting in a
SAW cycle duration of tsaw = 1 min. This results in a pattern, that cells flow into
the vortices from left to right and get trapped. As the cells flow in randomly, their
dwell time at the active site ranges between i eatment =]0; 60[.

Once the cells have passed the active site and transition into the tubing, they
remain permeable, and internalize the dye by diffusion, as shown in [5.2.1] until they
are collected in a well plate for immobilization and fluorescence microscopy analysis.
Once the last frequency is about to change back to the first, all cells are released
from the trap. However, few cells are released stochastically from the trap at shorter
time scales.

Data Acquisition and Processing

To acquire the data, stain the cells and take fluorescent micrographs as follows. To
process the data, use a customized MATLAB (The MathWorks Inc., Natick, United
States of America) script. The interested reader might refer to [226] for the complete
MATLAB Script.

e Collect the cells from the experiment in a wellplate.
e Leave the wellplate in the incubator for ¢ = 2h to allow adhesion of the cells.

e Rinse the cells with cell medium to eliminate the remaining extracellular
fluorescent dye.

e Stain the cells using Thermofisher ReadyProbes™ Cell Viability Imaging Kit
Blue/Red (Thermo Fisher Scientific, Invitrogen, Waltham, United States of
America) to stain the nuclei with Hoechst 33342 (blue) and dead cells with
Propidium Iodide (red).

e To acquire fluorescent micrographs, use a fluorescence microscope (Axiovert
200M, Carl Zeiss Microscopy, Jena, Germany). In case of working with a
mercury-vapor lamp, use corresponding excitation and emission filters:

— ex,Hoechst33342 = 50D nm
— Aem,Hoechst33342 = 440 nm
- )‘eX,Calcein =485 nm

- >\em,Calcein =530 nm
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- Aex,PropidiumIodide =560 nm
- )\em,PropidiumIodide =610nm
Acquire one fluorescent micrograph from every fluorescent channel, as well as

a phase contrast micrograph. Finally, take a fluorescent micrograph in the
Calcein channel from an empty area to subtract the systematic background.

e Run the MATLAB script. The functionality is as follows.
— The cell nucleus is identified and spatially localized.

— The nucleus is dilated by a factor of two to roughly account for the whole
cell area.

— The fluorescence intensity signal is evaluated. The outcome is a mean
intensity per unit area.

This evaluation approximates the whole cell area as an dilatation of the nucleus by
a factor of two. This remarks a conservative approximation and future experiments
could improve this protocol by using a membrane staining, or by extracting the exact
whole cell location from the phase contrast micrograph.

Particle Image Velocimetry

Characterize the flow pattern in the microchannel using particle image velocimetry
(PIV). Use @ = 4,51um large Polystyrene beads (Polybead™ Polysciences, Inc.,
United States of America) suspended in ultrapure water. The beads are pumped
through the microchannel under the exact same conditions as the cells. Due to the
laminar flow, they follow the streamlines. Record videos with a high-speed-camera
(Photron UX, Photron Inc.) at a framerate of 1000 images per second. Analyze the
video, use at least 300 frames with the MATLAB app PIVlab [231] to acquire the
velocity distribution of the particles in the channel. Use this information to extract
parameters like the shear rate. Here, the acoustofluidic parameters used were flow
rate ) = 80 %and SAW input power P =28 dBm.

9.5 Enzyme Kinetics

The enzyme was kindly provided by Tobias Obser (Universitatsklinikum Hamburg-
Eppendorf). Briefly, express the ADAMTS13 vector and insert a c-terminal 6xHis-
Tag by in vitro mutagenesis using the QuikChange site directed mutagenesis kit
(Stratagene) [277]. The transfection and expression was done as previously described
[278]. The enzymes were used as follows.
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Store enzymes in LNy at their stock concentration.

Once thawed, dilute to capamrsiz = 1071 M. Use it up as quickly as possible.

The only commercially available enzyme used was provided by the ACTIFLUOR™
ADAMTS13 Activity Assay kit. It was only used for complementary measurements
for quantitative reference values.

Preparation of the ADAMTS13 Compositions

Use the commercially available assay ACTIFLUOR™ ADAMTS13 Activity Assay
(LOXO GmbH, Dossenheim, Germany). This assay utilizes a synthetic minimal
substrate, marked with a FRET fluorophore couple. The substrate from the assay is
transformed into a stock solution as follows

Dilute DMSO 1:4 with filtered deionized water to obtain a 25% DMSO solution.

Reconstitute the substrate from the assay with V' =300 uL of the 25% DMSO

solution.

Wait ¢ = 5min at room temperature.
Mix gently.

Aliquote V' =6 pL into tubes and freeze.

Unfreeze only upon use.

Prepare the assay buffer as follows.

Reconstitute the assay buffer with V' =10 mL of filtered deionized or distilled

water.
Wait for ¢ = 15 min.
Vortex briefly.

Aliquote and freeze.

The interested reader might refer to the inventor of this assay [247].
Use two types of composition for the experiments, one for the sample, one for the

reference. The sample composition consists of:

buffer (assay buffer)
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e large unilamellar vesicles (cpipia = 3mM, 14:0 PC/15:0 PC : 18:1 DGS-NTA(Ni)
in a 98:2 ratio)

e his-tagged ADAMTS13 enzyme (capamrsiz = 10711 M)
e substrate (thaw and dilute 1:25 with assay buffer)

The reference composition consist of:

e Dbuffer (assay buffer)
e buffer (the vesicles have been substituted with buffer)
e his-tagged ADAMTS13 enzyme (capamrsiz = 10711 M)

e substrate (thaw and dilute 1:25 with assay buffer)

To prevent premature start of the reaction, separate the substrate from the rest
and add to begin the reaction.

Continuous Kinetic Measurements

To obtain continuous fluorometric kinetics, use a plate reader (Tecan Infinite®F200
PRO, Aex = 485 nm, Aoy, = 535 nm) and 96-well plates (Greiner, flat, black, Cat. No.
237105, ThermoFisher Scientific Inc., Waltham, MA | United States of America).

e Preheat the plate reader ¢t = 30 min to the desired temperature, as well as the
well plate before loading the well plate with the compositions.

e Load sample compositions and reference compositions into the wells.

e For further reference, fill one more well of the sample and reference composition
respectively, where the enzyme has been substituted by buffer.

e Load the substrate into the wells below.

e To start the reaction, use a multipipette to transfer the substrate into the other
wells.

e Start the measurement as soon as possible.

e To evaluate the activity, use a linear fit at the beginning of the reaction.
Evaluate the time from ¢ = 100s until ¢ = 1100s of the kinetic measurement.
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Fluorometric Endpoint Measurements

To obtain endpoint measurements, use a ®Mastercycler Gradient (Eppendorf SE,
Hamburg, Germany) to control the temperature of the reaction. Use the following
settings.

e Use the gradient mode to obtain a temperature gradient of +10 K around T},,.
e Preheat the Thermocycler and the test tubes for ¢ = 30 min.

e Use the small cavities in the brass block to fit in four rows a 12 PCR test
tubes (V' =0.2ml). One row consists of the sample composition, one row of
the reference composition, and two rows of the substrate.

e Allow the temperature to equilibrate for another ¢ = 15 min before starting the
reaction.

e Start the reaction by quickly pipetting six substrate well fillings at once into
sample and reference tubes respectively for all wells.

e Measure the fluorescence results after ¢ = 30 min using a plate reader. Transfer
volume of the PCR test tubes into a well plate and insert into the plate reader.

e Evaluate the slope of the kinetic measurement. To do so, determine the slope

of the two data points at I(t =0s) and I(¢ = 15min). As for the reactions in
1(¢t=15min)

this thesis /(¢ = 0s) ~ 0, an appropriate rate approximation is a = =gz

Colorimetric Endpoint Kinetic

Colorimetric endpoint kinetics are exclusively used for acetocholine esterases activity
measurements. As the product is transparent, use 5,5-dithio-bis-(2-nitrobenzoic acid)
(DTNB) to measure absorbance at Ap.x = 412nm, also known as Ellman’s reagent
[244]. Absorbance is described by the Lambert-Beer law

A =elc, (44)

where A is the absorbance, € is the molar attenuation coefficient (eprnp =
14,150@ at Amax = 412nm), [ is the optical path length, and c is the concen-
tration of the attenuating species. The following experimental peculiarities have to
be considered:

e PBS was used as a buffer (¢ =50mM).
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e In the cases of using 14:0 PC and 15:0 PC, no cage-lipid was used. The full
¢ =3mM lipids were either 14:0 PC or 15:0 PC respectively.

e Experiments using 12:0 PS were carried out at a pH = 6.4 by adjusting the
PBS mono- and divalent solution ratios accordingly.

e The total enzyme acetocholine esterases in a well concentration was ¢ =90nM.
e The total DTNB concentration was ¢ = 50 nM.

e The total acetylthiocholine-iodine concentration was ¢ =2mM.

Otherwise, follow the exact steps from the fluorometric endpoint kinetic in [9.5

Note, that for all experiments using acetylcholinesterase, this enzyme has an
intrinsic membrane anchor [I02]. This anchor is specific to the acetylcholinesterase
extracted from a pacific electric ray (torpedo californica [279]), which was kindly
provided by Prof. Matthias Schneider, TU Dortmund, Germany and Prof. Silmann,
Weizmann Institute, Israel.

Scanning Electron Microscopy

Scanning electron microscope images were taken with a ZEISS Merlin (Carl Zeiss
Microscopy Deutschland GmbH, Germany), using a field emission cathode. Using a
low landing energy of U = 1kV and a beam current of I = 125pA, high-resolution
topography images without beam damage could be achieved during image acquisition.
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