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Small-Scale Sample Handling for Studies of Liquid Crystals and Lipid-Based Soft Matter
GABRIEL OHLSSON

Department of Applied Physics

Chalmers University of Technology

ABSTRACT

In the field of sensing in general and biosensing in particular, there is a growing need for integrat-
ing miniaturised senor elements in microfluidic systems. The advantages are several, some of
which being that the consumption of, often very expensive, sample material can be reduced; sam-
ple exchange can be optimized; sensor performance in terms of detection limits can be improved
and phenomena occurring on a very small, and even single-molecule, scale can be studied. In this
work different microfluidic solutions have been designed and integrated with a number of differ-
ent sensing techniques chosen based on their capacity to unravel a number of different physically,
chemically or biologically relevant phenomena in connection with lipid-based soft matter and
liquid crystals.

The first part of the thesis is focused on the advantages of miniaturizing one out of three
dimensions of a reaction chamber designed for quartz crystal microbalance with dissipation
(QCM-D) monitoring, while keeping the size of the radial extension macroscopic. With a high ra-
dius-to-height ratio, surface induced effects could be identified and taken advantage of in studies
of liquid-crystal phase transitions in confined geometries. A similar approach was implemented
to improve the performance of aqueous-phase QCM-D studies of the self assembly of supported
cell-membrane mimics, revealing improved reaction rates and reduced sample consumption. The
ability of QCM-D to unravel the viscoelastic properties of thin soft matter films was also used to
study changes in the viscoelastic properties of surface-immobilized lipid vesicles undergoing a
transition from gel to liquid phase during a temperature sweep. By varying buffer salt and pH, it
was shown that the vesicle-surface interaction plays an important role in determining the charac-
teristics of the shape fluctuations, phase transition temperature and hysteresis around the phase
transition.

In the last part of the thesis work, two different microfluidic systems were designed and
used to study rapid transport of water and glycerol across the lipid membrane of surface-im-
mobilized lipid vesicles. In this case, fluorescence imaging was employed to resolve transport
reactions on the level of individual liposomes. The membrane-transport reactions were induced
by rapidly exchange the solution outside the liposomes, for which purpose two conceptually dif-
ferent approaches were developed and compared. The first approach took advantage of the fact
that small sample volumes can be moved rapidly over a predetermined probe area containing sur-
face-immobilized lipid vesicles. In the second approach the vesicles were suspended and moved
into a mixing region, while the liquid flows were kept constant in order to reduce the limitation
imposed by external equipment such as electric valves on the system. Both methods generated
lipid-membrane permeability data close to what has been reported in the literature, and statistics
from single vesicle data revealed a new means to characterize the efficiency of membrane-protein
incorporation.

Keywords: Microfluidics, nanocell, QCM-D, fluorescence microscopy, soft matter, liquid crys-
tals, lipid bilayer, phase transitions, membrane transport, aquaporins.
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1

INTRODUCTION

The human body is an enormously complex machinery that is kept alive thanks to a mul-
titude of precisely synchronized functions designed to corporate with each other. With the
eyes it is possible to collect light from the surrounding, which is detected by the retina
at the back of the globe where it is transformed to electric signals and transferred to the
visual cortex of the brain via the optic nerve, eventually yielding a visual impression.
Everywhere in the skin all the way out to the fingertips there are different types of sensory
nerves that detect features such as texture, hardness, softness, heat, coolness, and trans-
port the sensation signals all the way to the spine and the brain where they are put together
forming an impression of the properties of the objects in touch. The functional units at
the nerve ends are on the order of a few nanometres (10" m) and below, while the signals
travel on the order of a meter. Hence, the distance encompassed by fine tuned molecular
self assembly of biological soft matter ranges up to 10 orders of magnitude!

Our senses: sight, hearing, sensory, smell and taste bombard us with impressions
from our surrounding, and have a huge impact on our well-being and psychological mode.
There are also the digestive and metabolic systems, providing the body with nutrition, the
airways and lungs taking in vital oxygen and bringing out carbon dioxide from the body.
Both oxygen and nutrients are taken up by the blood, which is transported to all parts of
the body to provide every single cell with the necessities of life. Cells, with a dimension
on the order of 1 to 10 um, are the functional building blocks of living organisms and
are present in a vast number of different types [1]. Different types of brain cells build up
the brain, erythrocytes, or red blood cells, are responsible for the oxygenation and leuko-
cytes, and white blood cells, play an important role in the immune system just to mention
a few examples. If anything in this complex system is malfunctioning one can often track
it down to a single cell or even the building blocks of the cell, such as DNA, proteins,
lipids etc. In fact, a dominating fraction of all drugs target the cells, and in order to reach
into the active parts of the cell, the active substance often needs to be transported across
the protective shell of the cell; the cell membrane [1].

The cell membrane is a soft-matter structure that is built up of amphiphilic mol-
ecules. Amphiphilic means that the molecules have one hydrophilic (attracted to water)
and one hydrophobic (rejected by water) part. The hydrophobic parts of the molecules
tend to avoid water, which results in a dual layered sheet-like structure (a membrane) with
the hydrophobic parts directed inwards. A large number of functional units are embedded
in the cell membrane, many of which are responsible for transport of different molecules
and substances into and out of the cell. Water transporters, which are one subject of this
thesis work, belong to a very important family of membrane channels, since water needs
to be loaded, unloaded and transported through various types of membranes everywhere
in an aqueous environment such as the body. (The human body consists to around 70% of



water.) Some examples where water needs to be transported in the body include the kid-
neys, tear channels and saliva production. There are also many other molecules present in
the cell membrane exhibiting functions such as sensing the environment around the cell,
linkage to adjacent cells and catalyzing membrane-associated reactions [1]. Furthermore,
when alien entities such as viruses infect a cell the initial interaction occurs at the cell
membrane.

This brief overview is enough to explain the huge efforts currently undertaken to
study and understand the behaviour of soft matter such as for example cells and biomem-
branes. Especially in the field of drug development and drug discovery one is highly
interested in sensitive measurement methods that enable detection of the interaction be-
tween biological entities such as membranes, membrane proteins and drug candidates. A
large number of different approaches have been developed to detect this kind of events,
which typically occur on a molecular level. This, in turn, puts high demands on the sen-
sitivity of the measurement system. Very roughly, these measurement methods can be
divided into two main categories: The first and historically most common way is to have
the monitored sample material in a bulk suspension. However, such methods generally
require relatively large amounts of material in order to yield a detectable contrast in the
measurement, which is to be considered a disadvantage in many cases. The other main
category is the wide range of surface-based bioanalytical instruments. In a simplified way
one can say that the dimension is here reduced from three to two dimensions, thus offer-
ing a possibility to reduce the material consumption dramatically. The basic idea is that
one (or several layers) of the sample material of interest are bound to (or interact with)
a sensor surface, the physical properties of which being sensitive to the properties of the
sample material. A large number of high precision surface based measurement methods
have been developed, such as for example quartz crystal microbalance (QCM), surface
plasmon resonance (SPR), atomic force microscopy (AFM), fluorescence microscopy
and electrical impedance spectroscopy etc. Some of these even allow single molecule
sensitivity, such as for example total internal reflection fluorescence microscopy (TIRF)
and AFM.

The possibility to probe reactions and material properties using utterly low mate-
rial consumption is also an important driving force behind the pursuit for miniaturizing
the sensor elements. However, to fully utilize these potential benefits it is equally im-
portant to integrate (miniaturized) surface-based methods with proper liquid handling. A
general approach towards controlled handling of liquids and soft matter on small scales is
microfluidics [2]. Microfluidic devices generally allow manipulation of sample volumes
on the order of some nanoliters and below, utilizing channels with heights and widths on
the order of a few up to some hundred micrometers. On such small dimensions, liquid
flows appear laminar, which means that no turbulence is present, allowing very precise
control of small scale sample handling. These properties allow for particle sorting, sample
mixing by diffusion and highly controlled switching of sample suspensions on short time
scales [3], which has been another theme of this thesis work. Microfluidic devices have
therefore become an increasingly important accessory to high precision surface-based
sensing methods and can favourably be combined with micro and nanoscaled sensing
elements.

The overall aim of this work has been to develop micron- and sub-micron sized
fluidic systems for advanced studies of soft matter materials. In the first part of the work,
focus was put on developing microfluidics and miniaturized measurement systems to
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integrate with quartz crystal microbalance with dissipation (QCM-D) monitoring. The
QCM-D technique is widely used in the field of soft matter [4], primarily due to fact that
it is capable of simultaneously probe mass uptake with a sensitivity down to < 0.5 ng/cm?
and energy losses in the system caused by internal and interfacial frictional forces. In
this way, structural information about thin films can be provided. This was demonstrated
in paper I, in which the viscoelastic behaviour of surface-adsorbed lipid vesicles was
probed across the liquid-gel phase transition. However, with respect to handling of small
sample volumes, the large dimension (diameter around 1 cm) of the sensor element and
its sensitivity to external perturbations present certain challenges. These challenges were
addressed in order to enable detection of interfacial phenomena in thin (typically a few
hundred nanometres thick) confined soft matter films (paper II) as well as to increase sen-
sor performance and decrease sample volumes for general biophysical applications using
the QCM-D technique (paper III). In the second part of this thesis work, the initial work
(paper I) on structural changes of lipid vesicles (also called liposomes) was extended to
the use of microfluidics to explore transport reactions across the lipid bilayer membrane
of surface-immobilized lipid vesicles. Besides sufficient sensitivity of the sensor system,
a prime challenge relates to the fact that these reactions typically occur on a millisecond
time scale, thus requiring systems for very rapid liquid exchange. With particular focus on
being able to probe transport of water facilitated by a class of membrane proteins called
aquaporins [5], two different setups, presented in paper IV and V, were developed. The
transport reactions were probed using fluorescence microscopy, capable of resolving in-
dividual fluorescently ladled lipid vesicles, and the motivation for the use of microfluidics
was to resolve transport events taking place on down to the 10 ms time scale.

Soft matter materials constitute a broad range of materials, including polymers,
gels, liquid crystals, biological tissue, cells etc, i.e. materials that have both the properties
of solids (elasticity) and liquids (viscosity). In the following sections, I will present and
briefly discuss different types soft matter materials, with particular focus on liquid crys-
tals and lipid bilayer membranes, their properties and how they may be affected by chang-
ing external physical parameters such as confinement and temperature. Thereafter I will
proceed into a section were the sensing methods and microfluidics used in this work are
treated in some detail. Finally the outcome and results will be presented and discussed.

So let us now go deeper into the details.
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SOFT MATTER

2.1 What 1s a soft matter material?

When looking around we distinguish different types of materials present in our environ-
ment. Some materials are solids, like metals and stones, other are liquids, like water, and
some materials are something in between; they are soft, like paint and glue before they
have dried, plastic bags, soap, ketchup, liquid crystals in a flat screen television, and not
the least the cells and tissue being the building blocks in our bodies, to mention a few
examples.

What is the main difference between these groups of materials? Our knowledge
tells us that solid materials deform slightly when exposed to an external force, a stress,
and as the stress is released, providing it is not too large, solid materials regain their origi-
nal shape. The material is said to be elastic, which is a characteristic property of a solid.
In contrast, when a liquid is being exposed to an external stress it is deformed irreversibly
— a flow is produced. Some liquids require a larger stress than others to induce the same
flow rate. The proportionality factor between external force and induced flow is called
viscosity. This is an inherent property of the liquid material. Thus, one can say that the
magnitude of the viscosity reflects a distinction between a solid and a liquid (the former
has essentially infinitely large viscosity).

Soft matter materials exhibit, to various degrees, both elastic and viscous behav-
ior, making them very attractive for a large number of applications. These materials are
said to be viscoelastic. For example, gelatin that is used when baking cakes can to a
certain extent regain its original shape when deformed, but when a large enough stress
is applied it will not brake but instead flow like a liquid. Toothpaste is another everyday
example that to some extent behaves like a solid material but still is able to flow like a
liquid when it is squeezed out from its tube.

In many industrial applications it is very important for the used soft matter materi-
als to have the right viscoelastic properties. One example is the behavior of paint. When
painting a wall using a brush it is important that the paint flows easily and can be spread
forming a homogenous layer over the painted surface. On the other hand, when it is left to
dry one does not want it to run down off the wall because of gravity. In other words, flow
must only be induced when a high enough shear stress is applied to the paint, otherwise it
is desirable that it acts more “solid-like”.

Another example includes the large number of polymers used when fabricating
the materials known as plastics. The viscous and elastic properties need to be very differ-
ent when the polymer is going to be used in a plastic bag compared to in the dashboard of
a car, for example. Thus it is desirable that one can characterize viscoelastic properties of



polymer chains already at a molecular level, which can be done with a numerous number
of methods. Some of them are described later in this chapter.

2.2 Thin films of soft matter

In a number of applications soft matter materials are present as thin films like in for ex-
ample flat computer screens as well as other displays and optoelectronic devices. There,
a thin layer of liquid crystals is sandwiched between two plates, the inner interfaces of
which may have certain physical and chemical properties (Fig. 1). Liquid crystals are a
family of anisotropic soft matter, which exhibit different physical properties depending
on the orientation of the molecules with respect to the contacting interface(s). Typical
building blocks for many liquid crystals include rod-like molecules. The latter can orient
in several different ways at an interface which gives rise to interesting and useful optical
properties [6, 7]. Thus the molecular orientation of this particular soft matter material,
i.e. liquid crystal, at interface(s) is very important for controlling the physical proper-
ties of the soft matter thin film systems. In general a liquid crystal display (LCD) screen
comprises a matrix of small “sandwiches”, each one corresponding to one pixel, and one
common trend in industry is to manage to make thinner screens with larger area.

Figure 1. A Liquid Crystal Display (LCD) screen is an everyday example where soft matter
at interfaces plays an important role. The screen is showing a conoscopic image of a liquid
crystal sample.

Another example of a thin film made of soft matter can be found in biology. In the field
of biophysics there is an extensive interest in using cell membranes on surfaces as model



systems to mimic processes that occur at the interface of cell [1, 7], for example when
developing new drugs, functional biosensor coatings or surfaces for cell cultures. Cell
membranes are in principle a thin layer (or more exactly a molecular double layer) of
soft matter, playing an important role in transport and signaling processes, including for
example transport of proteins, ions, water etc, in and out of the cell. In addition, interac-
tions between cells and surfaces play an important role in various biotechnology applica-
tions, including interactions between human cells and surfaces of implant materials. For
example integration or rejection of dental implants or hip prosthesis is determined by the
nature of such interactions [8]. Also, surface structure and chemistry are very important
factors when growing different types of cells, like stem cells, to be used in medical ap-
plications [9].

Connected to the biomaterial and surface interactions are several “daily life” ex-
amples, such as the relatively strong binding between coagulated proteins and the iron
surface of a frying pan. In order to minimize these, in this case unwanted, interactions,
frying pans are covered with a thin layer of inert poly(tetrafluoroethylene) (PTFE) (also
known as Teflon). It is also commonly known that dry, burnt food residues (including
proteins, fibers etc) in metal pans and pots are removed more easily when introducing
water to the pan or pot. Since metals exhibit hydrophilic properties, meaning that there
are attractive forces between water molecules and the metal, the surface will couple to
the water molecules rather than the dry food residues, facilitating removal of the latter.
This connects to another interesting surface related issue: wetting and de-wetting effects,
which refer to the ability of a liquid to spread over a surface [7].

Polymers in the form of thin films are also used in for example solar cells as well
as in polymer-based light emitting diodes (LED:s), where films being only few tenths of
a nanometer thick are used [10-14]. Other examples involving very thin polymer films
(down to a few nanometres) include fabrication processes of for example micro-/nano
devices such as microelectromechanical systems (MEMS), sensors and microfluidic sys-
tems, to mention just a few [15, 16].

A final example worth noting in which thin films of soft matter are of interest is the
field of paper and pulp industry, where one is working with thin films of starch and cellu-
lose. In the development process of for example paper materials, issues such as swelling,
water uptake and water resistance are important to address (see for example [17]). Since
paper is used in a large number of applications with various requirements on quality and
properties, design on the molecular level is sometimes required. Thus, in the research and
development process model systems are often supported on surfaces, in order to study the
characteristics of single polymeric layers [18-20].

Generally one can distinguish two conditions for thin films of soft matter materi-
als. The first case is when the thin film rests on a substrate but the other interface is left
free (soft matter-air interface), like for the thin polymer films in solar panels or the cel-
lulose films in paper industry. In the second case the thin film is confined between two
solid, or soft matter interfaces, alternatively one solid and one soft (or liquid) interface. A
typical example is LCD screens, where confined liquid-crystal films of about a few tenths
of micrometers are used. Another example is supported lipid vesicles and planar lipid
bilayers as used in a bioanalytical sensing context. On top of this a layer of molecules
(proteins, antibodies, antigens, etc) might bind, thus forming a sandwich like structure.
In one part of this thesis work, I was interested in probing the viscoelastic properties of
immobilized lipid vesicles when the temperature is varied across the phase transition



temperature of the lipid membrane (paper I).

As the films become thin, the contribution to their viscoelastic behaviour from the
interfacial regions starts to be significant. This stems for the fact that since the number of
molecules in the interfacial region then becomes a significant fraction of the total number
of molecules in the system. Near surfaces the molecules are affected by surface potentials
and should therefore exhibit different characteristics compared to those in the bulk of the
soft film.

In this work, we were also interested in developing an experimental tool that can
be used for studying viscoelastic properties of thin films of soft matter materials with two
well-defined interfaces. Particularly in the limit when one of the thin film dimensions can
be reduced down to the nanometre range. In this case, the interfacial properties of the soft
material may dominate. The performance of the newly designed experimental system
is demonstrated with a number of examples including isotropic liquids as well as more
complicated, anisotropic soft matter systems (paper II).

2.3 Viscoelasticity

As mentioned above a typical solid material is characterized by being elastic, a liquid is
viscous and a soft matter material exhibits both properties; it is viscoelastic. For a fictive
ideal elastic material there is a linear relation between the applied shear stress, ¢ (in Pa),
and the resulting shear strain, € (tangents of the shear angle, dimensionless), according to
the following relation:

e=0/G (2.1)

Here, G is a material characteristic constant known as the elastic shear modulus (given
in Pa as well). The higher the shear modulus, the more rigid is the material. For example
diamond typically has G = 478 GPa, while for aluminium G = 25.5 GPa, meaning that a
much larger force is required to deform a diamond than a piece of aluminium having the
same shape and size. Viscoelastic materials generally exhibit a relatively low shear modu-
lus compared to solids since they are much more easily deformed. Rubber-like materials
can for example have values down to less than 1 MPa.

Similarly, for an ideal viscous material the generated flow is proportional to the
applied shear stress, ¢, according to:

. 2.2

G=n-— 2.2)
In this relation dv/dz is the flow velocity gradient in the viscous material (in s-1) and 1
is the viscosity (given in Pa-s). Typical values for viscosity are 1 mPa's for water, 16.1
mPa-s for ethylene glycol, 20-30 mPa-s for some liquid crystals and 2-10 Pa-s for honey.
In principle, two external factors determine whether a viscoelastic material will
behave elastically or as a viscous one (for a given elastic modulus and viscosity); the
magnitude of the applied shear stress (like in the paint example given earlier) and the time
the material is being exposed to stress. Generally, the material first acts like elastic, but
after a certain time, the relaxation time of that material, T, it will start to behave viscously.
Try for example to push a piece of gel with a low constant pressure; for a while it will



deform more and more and eventually it collapses and starts to flow.

However, as we all know no “ideal” material exists and the above-mentioned rela-
tions are therefore valid in real life with some modifications, but they give a good rough
understanding of the behaviour of viscoelastic materials.

2.4 How to probe soft matter

There is a wide range of methods used to study and characterize soft matter in bulk as
well as in thin films on surfaces, be they free or confined. For measurements of viscoe-
lastic properties in bulk materials methods such as rotational rheometry, plastometers,
capillary viscometry and the method of the falling sphere are key methods [21]. Other
methods to probe viscoelastic materials include ultrasonic attenuation, where ultrasonic
pulses are sent through a soft matter sample. The scattered and reflected acoustic waves
are detected and from their behavior one can draw conclusions regarding material proper-
ties such as viscoelasticity. This and other similar technique have been used extensively
in for example studies of soft matter systems such as liquid crystals [22, 23]. However,
these methods are typically not well suited in studies of thin films.

Methods used to study thin films are fewer, though, and include label-based and
label-free analysis techniques. Label-based methods include for example fluorescence/
luminescence detection, where the object being studied is labeled with a fluorescent
molecule for optical detection using for example a microscope [24, 25]. By probing the
fluorescent/luminescent label, the position, movement, size, binding and unbinding of
the detected entities can be followed visually. However, a large fraction of the detection
methods used to study thin films of soft matter are label free, including (electro)-acous-
tical tools, such as quartz crystal microbalance (QCM) [26, 27], optical methods such
as surface plasmon resonance (SPR) [25, 28], ellipsometry [29], reflectometry [30, 31],
optical waveguide techniques [32] and other techniques including for example sensing
methods based on impedance measurements [33, 34]. In most cases these are single inter-
face methods, where chemical and physical processes of thin films at only one substrate
interface are probed, while the other interface is “free”, i.e. exposed either to vacuum, air
or a purely viscous liquid. In biological application, one is often operating in a so-called
buffer liquid, which is meant to mimic the environment in which the probed sample ma-
terial is active in its “natural” state. For example, studies involving proteins, cells and
cell membranes are often performed in a buffer suspension having the same pH and salt
concentration as human blood. Since the behavior of a soft matter in some cases depends
strongly on the properties of the surrounding buffer, means to change the experimental
environment is a very important part of the experimental design. One example of this
is analyzed in paper I, in which the viscoelastic behavior of surface immobilized lipid
vesicles across the liquid-gel phase transition is studied as a function of salt content and
pH of the surrounding buffer suspension. Besides changing the buffer, customization of
the active sensor surface is another important parameter to consider in order provide
proper conditions. However, as also addressed in this thesis work, some applications and
experimental conditions require or benefit from alternative approaches in order to obtain
full control of the analyzed sample. For example, the molecular orientation and physical
properties of anisotropic soft matter (such as liquid crystals) strongly depend on the in-
terfaces. In the case of a thin film it might therefore be beneficial to be able to control not



only the solid support but also the upper interface by confinement.

One of the most common sensing methods in the large application field of soft
matter, after microscopy, is surface plasmon resonance (SPR). This technique has been
used widely for detection of adsorption/desorption processes including proteins and other
biomolecules [35, 36]. Physically, it is based on the principle that surface plasmons (col-
lective oscillations of the conduction electrons on the sensor surface) are excited by an
incoming light beam. The characteristics of the plasmon waves depend on the boundary
conditions of the surface of the substrate. As a consequence, soft matter with a refractive
index different from the surrounding that is being attached to the surface will change the
requirements for surface plasmon excitation. This is a very accurate method for detec-
tion of refractive index (or mass) changes on a surface. However, from SPR measure-
ments conclusions regarding viscoelastic properties can primarily be obtained indirectly
by studying structural changes and / or molecular orientations of the sample material.

With the quartz crystal microbalance (QCM) one can detect, by probing changes
in its resonant frequency at around 5 to 100 MHz, a mass attached onto an oscillating
piezoelectric quartz crystal sensor [37]. QCM with dissipation monitoring (QCM-D) is
a more sophisticated version of the conventional QCM technique, which, in addition to
the pure mass uptake is able to detect viscoelastic properties of the adsorbed films. This
makes it very well suited to study soft matter and enables detection of structural changes
of materials attached to the sensor surface [26]. Generally QCM-D detects the wet mass,
which means that the sample mass includes water hydrodynamically coupled to the sam-
ple molecules (a more detailed description of the function is found in Chapter 5). Optical
techniques, such as SPR, on the other hand, primarily detect the molecular mass, which
means that the coupled water is not detected [4, 38]. A combination of SPR and QCM-D
can therefore be used to characterize the amount of bound water, which is highly relevant
for studies of hybridization and cross-linking of DNA, polymers and proteins [4, 39].

Among surface characterization techniques scanning probe microscopy (SPM)
techniques, e.g. atomic force microscopy (AFM), deserves to be mentioned. In principle
AFM is based on the interaction forces between a sample surface and a very sharp tip
attached on a cantilever. The tip is scanned over the sample surface to be probed using
piezoelectric motors that enable the device to move a few Angstrom in every step. By let-
ting the probe follow the surface topography in this way, an image with very high resolu-
tion can be obtained by laser based detection of the cantilever deflection. This technique
has to some extent also been used to detect viscoelastic properties of soft matter materials.
In principle, by pressing the tip gently to the sample followed by retraction and analyzing
the yielded force curve, viscosity and elasticity of any surface adsorbed material can be
extracted. An example is given in Radmacher et al [40] where proteins adsorbed on mica
where studied. Another approach is to use the cantilever as an oscillator and probe the
softness of cantilever-attached material as shown by for example Lubarsky et al. [41] in
their work on hydration and dehydration of protein films.

It is also instructive to be able image the surface of a (thin) soft matter sample us-
ing high-resolution methods such as for example electron microscopy (EM). Using this
technique, the sample surface is bombarded with electrons and an image of the surface
can be created by monitoring scattered, transmitted or secondary electrons [42]. The most
common modes are called transmission electron microscopy (TEM), where the electrons
transmitted through the sample are collected and monitored, reflection electron micros-
copy (REM) that records electrons reflected from the sample and scanning electron mi-
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croscopy (SEM) in which the secondary scattered electrons, originating from the sample
atoms, are detected [42]. The latter has proven very well suited for studies of surfaces of
bulk samples, while for example TEM requires very thin sample materials.

In the first part of this work we were mainly interested in QCM-D as the sensing
platform, but the concept presented can of course be used in combination with other sens-
ing methods, as well as in contexts were the sensing techniques include labeling of sam-
ple material. In the second part, fluorescence microscopy was the main method used to
study soft matter, but then focused on transport across lipid membranes, rather than their
actual viscoelastic properties. A deeper description of QCM-D, fluorescence microscopy
and their application areas is presented in chapter 5.
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3

LIQUID CRYSTALS

An isotropic material is physically uniform in all directions; in other words its looks and
responds in the same way regardless of direction/orientation. This is not the case for ani-
sotropic materials. Examples of isotropic materials include water, alcohols, gases, liquid
metals, etc. A common feature for isotropic liquids is that they consist of relatively small
molecules (or even atoms), while anisotropic liquids contain large molecules with a non-
spherical shape such as rod like or disc like. Typical examples of anisotropic liquids are
liquid crystals, which will be dealt with in the following sections.

3.1 Theoretical background

Liquid crystals are highly anisotropic materials with extremely interesting optical and
viscoelastic properties. Probably the most well-known type of liquid crystals are so called
thermotropic ones which exhibit a first order phase transition, upon temperature change,
from an ordered phase into a disordered one. These materials are used in liquid-crys-
tal displays. They often consist of rod shaped molecules, (calimatic liquid crystals), or
disc like molecules, (discotic liquid crystals). However, the most abundant type of liquid
crystals are the lyotropic ones, which means that they form liquid crystalline structure
upon addition of a solvent such as water. Amphiphiles are typically among this type of
molecules and cellular lipid membranes are hence very good examples of lyotropic liquid
crystalline structures [6]. These will be described in more detail in a later section.

In many applications liquid crystals are used in thin confined spaces [6, 7] and
since they are highly anisotropic materials they require certain boundary conditions, at
both interfaces, in order to gain full control of the molecular orientation. To optimize the
applications of these types of materials there is a need to characterize them in terms of
molecular order throughout the system including the interfacial region. In this work, the
focus has been put on the calimatic liquid crystal 4-n-pentyl-4’cyanobiphenyl (5CB).
5CB exhibits a first order phase transition from nematic to isotropic phase at around 34°C
[43] (Fig. 2), which is within the range of operation of our QCM-D setup used for the
liquid crystal studies. The viscosity of 5CB is in the range 2-1072 (for isotropic phase) to
31072 Pa-s (for nematic phase) and above, depending on external factors like temperature
and applied electrical fields etc. The density around room temperature is around 1025
kg/m?.
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Figure 2. Nematic liquid crystals, such as SCB, undergo a first order transition to isotropic
phase at a specific temperature. This results in changes in the viscoelastic properties. The
molecular length of 5CB is 20 A.

Calimatic liquid crystals consist of rod-shaped molecules containing several functional
groups as building blocks. For 5CB the building blocks have a typical length of ca 2.0 nm.
In LCD applications one takes advantage of the ability of the liquid crystal molecules to
align in an electromagnetic field. This, in turn, enables control of the transmission of light
through a liquid crystal pixel by switching the orientation of the confined molecules. The
alignment of the liquid crystal in external electric field is called the Fredericks transition
[7]. By choosing different combinations of building blocks (i.e. molecules), one can influ-
ence properties such as phase transition temperature, critical field strength for the Freder-
icks transition and the nature of the molecular interaction, to suit specific applications.

Calimatic liquid crystals are able to form three different phases: smectic, nematic
and isotropic, which differ from each other in the ways the molecules are ordered. The
transitions between the different phases are typically of first order for most liquid crystal
systems. A first order phase transition is in this context characterized by a latent heat dur-
ing the transition, which means that the temperature remains constant until the entire sam-
ple has entered the new phase. Melting of ice and boiling of water are typical everyday
examples of first order phase transitions. In the smectic phase, which is the most ordered
phase, all molecules form a well-defined layer structure and are pointing in the same di-
rection. The smectic phase is generally divided into two sub-phases: Smectic A, where
the director of the system (which is the average molecular orientation) is pointing in a
direction perpendicular to the planes in which the molecules are ordered. In the other one,
smectic C, the angle between the ordering planes and the director is anything else but 90°.
In contrast, in the nematic phase the well-defined layer structure disappears but the mol-
ecules are still oriented in the same direction at an average. Normally this phase occurs at
higher temperatures than the smectic one, since it is less ordered. However, some types
of liquid crystals (like SCB studied here) are unable to form the smectic phase, which
means that the nematic phase becomes the most ordered one for such systems. Finally in
the isotropic phase, which is the least ordered, the molecules are randomly oriented.

The microscopic order parameter, S, is a very useful way to describe the molecu-
lar ordering in a liquid crystal system [6] and is defined as:

1 N(3 1
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where 0, is the angle between each single molecule (N molecules) and the director (av-
erage direction) of the system. For a smectic system S is typically 1 and for a totally
isotropic system S is 0. Thus the order parameter decreases as the thermal motions in the
system increases and in case of a first order phase transition a stepwise change of S takes
place at the critical temperature.

In the specific example addressed in this work, we were interested in studying
the changes of the viscoelastic properties of confined films of 5CB in the vicinity of the
nematic-isotropic phase transition, using the shear oscillation induced by a QCM-D sen-
sor. Since liquid crystals are anisotropic systems, the viscoelastic behavior depends on the
orientation of the molecules in relation to the induced shear wave (in contrast to an iso-
tropic liquid). Ericksen, Leslie and Parodi [23, 44, 45] have worked out a general model
based on a classical macroscopic continuum approach that has proven valid for systems
operated in the ultrasonic range. This range is of interest in our case, since the QCM-D
sensor is operating with frequencies of several MHz. In their description the response of
an incompressible nematic liquid crystal system when exposed to an external stress can
be described by its dissipative stress tensor. The stress tensor contains three curvature
elasticity parameters and the six so called Leslie coefficients o, i =1, 2, 3, 4, 5, 6. These
coefficients characterize the viscous behavior under deformation, i.e. how the system is
deformed when applied to a stress in a given direction, and they are generally temperature
dependent.

Basically, three different effective viscosities for a nematic liquid crystal can be
distinguished. Each of them corresponding to different molecular orientation relative to
the shear wave induced to the liquid crystal system. In case of a shear wave that propa-
gates parallel to the director that in turn is oriented normally to the surface supporting the
shear (homeotropic orientation) the effective viscosity is:

o, +05 -0, O, )P
N 2 2 ( vlj G-2)

The second case describes the effective viscosity when the director is oriented parallel to
the propagation direction of the shear wave but in a planar way relative to the supporting
surface (planar parallel orientation):

o; +0, +0 Oy Y,
=—= & 60 __Sl14+=
n, 7 > ( Y1J (3.3)

Finally, the effective viscosity for a system where the director is oriented perpendicular to
the shear wave propagation direction but planar to the supporting surface (planar perpen-
dicular orientation) is described by:

_ Oy

: 34
M= (3.4)
Five of these are independent as follows from the Parodi relations [44, 46]:
Vi =03 —0, (3.5)
Y, =0, +0; =0l —0Oig (3.6)
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According to this theory all three effective viscosity coefficients of a liquid crystal system
decrease with increased temperature (see [43, 47] for further details). This behaviour is a
consequence of the general properties of the Leslie coefficients a,, and a that are always
positive and decrease with increased temperature, while a,, a; and o, are negative and
increase until the phase transition temperature is reached.

In the nematic phase the viscosity values will be clearly different for different mo-
lecular orientation according to equations (3.2) to (3.4), while in the isotropic phase we
expect that 7, =, = 57, [43]. This means that the magnitude and sign of changes in f'and
D obtained from QCM-D measurements might vary for different liquid crystal samples,
for example depending on whether they are confined between two solid interfaces or if
oriented parallel / perpendicular to an induced shear wave, during the nematic-isotropic
phase transition.

3.2 Controlling the molecular orientation
at surfaces

When working with a free film of liquid crystals the molecules typically exhibit a strong
homeotropic orientation at the interface towards air [48, 49]. On the other hand, at the
interface towards a solid sample it is possible to introduce a number of well defined
molecular orientations, ranging from pure homeotropic, via tilted, to pure planar orienta-
tion [50, 51]. Hence by adding a lid on top of the sample, the orientation may be totally
controlled at both interfaces (Fig. 3). In principle one could introduce different molecular
orientations at the 5SCB-lid interface and the sensor/substrate-5CB interface respectively,
making it possible to induce a twist through the sample. This is in turn expected to give
rise to very different viscoelastic characteristics compared to the cases where the mol-
ecules are oriented uniformly through the entire sample. For example, consider a thin film
with the molecules at the sensor oriented parallel to the shear and the molecules at the lid
oriented perpendicular to the shear. Such a system may exhibit a viscoelastic behaviour
characterized by a phase transition that causes changes in viscoelastic properties that lies
in between the pure parallel and the pure perpendicular cases.

In this work, this configuration was obtained by thermal evaporation of SiO, at
an angle of 60 degrees relative to the normal of the sample surface (Fig. 3 a), which is a
well established method to induce planar orientation of calimatic liquid crystals [50, 51].
The result of this procedure is a grooved topography on the treated surface (Fig. 3 a) that
will force the liquid crystal molecules to orient themselves in a well defined way, follow-
ing the grooves on the surface (Fig. 3 b). In this way the molecules minimize the elastic
energy of the system [51]. Due to intermolecular interactions, the molecular orientation
propagates through the liquid crystal film both from the lid and from the substrate respec-
tively, giving rise to a well ordered planar structure (Fig. 3 c).

Homeotropic orientation, on the other hand, is often induced by using totally dif-
ferent approaches. For example the polyimide Nissan 1211, often used in liquid crystal
applications [52] diluted in an N-Methyl-2-pyrrolidone (NMP) suspension could be spin-
coated on the substrate and the lid. This is followed by baking at elevated temperature,
and finally resulting in a thin uniform layer being formed on the surfaces. SCB molecules
are in this case known to exhibit anchoring in homeotropic direction, thus providing a
well-ordered structure.
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Figure 3. Surface modification with SiO2 and control of the molecular orientation. (a) SiO,
is deposited through evaporation at an angle of 60° from the normal direction of the sample
giving rise to a wave like surface structure. (b) Usage of the modified surface in a calimatic
liquid crystal system results in a well defined direction of the surface anchoring. (c) Using
the same kind of surface as substrate and lid induce, through intermolecular interactions, the
entire confined film of liquid crystals to orient in the same direction.

The characterization of the ordering in the samples of liquid crystal prepared as described
above can be carried out by using an optical microscope with crossed linear polarisation
filters in a reflection mode [53]. The principle is the following. First, the incoming light
beam is linearly polarised through the first filter, the polariser, and reflected from the
liquid crystal sample. The orientation of the optical axis of the liquid crystals determines
the direction of polarization for the reflected light. Finally the reflected light has to pass
the last polarization filter, the analyser, which is rotated 90° relative to the polariser. A
sample in which all molecules are oriented uniformly planar will at certain angles direct
the light beam all the way through the analyser. A homeotropic sample on the other hand
has the main optical axis perpendicular to both filters, which prevents light transmission
through the analyser. In this manner, it is possible to verify that the sample surface treat-
ment worked as expected.

Secondly, as a complementary technique to determine the orientation of sample
molecules, light conoscopy is often used [54]. In this method crossed polarizers are used
for directing and analyzing the incoming respective outgoing light beams. But instead of
using parallel light a conic light beam is sent through the setup. As a result a cross-like
interference pattern is observed on the other side of the analyzer, whose position depends
on the direction of the main optical axis of the analyzed liquid crystal sample. A pure
homeotropic sample will exhibit a centrally positioned cross (Fig. 4 left), while in the
case of tilted molecules with respect to the substrate the cross will move towards the
edges of the conoscopic picture. Finally, for a totally uniform sample having the planar
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molecular orientation, the cross is “lying down” resulting in a black line pointing in the
direction of the optical axis (Fig. 4 right) [54].

Both methods were used to characterize the liquid crystal used in this work (paper
IT). However, since conoscopy preferably is performed in transmission mode and only
works for samples thicker than the wave length of the light used (typically visible light),
conceptual samples of an appropriate thickness were made from two glass lids to confirm
the function of the surface treatments used for the QCM-D samples.

Figure 4. Conoscopy and polarized microscopy were used to confirm that the concept worked.
A cross indicates homeotropic orientation and a line indicates planar orientation in the direc-
tion of the line.
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4

LIPID MEMBRANES -
THE SHELLS OF CELLS

4.1 The cell membrane

All living organisms consist of soft matter. Of these, the cell membrane is definitely one
of the most fascinating ones. It separates the inner part of the cell, the cytosol, from the
external, extracellular environment. Besides acting as a shell for the inner parts of the
cell, the membrane has many other important functions when it comes to cellular interac-
tions with the external environment. For example, proteins integrated in the membrane
control transport processes of nutrients, water, ions, waste, etc, into and out of the cell.
In addition, through receptors and other mechanisms, nerve signals and other kinds of
information are transmitted back and forth through cell membranes (especially in nerve
cells). Natural membranes contain a great number, around a hundred, of different lipids
[55, 56], the composition of which governs the physical properties such as charge and
phase transition temperature of the membrane. The different lipids have their specific
place and function and, for example, the functions of certain membrane proteins require
a corresponding local environment of specific lipids [1, 55, 56]. In a membrane roughly
50 % of the molecules are lipids and the other 50 % are different types of proteins, such
as receptors [1].

Lipids molecules are said to be amphiphilic, which means that they have one
hydrophilic and one hydrophobic part: a hydrophilic, polar or negatively charged head
group and a hydrophobic, non-polar hydrocarbon (usually fatty acid) tail as illustrated in
Fig. 5 (a) [57]. As mentioned in the introduction, cell membranes consist in principle of
a dual layer sheet of lipid molecules with the hydrophilic head groups directed outwards,
due to the existence of water in and around cells, while the hydrophobic tails point in-
wards towards each other, forming a hydrophobic core. In fact, the lipid membrane can be
considered a lyotropic liquid crystal, since it spontaneously forms an anisotropic ordered
structure when in an aqueous environment, as mentioned earlier in this chapter.

The hydrocarbon tails can have different lengths and be saturated (only single
bonds between the carbon atoms in the chain) or unsaturated (one or several double bonds
in the chain). This together with the properties of the head group influence the structure
adopted by the membrane as well as the packing ability and hence the fluidity in the cell
membrane [1]. For example lipid molecules with only one hydrocarbon tail tend to form
spheres, so called micelles, where all the tails point inwards towards each other. These
are generally not present in the membrane but rather in other parts of the cell. Lipids with
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two hydrocarbon tails, on the other hand, are packed such as they form a lipid bilayer
sheet, which is the way cell membranes are arranged. In order to minimize the surface
energy, bilayer membranes made of lipids with two tails tend to spontaneously form a
hollow spherical structure in which only hydrophilic head groups are in contact with the
surrounding water — a so called lipid vesicle, or liposome [57] (Fig. 5 b). Importantly,
thanks to the fact that the lipid membrane is a two dimensional fluid at temperature above
its specific first order liquid-gel phase transition temperature, defects or openings in a
lipid bilayer structure are energetically unfavourable and tend therefore to be repaired by
replenishment of diffusing molecules.

Phospholipids are the most abundant type of lipids in native cell membranes and
have in common a negatively charged phosphate group in the hydrophilic head part.
In combination with other functional groups phospholipids could either be negatively
charged or zwitterionic, which means that they have both positive and negative charges
that cancel each other. The second most common lipid is cholesterol. Cholesterol has a
stiffening effect on the membrane, reduces both its molecular mobility and the permeabil-
ity to water and other solutes and also influence the function of membrane incorporated
proteins [55, 58]. Embedded in or associated with the cell membrane are also proteins,
generally referred to as membrane proteins. These can either be totally integrated, tra-
versing through the bilayer (integral proteins) or be attached at the head groups at the
periphery only (peripheral proteins). Because of the importance of cell membranes and
their constituted proteins in biological processes around 70% of all pharmaceutical com-
pounds used today are targeted towards them [59]. Both passive and membrane-protein
facilitated transport across lipid membranes, which is specifically addressed in papers [V
and V, are discussed in further detail below.
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Figure 5. (a) POPC lipids consist of a polar headgroup with choline, phosphate and glycerol.
Two hydrophobic fatty acid tails form the other part of the lipid. (b) A cell membrane (here
illustrated as a vesicle in cross section) is built up as a dual layer structure of lipid mol-
ecules. The lipids comprise a hydrophilic head group pointing outwards and a hydrophobic
tail pointing inwards the membrane from two directions.
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4.2 Mimics of the cell membrane

There are many different approaches to study lipid membranes; they can be studied in
live cells where they adopt their complex native state, with a great mix of dynamically
changing lipid molecules and membrane proteins. To gain fundamental insights regarding
how different individual processes contribute to the complex functions of the cell mem-
brane, it is convenient to study simplified model systems. Artificial cell membranes are
commonly studied in the form of lipid vesicles, or liposomes, either suspended in a bulk
suspension or attached in some way to a solid surface. The latter typically connected to
a surface sensitive technique, such as a QCM-D crystal, an SPR chip or a glass substrate
compatible with fluorescence microscopy. If the sensor surface is covered with a hy-
drophilic material, like for example silicon oxide, vesicles can rupture to form a uniform
planar supported lipid bilayer when critical vesicle coverage is reached [60-62]. This is
a very nice approach to use when studying cell membrane mimics with surface-based
sensing methods like QCM-D (or SPR), which has become a widely used tool to study
applications related to cell membranes [7]. Alternatively, lipid vesicles can be directly
attached or anchored on the surface via functional groups such as biotin-NeutrAvidin
[63, 64] or DNA strands [65]. Tethered lipid vesicles have emerged as a very attractive
alternative to planar supported lipid bilayer, offering a means to study, for example, the
influence of membrane curvature on protein binding [66, 67], transport of both ions [68]
and uncharged solutes [69]. For additional examples, see the review by Christensen et al
in reference [64].

The motivation behind the use of microfluidics in combination with supported
cell-membrane mimics is manifold. First, the use of a miniaturized reaction chamber
will reduce the sample consumption. This is important since many biological materials
such as proteins are very expensive to purify (or synthesize) and therefore it is desirable
to keep sample waste at a minimum. Second, microfluidics offer more rapid liquid ex-
change, due to the lower inertia in a small sample volume compared to a large. Laminar
flows also allow more precise modulation and steering of the sample stream and a very
small change in position gives a relatively large effect on a small-scale system. Due to the
small dimensions and laminar characteristics the only natural mixing that occurs is due
to diffusion. This can be used for sample mixing and controlled by modulating flow rates
and stream widths as will be described in a later section. Third, microfluidics also offer
faster biomolecular immobilization or bilayer formation compared to using a reaction
chamber of larger format. For example, under certain conditions, the vesicle adsorption
rate is limited by the diffusion through the buffer liquid down to the sensor surface [70].
By minimizing the chamber volume this rate could potentially be increased resulting in
that the critical coverage is being reached faster at SLB formation in small chamber than
for a large using the same sample flow rate. By in this way using (increasing) flow and
using smaller volumes diffusion limitations can be overcome thus allowing resolution of
the actual reaction kinetics. The reason is that sample material reaches the active (sensor)
surface faster than when it diffuses a longer distance in a stagnant suspension. More of
these aspects are discussed in paper III.
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4.3 Phase transitions in lipid membranes

In similarity to thermotropic liquid crystal structures lipid bilayers also undergo phase
transitions as a function of temperature. In the high temperature phase the lipid molecules
are freely diffusing around in the membrane together with the membrane proteins (which
however diffuse more slowly [6]). This is considered the natural state of a lipid mem-
brane and all living cells have their membrane in this phase, although small-scale patches
adopting other phases also exist [71]. The diffusivity of lipids and proteins in the liquid
state (which can be compared to the isotropic phase of a calimatic liquid crystal) is essen-
tial for the function of the membrane and the entire cell, its membrane proteins, enzymes,
self reparation, etcetera. As the temperature decreases the membrane eventually undergo
a transition to the so called gel phase (to be compared to the smectic or nematic phase in
the calimatic liquid crystal case). Then the mobility of the lipids is drastically decreased
and they tend to order in a hexagonal pattern with the hydrophobic tail groups straight-
ened out [6] (Fig. 6). In a living organism the gel-liquid phase transition temperature is
usually below the ambient temperature of the cells. For example membranes in warm
blooded animals like a mammal have a phase transition temperature higher than those in
cold blooded animals such as fish or snakes, since the former keep a constant (high) body
temperature. If an organism is cooled down below the transition temperature it generally
dies, because important functions such as transport processes and enzyme activities cease

[1].
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Figure 6. When going from the natural liquid phase to the low temperature gel phase, the lipid
molecules organize in a hexagonal pattern and the hydrophobic tails stiffen.

The phase transition temperature depends on the composition of the lipid molecules. In
general molecules with short hydrophobic hydrocarbon tail groups exhibit a lower phase
transition temperature. The reason is that the intermolecular interaction then is weaker
compared to lipids with longer tail groups. In addition the shape of the tail groups affects
the phase transition temperature. For example the presence of kinks, due to unsaturated
double bonds, makes the molecules harder to pack and form the hexagonal structure.
The result is a lower phase transition temperature [1]. The lipid bilayers made of such
lipids have a higher tendency to be in liquid state than lipids with only saturated bonds in
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the hydrocarbon tail (making them straighter, hence allowing closer packing) at a given
temperature. The phase and the viscosity of a lipid membrane also govern other physical
properties such as for example the permeability of the membrane to solutes, which is ad-
dressed in the next section.

4.4 Transport through lipid membranes

There are a vast number of substances, molecules and ions that need to be transported in
and out of a cell. Nutrition needs to enter the cell, waste needs to leave and signal sub-
stances need to pass both ways, to mention a few examples. As mentioned earlier there
are in general two different types of transport mechanisms through cell membranes; rela-
tively slow, passive diffusion through the membrane and faster transport events facilitated
by membrane proteins. The hydrophobic nature of the inner part of a lipid membrane
prevents hydrophilic entities such as charged molecules (ions) to pass through and slows
down the diffusion of polar molecules such as water. Basically, the more charged, the
harder to pass through a lipid membrane. Nonpolar molecules can, on the other hand, eas-
ily pass through. Examples include oxygen, nitrogen and carbon dioxide. The other fac-
tor governing the rate of the passive diffusion is the size of the molecules; the larger the
slower diffusion [1]. The physical property describing the rate by which a molecule can
pass through or permeate a membrane is called permeability and is generally measured in
cm/s. Typical values spans from ca 102 (water) and down to ca 10712 cm/s (sodium ions)
[1].

In order to facilitate the rate of transport of polar entities across the lipid bilayer
there exist different types of transporter proteins which are integrated into the native cell
membrane. In this way, ions and polar molecules can be translocated without coming in
contact with and being blocked by the hydrophobic interior of the membrane. There are
many different types of such proteins categorized according to their mode of action and
specificity to different types of molecules. Broadly speaking, they function according to
two main principles; they are either carrier proteins or channel proteins (Fig. 7) [1]. The
former first catches the molecule of interest which is subsequently “carried” through the
protein while it undergoes a conformational change that leads to release of the molecule
on the other side of the membrane. Channel proteins on the other hand function more
like a tunnel through which the specific molecules or ions can swiftly pass. This type of
transport protein mechanism is generally faster than that controlled by carrier proteins.
Further on, membrane proteins can work either passively or actively. Passive transport
is driven by diffusion of the solute from one side of the membrane at which the solute
concentration is higher to the other side where the concentration is lower. In cases when
the solute is charged (ion) passive transport can also be driven by an electrochemical
gradient across the membrane. Osmosis is an important cellular process in which water is
transferred across biological membranes by passive diffusion in response to a concentra-
tion gradient of solutes in the opposite direction to reduce the difference in concentration
of solutes on the two sides of the membrane. In the case of active transport, on the other
hand, the membrane protein requires input of energy in order to transport solutes or ions
against a concentration or electrochemical gradient. Some carrier proteins are active and
some are passive, while channel proteins exclusively work passively [1].
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Figure 7. (a) A principal sketch of a transmembrane transport protein, in this case an aq-
uaporin transporting water (size of water molecules exaggerated). (b) Cross-sections of chan-
nel protein and carrier protein. The former functions as a tunnel, while the latter carries the
solute through.

In this work, we have been particularly interested in a class of channel proteins, so called
aquaporins that facilitate water transport and increase the rate by which water can cross
cellular membranes compared to that of passive diffusion driven by osmosis (see above).
Everywhere in the body, water needs to be transported across membranes and for this
purpose there are a number of different aquaporins that exhibit slightly different proper-
ties such as mode of action and permeability [5, 72]. Some are responsible for tear trans-
portation, other for saliva excretion, other are present in the kidneys, in the lungs or in
the vicinity of the brain, to mention a few examples. Aquaporins are generally assembled
four by four; thus forming so called tetramers, which can transport up to over a billion
water molecules per second [72]. It is believed that dysfunction of aquaporins give rise
to a number of diseases, such as brain edema, and that there are possibilities to treat can-
cer, obesity, epilepsy and other widespread diseases by regulation of aquaporins [5, 73].
Therefore it is highly interesting from a medical point of view to be able to study this type
of proteins. In the case of cancer treatment, for example, one is interested in inhibiting
the function of the aquaporins in the cancer cell membranes, which could potentially help
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neutralizing their growth. In order to do this, so called inhibitors need to be discovered.
Other examples include the possibility to kill bacterial parasites, responsible for different
diseases such as malaria, by eliminate their aquaporins channels using inhibitors [74].

To facilitate the ongoing attempts to discover aquaporin inhibitors or compounds
with certain regulatory effects, there is a need for efficient screening methods. Potentially,
one would like to test different types of compounds on a statistically large enough set of
well defined aquaporins proteins. Ideally, it would be desirable to allow screening of sev-
eral different compounds on the very same set of aquaporins [74]. In papers [V and V, two
new means to probe water transport across the membrane of lipid vesicles with a mean
diameter of around 100-200 nm was explored. The small volume of such vesicles, being
on the order of an attolitre, contains around 10® water molecules. With a water transport
efficiency on the order of 10'° molecules per second per aquaporin tetramer, the entire
water volume is exchanged (induced by e.g. an osmotic shock) on the millisecond time
scale. This requires fast detection schemes and rapid liquid handling, which was in this
work approached using fluorescence imaging. It was designed to resolve single lipid vesi-
cles, and a microfluidic system, designed for rapid liquid exchange around the liposomes
(see chapter 6 for details).
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METHODS

5.1 QCM-D
5.1.1 Fundamental principles of QCM

The fundamental physical principle on which the Quartz Crystal Microbalance technique
is based is the piezoelectric properties of quartz. Piezoelectric materials deform when
exposed to an external electric field and generate an electric field when deformed. The
reason for this behaviour originates from the fact that piezoelectric materials, like quartz,
possess a crystalline structure in which subdomains having opposite electrostatic net
charges are formed. When an electromagnetic field is applied to the material they will
orient themselves in a reversible way, causing a strain in the crystal structure. By apply-
ing an alternating voltage to the material the strain amplitude will vary periodically with
the same frequency as the applied voltage. At a certain frequency, called the resonance
frequency, the oscillation exhibits a totally harmonic behaviour, with a maximum possi-
ble amplitude and very low energy loss. This frequency is typically of the order of a few
MHz for a quartz plate having a thickness of some hundred micrometers. In general, the
amplitude of the oscillation depends on the magnitude of the applied voltage and the so
called quality factor (Q factor) which is an inverse measure of the energy loss per oscil-
lation period, where low energy loss implies high Q factor. The oscillation amplitude of
the quartz crystal is typically in the range one to a few A (but can be larger under certain
conditions) [75], while the resonance frequency is determined by the thickness of the
material according to the following relation [37]:

l’l'Vq
21,

where f'is the resonant frequency, n is the overtone number (odd), v g is the propagation
speed of an acoustic wave in quartz (3340 m/s) and ¢ g is the thickness of the quartz plate.
Since the applied alternating potentials at the two interfaces of the quartz plate are always
180° out of phase (antiphase) relative each other, the shear at the interfaces will be out of
phase as well [76]. This means that at the fundamental resonant frequency, the acoustic
shear in the material forms a standing wave where the thickness of the crystal is equal to
a half of the wavelength of the standing wave (Fig. 8). For the next harmonic the thick-
ness is equal to three half wavelengths, for the next after that five halves, etcetera. In other
words, the standing wave forms in such a way that an odd multiple of a half wavelength
for all harmonic overtones matches the thickness of the crystal. This reasoning explains
the factor 2 in the denominator of equation (5.1) as well as why n can only be an odd
number.

= 5.1)
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Figure 8. The mode displacement for an oscillating QCM crystal for n=1 and n=3, respec-
tively.

Since the oscillation period at the resonant frequency is very well defined one of the most
common application areas for quartz crystals is as reference time keeper in for example
watches, computers and a number of other electronics devices. Beside this area, sensing
applications (QCM) are important fields of use for quartz crystals, based on the following
important characteristics: When adding mass to a QCM, the resonant frequency decreases
linearly (assuming that the added mass is homogenously distributed over the sensor area
and that the sensor is much thicker than the added film thickness) (Fig. 9), as described

by Sauerbrey mn 1959 [3 7]3
—_— _L e .
Af = Am = —E_ Am (52)

1Py

where ¢ g and p g are the thickness and density of the quartz plate, respectively, f1is its reso-
nant frequency and Am is the mass change.

Figure 9. The principle of QCM sensing. Applying an alternating voltage induce an oscil-
lation of the quartz disc at its resonant frequency (top figure). Loading the sensor yields a
decrease in the resonant frequency (bottom figure).

This useful property makes the QCM a very sensitive mass detector allowing weighing of
very small amounts of sample material added to the surface. As a consequence it has been
widely used in for example vacuum systems as a tool for measuring thicknesses during
thin film deposition processes. The latter is easily extracted from (5.2) providing Af'is be-
ing monitored and the density of the deposited material is known.

In 1985 an important step towards a new application of the QCM took place when
Gordon and Kanazawa published a paper on a QCM operating in a liquid environment
[77, 78] . The novelty and importance of this work lies in the fact that for the first time
one managed to operate the system and measure the frequency changes upon loading the
QCM device in a highly viscous environment i.e. in the presence of large energy losses.
In this case a strong coupling of the oscillating system to the viscous medium makes the
simple Sauerbrey relation (partly) inoperative. This work stimulated the development
of the QCM devices in a new direction where in addition to the usual mass uptake one
should also follow the energy losses from the oscillation systems when coupling to the

28



viscous medium is significant. Ten years later, in 1995, the first paper on Quartz Crystal
Microbalance with Dissipation monitoring (QCM-D) in liquid and gaseous environments
was published by Rodahl et al [79]. This introduced simultaneous monitoring of resonant
frequency and the dissipation factor of the system (the latter is related to the inverse Q
factor introduced earlier). Measurements of the dissipation factor can account for energy
losses related to the viscoelastic properties of the adsorbed layer. Furthermore, the dis-
sipation factor measurements may also account for the energy losses from the QCM os-
cillator to the viscous environment, in the absence of an adsorbed layer. These pieces of
work are considered important milestones for the expansion of QCM into new and wider
application areas including the possibility to probe viscoelastic properties of materials.

5.1.2 Adding the D-factor

The dissipation (D) monitoring adds an extra dimension to regular QCM sensing. It ena-
bles, in combination with monitoring of the resonant frequency (f), extraction of further
physical properties of a soft matter or a liquid in contact with the active surface of the
sensor. Quantities such as viscosity, shear modulus, density and thickness are possible to
extract from combined Af'and AD data at several overtones, as will be described further
in next subsection [80]. The dissipation factor is typically on the order of 10 and is basi-
cally defined as the energy loss per oscillation as a fraction of the total energy stored in
the system as described by:

E

Do 5

stored

As explained earlier, D defined as above is the inverse of the Q-factor of the quartz
crystal [79]. In the QCM-D set up D is extracted from the decay of the so called ringing
curve, describing the oscillation amplitude of the quartz crystal, after switching off the
driving voltage (Figs. 10 a and b). If a thin rigid film, such as a metal film, is adsorbed
onto the crystal, only a very small fraction of energy is dissipated as a direct consequence
of the adlayer, during each oscillation period. This results in a slow decay of the oscil-
lation amplitude, which implies a low D factor (Fig. 10 c). If, on the other hand, a thick
viscous film, such as a hydrated polymer coupled to surrounding water, is attached to the
sensor surface, a much larger fraction of the total energy store in the system is dissipated
during each oscillation. The resulting faster amplitude decay means that the system has a
relatively high D factor (Fig. 10 d).

The QCM-D sensor is realized in an AT-cut circular quartz plate with a thickness
of about 300 um, with a fundamental (n =1) resonant frequency of 4.95 MHz (according
to Eq. 5.1), and a diameter of 14 mm. There are several ways to cut quartz relative to its
crystalline structure, depending on the desired physical properties, such as temperature
stability and shear direction in the resonant oscillation. The AT-cut crystals are proven
particularly good for resonator and sensor applications since the induced shear, when ap-
plying an external voltage, lies totally parallel to the radial extension and is perpendicular
to the thickness of the crystal (provided that the electric field is applied along the thick-
ness direction) [81]. In addition, this cut optimizes the frequency stability around room
temperature, which means that the frequency changes upon temperature variations are at
a minimum in that regime. This is important not only for sensing applications, but also
when the crystal is used as a reference resonator in electronic devices.
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Figure 10. An illustration of the principle of dissipation monitoring. When the driving volt-
age of the QCM-D sensor, driven at its resonant frequency (a), is switched off (b) the oscilla-
tion amplitude decreases due to energy dissipation. This dissipation is lower in a rigid system
(c) compared to a viscous system (d).

C)
d)

There are two electrodes on the QCM-D sensor, one being attached on the backside and
one on the “active” side, and they are connected to the driving voltage and ground, respec-
tively (Fig. 11). The electrodes are deposited by evaporation, having a typical thickness of
about 50 nm and being adhered onto the quartz via a 5 nm thick layer of chromium. The
electrode on the active side has a diameter of 12 mm, whereof which 10 mm covers an
optically polished area of the quartz plate, which constitutes the active sensor area.

Figure 11. The QCM-D sensor is, in principle, an AT-cut quartz crystal sandwiched between
two gold electrodes. Contact electrodes connect to driving equipment.

During operation, the sensor is probed at its fundamental frequency (n =1) and every
odd overtone, as explained above (n = 3, 5, 7 etc. giving resonant overtones of 14.85,
25.75,36.65 MHz etc., respectively), sequentially. At each overtone the driving voltage is
switched off while both f and D are monitored during the decay of the ringing curve.
The oscillation amplitude of the quartz crystal is proportional to the applied voltage. In
addition it is overtone dependent (as 1/n%) and follows a Gaussian distribution over the
sensor surface [37, 82] as illustrated in Fig. 12. The amplitude maximum is in the middle
of the sensor and is zero at the electrode edge. (Outside the electrode the applied voltage
is zero and no oscillation is therefore induced).
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Figure 12. The amplitude of the oscillation of the quartz crystal is distributed like a Gaussian.
Higher overtones have lower amplitude and smaller width than lower. For clarity the propor-
tions are exaggerated.

Due to the smaller oscillation amplitude for the high overtones, the shear wave that is
induced in the probed soft matter sample has smaller initial amplitude as well, compared
to amplitudes of low overtones. The extinction depth for the shear waves originating from
higher overtones when propagating into the probed soft sample material is shorter than
the corresponding extinction depth for the shear waves generated by the lower overtones.
This is described by:

0 =_|— (5.4)
wp

where 7 is the viscosity of the material, w is the oscillation frequency and p is the density.
This means that a material with high viscosity has a larger extinction depth than a mate-
rial with low viscosity and that increased density results in shorter extinction depth for
the shear wave. Practically, by using different overtones it is possible to probe different
regions of the sample, and by combining the different input parameters one can get a
unified picture of the viscoelastic properties of the examined system. Qualitatively, dif-
ferences in the behaviour of fand D between different overtones indicate that the viscoe-
lastic properties of the sensed system closer to the surface are different from those in the
sample volume as a whole.

In a typical QCM-D experiment a series of fand D data points at several overtones
are being collected. The most straightforward data analysis performed is to qualitatively
study the changes of fand D and the respective behaviour at each overtone, individually
and compared to each other. Large frequency shifts indicate a large increase in mass load
and vice versa. A large dissipation change, on the other hand, normally corresponds to a
significant change in viscoelastic properties due to for example water uptake resulting in
swelling or the opposite case; a collapse and water release, or similar.

For some cases f and D analysis is not sufficient to obtain a correct qualitative
picture of the experimental scenario. One example is when comparing different sets of
data showing very large, or very small, changes in both the frequency and the dissipation
shift. For such cases it might be difficult to interpret the data in terms of stiffness, since
for example an extremely thin film of a viscous sample material might exhibit a quite
small dissipation shift, and vice versa. An additional qualitative data analysis could then
be done by plotting the dissipation shift as a function of the frequency shift in a so called
f-D plot. The advantage of the f~-D plot compared to the analysis described above is that
the trends in the f'and D characteristics relative to each other may be extracted. An exam-
ple of extracted information is whether the dissipation shift is small or large compared to
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the frequency shift, indicating a relatively rigid or floppy sample adsorbed to the sensor
surface [83]. Finally, by using the advantage of having several input parameters it is pos-
sible to extract quantitative numbers describing the viscoelastic properties by relying on
theoretical modelling, as described in the following section.

5.1.3 Quantitative modelling of QCM-D data

In order to calculate viscosity, shear modulus, density and thickness, f and D data ob-
tained for at least two overtones need to be included since this gives four independent
input parameters and thus a determined equation system. Voinova et al [80] have made a
thorough model analysis that gives a relationship between the input parameters f'and D,
at different overtones in a viscoelastic environment. Quantified physical properties can
there from be extracted, using a continuum layer approach (Fig. 13) for up to three dif-
ferent layers. In this model the layers are assumed to have infinite extension in the radial
direction and a well defined thickness that is much larger than the atomic size (continuum
approach is valid). In addition the upper layer is considered infinitely thick —a so called
buffer layer. The propagation of the shear wave originating from the quartz crystal surface
is then calculated as a function of the physical parameters defining each layer.

Buffer

Layer 2

Layer 1 Quartz
— “. crystal

Figure 13. When quantifying QCM-D data a layer model is used according to Voinova et
al. The added material may be divided into one or two layers, plus an infinite buffer atop,
depending on the properties of the system of interest.

Basically, the model combines viscosity, which is mathematically described by a dashpot,
and elasticity, described in the model by a spring. The dashpot and the spring are com-
bined in pairs either in parallel forming the so called Voigt element or in series forming
the Maxwell element (Fig. 14). The former is the most commonly used building block in
the modelling process when extracting physical properties from systems including one or
several layers. Examples include the case of molecular interactions on top of a surface,
given that the layer is stationary [80]. Mathematically, a shear stress, Ty applied to the
Voigt element can be expressed with the following differential equation [80]:

G, = G&ux(y,t) m ov.(y,t)

y » (5.5)

where G is the elastic shear modulus, 7 is the viscosity of the element, as described in the
introduction part of this work and the u_and v, are the displacement respective velocity
in the Voigt element under deformation. Eq. (5.5) is in fact the sum of the equations (2.1)
and (2.2), describing elasticity and viscosity, respectively. The x-direction is defined as
the direction of deformation.

Maxwell’s element, on the other hand, is rarely used for most QCM-D applica-
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tions but may be an option when performing theoretical calculations on a non-Newtonian
soft matter solution, using the buffer layer in Fig. 13 only. Theoretically, other combina-
tions of viscosity and elasticity can be used as well, but these are not subjects for this

WOrK. a) b)
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Figure 14. In the Voigt element the dashpot, representing viscosity, and the spring, represent-
ing elasticity, are connected in parallel (a). For the Maxwell element the same components
are connected in a series (b).

For the general case having three viscoelastic layers as illustrated in Fig. 13, the model
system description can be solved using the following relation, describing an oscillating
shear wave in a viscoelastic medium:

2
6 I _ 2y () (5.6)
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where G*= G + iwn is the complex shear modulus, # is the viscosity, p is the density of
the medium and w is the oscillation frequency. Usually a non-slip condition is assumed
to hold at the interfaces between the layers and towards the quartz crystal. The following
relations for the frequency and dissipation change can be extracted based on the Voigt
element coupling (see Ref. [80] for the details):
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Here ¢ g and p g the thickness and the density of the quartz crystal, f is the resonant fre-
quency of the unloaded crystal, index j=1 denotes layer 1, index j=2 is layer 2 and index
j=3 is the buffer layer. Further n; and Gj are the viscosity and shear modulus of the layers
respectively, t their thicknesses and J; is the shear wave extinction depth in the buffer
medium as defined in equation (5.4).

By considering a single layer case, and comparing (5.7) and (5.8) with the Sau-
erbrey relation (5.2), one notices that when AD for the layer added on top of the quartz
sensor (adlayer) becomes significantly larger than zero, the Sauerbrey relation will un-
derestimate the mass compared to Voinova et al. model predictions. On the other hand,
if AD is close to zero it is a good approximation and viscoelastic modelling might not be
necessary. This is the case given that only the contribution of the adlayer is considered in
the calculation, and not the bulk liquid, and that the layer is thin compared to the sensor
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thickness, as stated before.

The viscoelastic modelling approach can be implemented in a software like
QTools (Q-Sense AB, Vistra Frolunda, Sweden), where an iterative process is used to
find viscosity, density, shear modulus and thickness values corresponding to a series of f
and D data points.

Also, by using assumed or known values for viscosity, elasticity, thickness and
density of a system as input parameters in the calculation, it is possible to predict the
experimental frequency and dissipation output parameters under certain conditions. This
is very useful when designing an experimental system, or in cases where one wishes to
improve the theoretical understanding of a complicated system prior to realization.

In paper I the viscoelastic properties around the liquid-gel phase transition of
adsorbed DTPC liposomes was modelled using a one-layer Voigt model as an approxima-
tion of the close-packed liposome layer. To induce a phase transition the temperature is
changed across the transition temperature. As a resulting issue the generic resonance fre-
quency of the QCM-D sensor itself changes with temperature, complicating the distinc-
tion of the contribution from the change in physical properties of the liposomes on fand
D. To solve this, a reference measurement of a blank senor before adsorption of liposomes
was necessary. This background value could then be subtracted from the raw data, hence
distinguishing the contribution of the liposome phase transition from the quartz crystal
temperature dependence. Thickness and viscosity variations around the phase transition
could be quantified by initiating the iteration with physically reasonable values of thick-
ness, viscosity and shear modulus and by confining the iteration process into reasonable
boundaries.

In the modelling process, a homogenous adlayer is assumed to be present on the
sensor. In the case of adsorbed, largely spherical liposomes, this assumption is not totally
true. Instead they form a close-packed structure with coverage of less than 80%. One
should be particularly aware of the potential deviations or errors that might occur in such
cases [84]. To be totally correct, the final result could for example be scaled according to
the coverage. However, liposomes consist mostly by water, which means similar physical
properties. So, the modelling can be considered as estimation. The approximation was
further validated by comparing the one-layer approximation with a two layer model and a
frequency dependent Voigt model. These two approaches are more complicated, however
more correct. The similarity between these and the simple one layer approximation, how-
ever, tells us that the one-layer approximation is sufficient for quantification in this case.

5.1.4 The sensor surface —a versatile device

It is possible to deposit various materials on top of the electrode of the QCM-D sensor.
Examples include: metals, oxides, ceramics, polymers, etc. Possible deposition methods
include: sputtering, evaporation, spin coating, chemical vapor deposition (CVD), etc. In
addition, the relatively large flat electrode surfaces enable immobilization of functional
molecular groups like supported lipid bilayers [65], silanes [85], thiols [86], hydrogels
[87] etcetera. Lipid bilayer and hydrogel surfaces enable studies of for example proteins,
enzymes, antibodies, DNA and other active substances present in human cells. Further-
more, factors like surface charge, film thickness, roughness and density, hydrophilic/hy-
drophobic characteristic, to mention a few, may all have an impact on the behaviour of
surface sensitive experimental systems on a molecular interaction level. For example, it
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has been shown that stem cells attach differently on a tantalum surface compared to a
chromium surface [88] and that lipids will attach in one way onto a silicon oxide surface
and differently to a gold surface or a thiol surface [89].

5.1.5 Common application areas

There are a large (increasing) number of application fields in which the QCM-D technol-
ogy is used as a sensing method, alone or in combination with other techniques. The most
common applications could basically be divided into three main categories (Fig. 15),
describing the main characteristics of the physical and chemical processes involved in the
performed studies. Of course there are no fixed boundaries between these categories since
several applications may fall into more than just one of these groups.

-Interaction between sample molecules and a surface (Fig. 15 a)

Studies including for example adsorption kinetics and binding events benefit a lot from
the ability to adapt the physical and chemical characteristics of the sensor surface through
deposition of different kinds of materials and functional groups. Biomaterial-interfaces,
drug discovery, drug development and delivery, and biosensor applications constitute a
considerable fraction of the applications within this category. These include for example
studies of lipid bilayers and bio-membrane related phenomena, adsorption of proteins,
enzymes, antibodies, antigens and polymers [27, 62, 65, 90-97] to mention a few exam-
ples. A common focus for many of these studies is to get a good fundamental understand-
ing of functions and processes related to the human cells.

-Reactions and structural changes on a surface (Fig. 15 b)

The next main category is characterization of sample materials that are already attached
to a sensor surface. Examples may include structural changes and phase transitions in
polymers [91, 92, 98] and the wide field of surface chemistry where studies of surfactants
[99], cellulose and starch [18] and polyelectrolyte systems [100], among others, are of
interest. Since detection of the wet mass is feasible with the sensing method of interest,
studies of water uptake and release inducing swelling and de-swelling and similar phe-
nomena may be addressed.

-Detection of soft matter materials and liquids in bulk (Fig. 15 c¢)
The last main concept is about using the QCM-D sensor for detecting changes in vis-
coelastic properties of a bulk liquid only, for example in the field of rheology [101]. By
processing the data according to the Voinova layer model, using either a Voigt or a Max-
well approach depending on the properties of the liquid, physical quantities like viscosity
may be extracted. In this way the QCM-D equipment could in principle function as a pure
viscometer.
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Figure 15. The most common QCM-D applications may be divided into three different (sin-
gle interfacial) concepts: (a) Interactions with the sensor surface (attachment of molecules,
which induce a dissipation increase is illustrated), (b) structural changes of sample material
attached on the surface (water release from a polymer film is illustrated) and (c) changes of
viscoelastic properties in a bulk solution (increase in viscosity is illustrated). The inserted
graphs illustrate corresponding typical fand D behaviour.

In several application areas, large benefits may be gained, in terms of obtained informa-
tion about the studied processes, by combining QCM-D with an optical sensing technique
such as ellipsometry, reflectometry or similar, see for example [4, 38, 102-104]. As men-
tioned before the QCM-D method detects the so called wet mass of the sample material,
while pure optical techniques detect the dry mass, which means that coupled water is not
detected. As a consequence, it is possible to extract for example the actual water content
by using two or several methods, as in the mentioned references. In addition, micro-/nano
imaging techniques such as AFM have been used in parallel with the QCM-D method in
order to extract further information about surface structural changes during reaction proc-
esses [20, 41, 98].

For most of the present QCM-D applications the single interface sensor approach is, in
many cases, sufficient. However situations may appear in which the sample preparation
needs to be adapted and somewhat extended in order to meet conditions of new experi-
mental systems, including the control of two interfaces rather than one.

36



5.2 Fluorescence microscopy

5.2.1 Fundamental principles

Label free detection methods such as QCM-D have the advantage that the sample ma-
terial does not need additions or modifications in order to enable detection. The major
drawback is that it is very difficult to detect events on a single probe molecule or particle
level. Instead the label free methods in most cases provide information of the average
behaviour of an experimental system. To reveal the behaviour from individual parts or
single events of a system and to be able to extract heterogeneities from an ensemble one
need an imaging approach based on one of all available microscopy techniques.

General optical microscopy is probably the most common way to observe samples
on a micrometer level, such as entire cells, bacteria, viruses and other biological entities.
However, due to the laws of physics it is not possible to detect objects smaller than ap-
proximately half the wavelength of light, according to the Abbe criterion, which means a
resolution limit of about a couple of hundred nanometres. To reach below that limit there
are a number of label free options such as various types of Scanning Probe Microscopy
(SPM) [105], Scanning Electron Microscopy (SEM) [106] and Transmission Electron
Microscopy (TEM) [107]. In SPM a sample is monitored by scanning it with a very sharp
tip attached to a cantilever that moves due to the surface-tip interaction. By monitoring
the cantilever motion an image of the surface structure can be created. In SEM and TEM
the sample is bombarded with electrons and an image or composition of the sample can
be created based on the energies and trajectories of the scattered (SEM) and transmitted
(TEM) electrons. The electron beam can be focused far below the resolution limit of a
conventional optical microscope, giving a much higher spatial resolution, according to
Abbe. With these techniques it 1s, however, complicated and expensive to monitor bio-
logical events in a water-based environment and with the requirements on time resolution
of the work presented here.

Based on optical microscopy there are a number of approaches to detect objects
smaller than the optical resolution limit, single molecules, proteins, liposomes, etc, and
most of them are based on fluorescent labelling of the target of interest. The basic idea is
that a fluorescently active molecule is attached to the sample material acting as the only
optically visible marker, enabling tracking and monitoring of the sample. A fluorescent
molecule can be excited by incoming light, which in principle means that a photon with
certain energy is being absorbed by the molecule. The photon energy is transmitted to an
electron that is excited to a higher energy level, the excited state. The difference between
the electron ground state and excited state corresponds to the energy of the absorbed pho-
ton. Due to internal conversion and vibrational relaxation, stemming from for example
the interactions between the atoms and molecules in the sample, some of the absorbed
energy will be lost (inelastic scattering). When the electron finally relaxes back to its
original energy level a photon with lower energy than the incoming is emitted (Fig. 16).
Roughly spoken this process can occur on a short timescale (down to a few nanoseconds)
and is then called fluorescence, and on a longer timescale (up to several minutes), called
phosphorescence. Both fluorescence and phosphorescence are said to be red-shifted,
which means that the emitted light has longer wavelength (lower energy) than the incom-
ing light. There is also a third scenario, in which the incoming light is elastically scattered
and the emitted and the incoming light have the same wavelength.
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Figure 16. Jablonski diagram showing the principle of fluorescence.

There are a huge number of fluorescent (and phosphorescent) molecules available for la-
belling applications, each with characteristic excitation and emission spectra. One general
problem with these is that the fluorescent activity decreases with increased exposure time,
resulting in a decrease in sample intensity. This is called photo bleaching and much effort
is being put down on designing molecules that bleaches as slowly as possible. Generally
low intensity excitation light and short exposure time decreases the photo bleaching ef-
fect. In many cases, however, it is desirable to be able to measure several times on the
same set of fluorescently labelled sample, for example in the extension of the work pre-
sented in this thesis.

Three different fluorescent dyes have been used in this work; calcein, carboxy-
fluorescein and rhodamine B. Calcein and carboxyfluorescein are related and are com-
monly loaded in the bulk of for example liposomes, while rhodamine conjugated to lipids
generally is used in membranes. The excitation/emission spectra peaks at 495/515 nm for
calcein, at 492/517 nm for carboxyfluorescein and 510/543 nm for rhodamine B.

5.2.2 Fluorescence self-quenching

When two fluorescent molecules approach each other their wave functions will eventu-
ally start to overlap and there will be an intermolecular correlation that changes the fluo-
rescent activity. In this way the fluorescent molecules form dimers, sometimes in excited
state; excimers. These exhibit other excited states than the single molecules and generally
have different pathways back to their ground state. At high concentration excitation en-
ergy transfer occurs between dimers and monomers, so that energy diffuses through the
system like in a sink. During relaxation there are often more vibrational transitions and
internal convection in the dimer state than in the monomer state, meaning that energy is
lost as heat rather than as emitted light. The result is that the overall fluorescent activity
decreases, or even ceases, when going from monomer to dimer state [108, 109]. Anoth-
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er component is supposedly collision interactions between single molecules. The exact
mechanism, however, varies depending on the nature of the fluorescent dye. This phe-
nomenon is called fluorescence self-quenching and has become a very useful technique
for studying different biophysical reactions, such as fusion and volume changes of cells
or liposomes and pore formation and release processes [110-114]. Due to fluorescence
self-quenching the intensity will vary as a function of dye concentration in a manner that
is characteristic for each specific dye. It is important to be careful when designing an
experiment taking advantage of this effect. For example it might be desirable to choose a
dye concentration region where the intensity dependence on concentration is as large as
possible and linear. For the two dyes used for self-quenching purpose in this work these
linear regions are around 5-10 mM and 12-30 mM for calcein [110] and 5-25 mM for
carboxyfluorescein [112]. The encapsulated calcein concentration used was then slightly
below 30 mM and the carboxyfluorescein slightly below 10 mM, since then we are in re-
gions where doubled intensity roughly corresponds to a doubled volume for both dyes.

5.2.3 The fluorescence microscopy setup

The main difference between a regular bright field microscope and a setup for fluorescent
detection is that the illumination light path includes a couple of filters as illustrated in
Fig. 17. First the light passes through an excitation filter that permeates a thin spectrum
around the excitation wavelength of interest. The light is thereafter reflected by a dichroic
mirror and passes through the focusing objective and illuminates the sample. Emitted
light from the sample is collected by the objective and passes through the dichroic mir-
ror. Reflected excitation light, on the other hand, is reflected by the dichroic mirror and
therefore separated from emitted light from the sample. An emission filter, matching the
emitted light, permeates a narrow spectrum around the emission peak wavelength, which
is eventually detected by for example a CCD camera. In this work filter cubes with inte-
grated excitation and emission filters and dichroic mirrors have been used. Calcein and
carboxyfluorescein were used together with a so called FITC filter, while rhodamine B
benefited from a TRITC filter.

There are several different operation modes and modifications of this basic so
called epifluorescence microscopy setup, including confocal fluorescence microscopy,
fluorescence resonance energy transfer (FRET) and total internal reflection fluorescence
(TIRF) microscopy [115-119]. The latter of these has been used in papers IV and V and
takes advantage of a shallow detection depth, which gives a lower background noise com-
pared to regular epifluorescence microscopy. This facilitates improved detection of single
molecules, specific parts of cells or lipid vesicles. Technically, in TIRF the light illuminat-
ing the sample hits the glass-sample liquid interface (when going from the former to the
latter) at an angle such that total internal reflection (TIR) occurs. In optics, when going to
a medium with lower refractive index the angle between the normal to the interface and
the light beam increases according to Snell’s law:

n, sin@, )= n, sin@,) (5.9)

Here, n; and n, are the refractive indices of the two media (incoming and refracting, n, >
n,, (see Fig. 18 a) and 0, and 0, the angles relative the normal of the incident and refracted
beams, respectively. If 0, is increased such that 6, becomes 7/2 total internal reflection
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Figure 17. The basic principle of fluorescence microscopy.

occurs. This is the same phenomenon that can be observed when looking up towards the
surface when swimming under the sea and the surface appears mirror-like. When insert-
ing 0, = /2 in Eq. (5.9) the critical angle, 6, = 6, for TIR can be described as:

0. = arcsin(n—z] (5.10)
n

Due to the total reflection one might imagine there being no light interacting with the

sample on the opposite side of the objective glass. However, there will be an evanescent

field reaching out perpendicular from the surface of reflection, which intensity, 7, decays

exponentially as a function of distance, z, from the point of reflection as [115, 119]:

1(z)=1,e"" (5.11)
Here 1, is the initial intensity and dp is the penetration depth as given from [115, 119]:
A
d (5.12)

- \/nl2 sin’@, )-n,’

The wavelength of the incoming light is denoted A. Typically, the penetration depth is on
the order of 100 nm, which means that the reflected light will interact only with a very
narrow sample region close to the surface. A great advantage with a short penetration
depth in the context of fluorescence microscopy is the possibility to focus the detection
to the region of interest and that the signal contribution from the background is kept at
a minimum. In addition the sample photo bleaching is much lower compared to running
in epifluorescence mode. This is particularly useful in applications where the potential of
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sample reusability is important, which is the case in the extension of this work.

There are several types of setups to create total internal reflection in a microscope,
where the two most common are the so called prism-type and objective-type (Fig 18 b
and c). In the former setup the incoming excitation light is sent through a prism having
a refractive index matching the objective glass and being larger than that of the liquid
sample. The prism enables coupling of light into the sample chamber at incoming angles
which are larger than the critical angle, as illustrated in Fig. 18 (b). In the objective-type
on the other hand the excitation light is sent towards the sample through a high numeri-
cal aperture (>1.38) objective in order to achieve incident angles larger than 6. A beam
stopper assures that light impinging with lower angles is cut out (Fig. 18 c). The emitted
light is thereafter collected by the objective and unwanted reflected excitation light is
minimized by the use of an asymmetric beam stopper.

) Principle OfTOt?I b) Prism-type TIRF C) Objective-type TIRF
Internal Reflection

Evanescent field
at reflection point

Y Immersion medium
Z h

Sample Sample |
ny _I’(z) Objective glass
N1 Objective

jective glass
n,
. | // i Sample
Immersion medium Prism
Beam stopper

Excitation light Excitation light

Figure 18. (a) The principle of total internal reflection. From the point of reflection there is
an evanescent field reaching into the sample with a decay length on the order of 100 nm. (b)
In prism-type TIRF the excitation light passes through an external prism before total internal
reflection. The emitted fluorescent signal from the excited fluorophores is collected through
the objective. (c¢) In objective-type TIRF both the excitation light and the emitted fluorescent
signal passes through the objective. Proportions exaggerated for clarity.

In this work the fluorescent signal collected through the objective was detected by a CCD
camera. This was connected to a software that allowed fast time lapse measurements in
order to detect changes in intensity as a function of time for individual objects. In order to
perform image analysis the background intensity value was subtracted and the intensity
profile for each individual object was plotted.
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5.3 Microfluidics

5.3.1 Miniaturization of sample volumes
—needs and opportunities

For many applications, especially within biotechnology and biophysics, there is a general
interest in miniaturizing sensor chambers, feeding channels and as an eventual aim being
able to fit an entire “lab on a chip” [2]. There are several reasons for this objective, where
the reduction of the consumed sample material is just one of many. For example, in the
field of biotechnology, which, as was mentioned earlier, is a major application area for
QCM-D, SPR and other analytical sensing approaches, very expensive sample materials
are often used. Many biomolecules such as membrane proteins and antibodies, which are
important within for example drug discovery and drug delivery studies, are produced in
small fractions at very high costs. Thus, it is desirable to be able to analyze sample materi-
als in a more efficient way, i.e. minimize the volume without forsaking the quality of the
out coming results or obstructing the handling during the measurement process.

Besides the pure cost savings, decreasing the volume of the sensor chamber might
as well result in an increased reaction speed. In most of the applications mentioned above,
the diffusion of reactants throughout the buffer system is a rate limiting step and reduc-
tion of the sensing volume will definitely reduce measurement time. In addition to an
improved reaction rate we also expect additional beneficial effects upon miniaturization
of the liquid handling, like improved heating and cooling rates, faster sample exchange
rate, etc.

Another interesting advantage, when miniaturizing, is the possibility to connect
multiple reaction chambers in an array configuration. This may be organized in a paral-
lel or a serial manner, connected or separated from each other in a microfluidic system.
Thus an integrated lab on a chip is formed, where a large number of experiments could be
performed in parallel, leading to increased efficiency.

Furthermore, the tiny dimensions in the field of microfluidics allow the study and
use of phenomena that are not observable or possible to achieve on a macroscopic level.
Examples include highly precise particle separation based on deterministic lateral dis-
placement (a.k.a. bumper-arrays), which is one way to separate particles in human blood
in the wide field of medical diagnosis [120] [121]. In this particular case the aim is to
facilitate simple and cheap diagnosis in inaccessible areas far away from hospitals. An-
other group of applications where the small volumes of microfluidics is central is sample
mixing and switching between samples.

In order to design microfluidic devices suitable for specific applications there is
a need to understand their flow characteristics. Generally, the well known Navier-Stokes
equation is used to describe the motion of fluids. However, it does not have a simple
solution. Instead the properties of microfluidic devices are often described in terms of
characteristic dimensionless units such as Reynolds number (Re), Peclet number (Pe) and
Strouhal number (S7) [122], which are defined as follows:

UL
v

Re (5.13)
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U-L
Pe=—— (5.14)

g/ L (5.15)
U
L is the characteristic length or width dimension of the channel, v is the kinematic viscos-
ity, D is the diffusion coefficient and f'the vortex shedding frequency. Generally it can be
said that Re is a measure of the ratio between the momentum and the viscous forces in a
fluidic system, which can be derived from equation (5.13). A low Re implies a laminar
flow, while a high Re (in the order of 2000 and above [122]) generally means that turbu-
lence is present in the system. In microfluidic systems L is by definition very small, which
implies that a very high flow velocity, U, is required to induce turbulence. On the other
hand, a laminar flow is easily maintained, which is a unique property that is taken advan-
tage of in a vast number of applications. For example, one consequence is that there is no
other natural mixing process other than the molecular diffusion between two or several
parallel flows in a microfluidic channel (Fig. 19). This is a property that can be used in
a wide variety of fields, from controlled fast mixing [122], transport of particles through
microstructured surfaces [123] to patterning of surfaces with different chemistries [124].

Figure 19. Illustrative example of mixing through sample diffusion between two parallel
laminar flows. A fluorescent dye is mixed with water. Channel width: 150 um, distance be-
tween frame (1) and (3): 10 mm, flow rate: 1 pl/min.

Pe is a measure of the transport phenomena in a fluidic system. It gives the ratio
between mass transport due to advection relative that due to diffusion. Advection can
be described as conserved transport in a relatively large scale and in a defined direction,
induced by a flow or temperature gradients, for example. The motion of weather systems
is a typical example of advective motion. As can be seen in equation (5.14) diffusion is
dominant at small Pe and advection at large Pe. Generally, microfluidic mixing benefits
from a high diffusion coefficient and small dimensions, which implies a low Pe. By in-
ducing chaotic behaviour in the flow by for example the addition of obstacles or grooves
of different shape and size, the diffusion time can potentially be decreased [122, 125].

Finally, St (equation 5.15) describes oscillation mechanisms in a flow, for exam-
ple induced by external perturbations in the system. It is a measure of the oscillation and
rotation contributions to the fluid movement and is relevant in mixing applications. For
example when a fluid crosses a cylinder there will be vortices occurring downstream,
which is what gives rise to the singing sound that sometimes is heard near poles or power
lines at heavy wind.

An important property of microfluidics is that small volumes can be dealt with on
a much shorter timescale than macroscopic bulk liquids. Several approaches have been
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developed for performing rapid mixing, which is a very important component in many
microfluidic devices [122]. Generally, microfluidic mixing can be divided into two main
categories, as is thoroughly reviewed by Nguyen et al [122]: passive mixers and active
mixers. In the former case passive advection and diffusion are the governing parameters
of the mixing and no external perturbations are applied. One basically very simple ap-
proach is based on lamination, in which two or several parallel flows are merged or di-
vided in potentially a vast number of combinations, and the mixing is totally governed by
passive diffusion between them [122, 126]. By changing the Peclet number by variation
of dimensions and flow rate it is possible to control the diffusion process in such devices
in a very precise way. This usually forms the basis for more advanced approaches, where
the flows and/or their sample content are moved in order to switch between or separate
different targets. Examples include focusing of the flow by steering channels [127, 128],
exchange between two or more solutes or sample materials in microfluidic systems by
optical switching [129, 130] and pressure driven switching between solutes over a pre-
defined area [130]. The last of the mentioned approaches was used in paper IV to study
different passive and facilitated solute transport processes though lipid bilayers with and
without transport proteins..

One specific version of lamination that has proven very useful in the field of ultra-
fast mixing is called hydrodynamic focusing (Fig. 20). There a central sample inlet flow
is compressed by two adjacent steering or sheath flows. The width of the central flow can
be tuned with high precision by changing the relative flow rates of the central flow and the
steering flows, thus allowing stream widths of 100 nm and below [127, 131]. Across such
short distances sample molecules introduced from the steering flows diffuse very rapidly,
which allows mixing on very short time scales; down to a few microseconds [127, 128,
131]. This approach was used in paper V for studying transport processes through lipid
bilayer with very high (sub-millisecond) time resolution. Previously, the technique was
successfully used for studies of ultra-fast events such as protein folding [127]. The main
advantages of hydrodynamic focusing compared to other mixing techniques is the very
small, and well controlled, sample consumption. Changes in the studied events can be
tracked as a function of spatial position, which can be readily mapped to time provided
the flow velocity in the channel is known. The time resolution is hence determined by the
dimensions of the channel and the flow rate of the sample liquid.

As a final example of passive mixing droplet mixing can be mentioned. In this
approach a sequence of droplets containing the reactants is formed and caught by the mi-
crofluidic flow. Also in this case the reaction is followed as a function of spatial position
of the droplets flowing in the channels. The time resolution is determined by the mixing
rate in the droplets and their sizes in relation to the flow rate. This approach has been used
in for example studies of short time scale enzyme activities [132, 133].

In active mixers a perturbation is induced by an external driving force to obtain a
chaotic or stirring behavior in the device. Examples include pressure disturbance through
steering channels [122, 134-136], integration of tiny magnetic stirrers [137], acoustically
driven mixing [138, 139] and thermally induced mixing [140, 141]. Active mixers often
demand complicated fabrication processes and are generally more difficult to operate
than passive mixers.

To summarize, miniaturization of reaction chambers used in combination with
sensing methods could bring substantial cost savings to both academy and industry acting
in the field. In addition the decreased volumes open up new possibilities when it comes
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Figure 20. Example of hydrodynamic mixing. The middle flow stream is compressed by the
two adjacent flows.

to, not only analysis, but also to sample separation, mixing and switching purposes.

A number of sensing methods such as SPR [16, 36], fluorescence microscopy [24, 128,
129, 139, 142, 143], electrochemical impedimetric spectroscopy [144] and other im-
pedance based techniques [33, 34] have already been integrated in various microfluidic
systems. Several different applications have been targeted, whereof some are related to
biotechnology and the pharmaceutical industry. However, integrating a QCM-D sensor,
which is an acoustic tool, in such a system, requires special design that does not interfere
with the acoustic signal that is induced into the probed sample material (compare to Fig.
12, which shows the amplitude distribution for different overtones). A simple and suitable
design is presented in paper II and III.

5.3.2 Fabrication of microfluidic devices in PDMS

There are several different approaches to fabricate microfluidic devices. One method that
is increasingly used is polydimethylsiloxane (PDMS) replica molding, which has gained
in popularity due to its simplicity, rapidness, low cost, biocompatability and the high
chemical resistance of PDMS [2, 145, 146]. Due to their pliability polymers, such as
PDMS and SUS, also facilitates fabrication of internal membranes and valves for more
advanced mixing and pump devices [147]. In addition there is a number of other, more
advanced and expensive, fabrication methods, such as etching of channels in silicon or
glass, which was used in paper V in this work. These methods generally take longer time
and require far more advanced equipment [122] but are generally more robust and sus-
tainable.

Microfluidics fabrication according to the PDMS replica molding could be under-
taken by following the steps described in Fig. 21 [145]:

A dark field photomask is fabricated using based on the channel design. Dark
field means that the structure to be fabricated corresponds to the transparent part of the
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Figure 21. The main steps in the procedure of fabricating a microfluidic chip based on soft
lithography. Starting with a silicon wafer (a) on top of which a photoresist is spin coated, in
this case the negative resist SU-8, followed by baking (b). The films thickness can be con-
trolled down to a micrometer precision. By exposing a predetermined area of the substrate
with UV light through a photomask (c), followed by development and baking, a lithographic
pattern is formed (d). PDMS is poured and cured on top of the pattern (e) and thereafter gen-
tly peeled off (f). Inlet holes are made in order to access the cavities formed (g). Finally the
PDMS is bonded to a glass substrate, sealing the microfluidic structure. Inlet tubing is glued
to the inlet holes in order to facilitate connection of pump tubing (h).

mask. In order to make the casting mold, a clean silicon wafer is used as substrate (a) and
a negative photoresist is spin-coated on top of this, according to a predetermined recipe
(b). This results in a homogenous resist film with a sub-micrometer precision thickness.
The wafer is thereafter soft baked. Using the photomask and a UV-light mask aligner the
resist is exposed according to the pattern corresponding to the desired structure (c). After
yet another baking step the sample is put in a developer solvent removing all unexposed
photoresist polymer and leaving a lithographic mold ready for casting (d).

PDMS is mixed at a ratio of 10:1 with its corresponding curing agent, degassed
and poured on the mold (e). After baking the PDMS slab has been cross-linked and can
gently be peeled off the silicon wafer (f). To access the cavities in the PDMS, inlet and
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outlet holes are made by a needle or similar tool (g). Finally, the PDMS-structure is
bonded anodically to a thin microscope cover glass by treatment of the surfaces with
oxygen plasma, which makes them strongly reactive [148]. As a last step elastic rubber
tubing is glued to the inlet holes of the channels and the entire device is filled with milliQ
water in order to preserve the hydrophobicity of the inner surfaces and avoid contamina-
tion from the surrounding air (h). Before use, the devices could be stored in water at 4°C
to minimize the risk of bubble formation during the experiments. More detailed process
parameters can be found in Appendix A.

5.3.3 Fabrication of microfluidic devices in silicon

Fabrication of microfluidics using PDMS is thought of as one possibility when it comes to
mass production of devices for commercial use [2], because of the advantages mentioned
before. However, as was discovered in the final project in this work, PDMS structures are
not optimal for all kinds of applications. For high precision mixing and very narrowly
directed flows the slightest flexing in the channel structure might result in relatively large
pressure drops or rises. This would potentially disturb the flow or in the worst case dys-
function the entire device. Since PDMS is a rather flexible polymer [149] it was found
that there was a need for a solid material solution for fabrication of the device presented
in paper V. Microfluidic devices can be fabricated by etching silicon according to the fol-
lowing schematic description as illustrated in Fig. 22:

First a photomask is fabricated as described above, which also in this case defined
the channel structure. In the previous case, the silicon wafer is used as a support for the
channel fabrication and actually did not end up as a part of the final chip. However in this
approach the channel cavities are fabricated in the wafer itself. As a first step the wafer is
oxidized in high temperature (a). The oxide layer serves as protection when performing
the dry etch. After oxidation a thin adhesion promoting prepolymer by a positive pho-
toresist is spin coated subsequently, followed by a soft bake (b). The sample is thereafter
exposed to UV light through the photomask in a UV mask aligner. This step is followed
by rinse in photoresist developer and hard bake. The result after this process is a structure
with a protective photoresist layer everywhere except on the imagined channel structure
area (c and d). The photoresist layer functions as a protection, preventing etching on un-
desirable regions of the wafer.

In order to enable dry etch on exposed parts of the wafer, the protective oxide
layer there has to be removed, which can be done with a wet etch. During the following
dry etching process cavities are dug into the silicon wafer, while the protective photoresist
layer is slowly consumed (e).

Feeding holes to enable connection of the microfluidic structure can be done ei-
ther by drilling, sand blasting or etching of the silicon. Etching is the cleaner option and
offer higher precision than the two former and therefore it was chosen in this work (f and
g).

As all etching steps have been performed, a thin cover glass can be used to seal
the device, by for example anodic bonding (h). Anodic bonding is performed by apply-
ing a voltage over the silicon-glass (typically containing sodium) wafer sandwich during
heating. As a result sodium ions in the glass migrate away from the surfaces in contact
with each other, giving rise to electric charges on both sides of the interface. In this way
a very strong and solid anodic bond is settled due to the static charge gradient appearing
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[150-152]. Eventually the chips are cut out from the wafer (i and j). More detailed process
parameters are presented in Appendix B.

Figure 22. The fabrication process for making microfluidic channels in silicon. Starting with
an oxidized silicon oxide wafer (a) that is spin-coated with a prepolymer and a positive
photoresist (b). After UV-exposure through a photomask (c) the wafer is developed (d) and
etched to create the cavities (e). The backside is processed similarly to (f) create access holes
to the cavities (g). A glass slide is bonded anodically on top of the cavities (h), forming an
enclosed channel. As a last step the chips are cut out (i, j).
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To facilitate smooth connection of inlet and outlet tubing, microfluidic chips are prefer-
ably mounted in a chuck. Figure 23 shows the chuck that was used to mount the chips in
paper V. This could easily be mounted in an inverted fluorescent microscope.

Figure 23. The chuck used to mount the microfluidic device. (a) The microfluidic chip is
mounted on top of o-ring sealed feeding holes. (b) The device is gently fixed with a Teflon/
stainless steel frame. (c) Microscope access is enabled through the glass lid of the chip.
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6

RESULTS AND
EXPERIMENTAL
PROCEDURES

6.1 Brief summary of the papers

In this thesis different aspects of miniaturization in the field of sensing and biosensing
have been explored together with the advantages and new possibilities it brings to the
field. Lipid bilayers are the main constituent of most biological membranes and therefore
highly relevant to understand within the fields of medicine and biotechnology. Paper I
treats the behaviour of immobilized lipid vesicle (also called liposomes) when the tem-
perature is varied across the liquid-gel phase transition temperature of the lipid mem-
brane. QCM-D was chosen as the sensing method in order to explore if it could be used to
probe changes in viscoelastic properties without the use of external labels. It was shown
that buffer salt content and pH has an important impact on the phase transitional charac-
teristics, such as phase-transition temperature, hysteresis and pre-transitional behaviour.
The interaction between the liposomes and the surface, which varies with the mentioned
parameters, appeared to influence these features.

Paper II presents the idea of a reaction chamber that is macroscopic in one direc-
tion and microscopic, and even down to about a few hundred nanometres, in the other
direction. We call this device the nanocell, and explored some of the possibilities such
a cell offer. The extreme aspect ratio allows the interfacial regions of the sample to be a
relatively dominant part of the enclosed system, in favour for detection of surface induced
properties of various soft matter materials and liquids. The nanocell was explored in
combination with QCM-D sensing on various isotropic liquids and on anisotropic liquid
crystals, where the extreme surface to volume ratio was successfully used to induce a
very controlled and specific molecular orientation. The viscoelastic properties as a func-
tion of molecular orientation, temperature and phase could be explored and successfully
interpreted. Due to coupling between the lid and the acoustic wave in the confined liquid
or soft matter, the small chamber height also appeared to give raise to some interesting
acoustic phenomena.

While the nanocell was primarily designed for stationary samples, the concept
was also further developed as a flow reaction chamber to be compatible with biophysical
applications. Paper III compares the performance of the miniaturized flow chamber with
a larger, commercially available QCM-D E4 system, with focus on a well-studies studied
and biophysically relevant process: the formation of a planar supported lipid bilayer on a
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silica substrate. The purpose of the work was to highlight the advantages of miniaturiza-
tion of the reaction chambers. Due to the considerably smaller chamber volume and inlets
and outlets (dead volume) the sample consumption decreases remarkably, while the reac-
tion rate increased. Smaller (lower) reaction chamber also results in larger diffusion re-
gions (relative to the chamber height) allowing the sample material to be more efficiently
used, potentially allowing the usage of lower sample concentrations.

Another interesting feature with small volumes is that it requires less effort to
move them in comparison with larger volumes. In addition, small volumes under flow in
a microfluidic system exhibit slightly different physical properties compared to a macro-
scopic liquid flow; they are laminar instead of largely turbulent. These characteristics can
be taken advantage of when dealing with systems that require switching between or mix-
ing of different liquids or solutions over a predefined sample region. In Paper IV a con-
cept for switching liquids by moving their interface over a certain area was introduced.
By applying suction and changing its direction via an electronic valve, sample-exchange
times down below 10 milliseconds could be achieved in a very well-controlled fashion.
This device was then used for the detection of different transport processes through lipid
membranes in the form of surface-immobilized liposomes. By switching between solu-
tions with different osmolarity an osmotic net driving force could be applied to the im-
mobilized liposomes. By recording the fluorescent self-quenching profile of encapsulated
dyes by TIRF, transport rates and permeability values on a single proteoliposome level
could be extracted. Furthermore, the single liposome analysis enabled heterogeneities
with respect to membrane-protein incorporation to be analysed in a new way.

The major limitations on the time resolution with such a device are however the
performance of the valve used for switching and the frame rate of the camera used for
monitoring, the slowest of which determine the time resolution. In this work the 8 ms
valve set the limit. In order to overcome this and enable monitoring of even faster trans-
port events a microfluidic design whose performance is independent of external equip-
ment is required. Paper V presents such a concept. Instead of moving the liquid interface
over immobilized liposomes, the liquid interfaces are kept stationary and the liposomes
are feed into the channel. This enables the utilization of the principle of hydrodynamic
focusing, in which the sample material is fed through one channel into a narrow mixing
region. In the mixing regions, the sample material is compressed by two adjacent sheath
flows containing another solution, the content of which diffuses across the narrow, com-
pressed sample flow. This mixing depends solely on the time required for diffusion across
the compressed sample flow. This concept was in this work used to study water transport
through a lipid membrane by applying an osmotic gradient. Instead of taking a sequence
of several picture frames at a high acquisition rate, one single exposure was required in
order to get one trajectory line of the fluorescently labelled liposome. Furthermore, by
knowing the flow rate and the trajectory of the liposome, the time progress could be de-
rived. Also this method proved to yield water transport rates and permeability values that
are the same as in the switching approach and close to what can be found in literature.

Two different methods have hence been developed to characterize transport of un-
charged solutes across lipid membranes, with or without transport proteins. Each of them
exhibits their unique advantages and disadvantages. The switching method is (so far) the
most simple and robust approach, but is limited with respect to time resolution. Mixing
by hydrodynamic focusing requires a more extensive and complicated analysis, but does
not suffer from the limitations in time resolution and can thus potentially be used to study
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sub-millisecond reactions. However, it requires more fine-tuning and improvements in
terms of signal to noise before reaching the robustness of the switching approach. Both
methods provide the possibility to rapidly study a large number of individual liposomes
in order to get thorough statistics, which is desirable in, for example, the field of drug
screening. One unique feature with the switching approach is that the very same set of
liposomes can potentially be probed multiple times in order to directly compare different
active compounds.

In the following sections the results presented in the appended papers are de-
scribed in further detail. The intention with these sections is to emphasis certain aspects,
such as differences between, and applications suitable for, the experimental systems used,
with hope to facilitate an understanding of the content of the paper for someone working
outside this particular field of research.

6.2. Phase transitions in supported
lipid vesicles

As described in earlier sections of this thesis, the phase of biological membranes is cru-
cial for their function. This is because physical properties such as its permeability and
the diffusivity of membrane proteins and enzymes are heavily affected thereby. Previous
lipid phase transition studies have mainly been performed on supported lipid bilayers
[153-157] and on lipid vesicles in suspension [158-162], while only a handful of stud-
ies have been performed on supported lipid vesicles [163, 164]. The latter has become a
very useful and simple system for use in various kinds of biophysical studies. In paper
I, immobilized liposomes were investigated with QCM-D in order to study their phase
transitional behaviour by ruling out disturbing influences on the QCM-D response origi-
nating from temperature variations. As a model system DTPC liposomes with an average
diameter of ca 100 nm (measured with DLS) were used. They exhibit a liquid-gel phase
transition at around 14°C, which is well within the temperature range of a QCM-D setup.
As has been shown and discussed previously, in chapter 5.4, the resonant frequency and
dissipation factor will both respond on changes in shape, viscosity and shear modulus that
stems from a phase transition of soft matter. It has also been shown in previous studies
that various external factors affect the phase transition behaviour and temperature, such
as pH [165-167] and the presence of divalent cations [159, 168, 169]. Furthermore, salt
and pH has an influence on the substrate-lipid interaction forces [170-173], which should
potentially also have an impact on the phase transition. In the study presented in paper I
the salt content and pH of the sample buffer were therefore varied.

To monitor the phase transition, the temperature was programmed to follow a pre-
determined ramp starting with 17°C, linearly decreasing to 11°C at a rate of 0.2°C/min,
staying constant at 11°C for 30 min, followed by a linear 0.2°C/min increase to 17°C
where it stayed for 30 min before the next decrease. During one sweep it was then pos-
sible to follow the transition from liquid to gel phase and then back from gel to liquid
phase as illustrated with the QTools modelled data in Fig. 24. In agreement with expecta-
tions, the trend is that the viscosity decreases when going from gel to liquid phase (Fig.
24 a). It is also clear that the effective thickness of the liposome layer increases during
the phase transition. This can be explained by possible lattice mismatch when domains
with different phases are mixed and pores open up, resulting in buffer flux in and out from
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the liposomes [163, 174, 175] (Fig. 24 b). From this figure we define the fluctuation in
effective thickness as Ad off DLS measurements in gel and liquid phase and around the
phase-transition temperature confirm this picture as can be seen in Fig. 25 (a). A reference
sample of the same DTPC lipids (although not from the same extrusion, which explains
the slight difference in vesicle size) was used in the DLS. Figure 25 (b) shows the size
distribution at around the phase transition temperature as a function of time when going
from liquid to gel phase.
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Figure 24. (a) Modelled thickness and (b) viscosity as a function of temperature for DTPC
vesicles, swept over the phase transition. The arrows indicate the direction of the hysteresis.
Adeﬁr defines the maximum variation in thickness during the shape change in connection to
the phase transition. The hysteresis is defined as 7, g Up minus 7, s down.

An important observation was that the phase transition tended to be slightly offset with
regard to temperature when comparing heating and cooling over the phase transition. This
is called hysteresis, and to further investigate this, the scan rate of the temperature ramp
was varied followed by a linear extrapolation to infinitely slow scan rate, 0°C/min. The
hysteresis that is extracted from such an extrapolation is proportional to the internal en-
ergy dissipation in the system [176, 177], which means that a more confined system will
have lower static energy dissipation and hence more narrow hysteresis. This is explained
further in paper 1. In Fig 26, the hysteresis is plotted as a function of salt and pH. It is clear
that with increasing pH the hysteresis increases, which implies that the surface interaction
decreases. Similarly, the hysteresis decreases when going from a pure TRIS NaCl buffer
to MgCl, and even further when adding CaCl,, which then would imply increased surface
interactions.

In conclusion, the work in paper I demonstrates that QCM-D is capable of resolv-
ing both phase transitions and lipid-surface interactions with good reproducibility, thus
offering a label-free alternative to study such phenomena It has to be noted, though, that
the Voigt model in this case yields effective viscoelastic parameters since the vesicles do
not form a homogenous film (see chapter 5.1.3).
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a) Size Distribution by Intensity at 17, 14 and 11°C (first respective measurement)
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Figure 25. DLS intensity curves for suspended DTPC vesicles undergoing a liquid to gel
phase transition. The top figure (a) illustrates the size distribution at 17°C (liquid phase),
14°C (around the phase transition) and 11°C (gel phase). The size distribution is essentially
equal in liquid phase compared to gel phase, which supports the modelled QCM-D data (see
main text). Around 7, @ the distribution broadens significantly with a larger average radius,
probably due to size fluctuation and domain formation (see main text). The bottom figure (b)
shows the size distribution of DTPC vesicles at 14°C at different times after the temperature
shift from 17°C. The distribution tends to stabilize and approach that of the gel phase as time
proceeds. A similar behaviour was observed when crossing 7, from low towards high tem-
perature. These data serves as a reference for Fig. 24 (b).
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Figure 26. The hysteresis as a function of salt content and pH, respectively for vesicles with
an average diameter of 100 nm as measured with DLS.
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6.3 Confining thin films —
controlling two interfaces

6.3.1 Basic idea — the nanocell

Issues that potentially might be relevant when working with thin soft matter and liquid
films on a single (sensor) interface include lack of control of film thickness, interfacial
anchoring, mass loss due to evaporation, film geometry, wetting/dewetting properties,
etcetera. In order to address these issues in a sensing context and to facilitate handling of
very small volumes we introduce a second solid interface on top of the substrate. This is
in principle a “lid” that is separated from the substrate with a wall or spacer structure. A
chamber with fully controllable inner height, typically in the range of a few nanometers
up to several micrometers is then formed (Fig. 27 a and b). The radial extension, on the
other hand might be in the order of several millimeters. This enables use of for example a
QCM-D sensor as a substrate, since its active area having a diameter of about 1 cm could
then be totally integrated inside the spacer walls. A confined volume in the size range sev-
eral microliters down to a few picoliters, with an extreme radial extension to height ratio
(up to 10°) is then achieved. We call this conceptual device a nanocell and it is presented
in paper II.
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Figure 27. The basic principle of the nanocell. In order to control the properties of a thin film,
such as thickness, interfacial chemistry, etc, a lid separated from the substrate in a controlled
way by spacers, is put on top of the sample (a). This results in a totally confined thin film.
The inner height of the chamber may be sized down to just a few nanometers, while the radial
extension could be kept in the macroscopic regime (b).

In a nanocell having a thickness in the nanometre range the region in which interfacial
interactions dominate will be twice as large compared to a free film with the same thick-
ness. But what is even more important is that both interfaces are subject to the same (or
different, but controlled) boundary conditions. This is an advantage where for example
control of molecular orientation [50, 51], liquid-solid interfacial effects such as wetting
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transitions [178], phase separations [179-182] and tribology [183-189] are phenomena
of interest. As mentioned before, the chemistry and physics of a sensor surface such as
a QCM-D crystal can be modified in a vast number of ways by material deposition or
molecular immobilization. This is particularly useful when working with anisotropic soft
matter materials including liquid crystal systems or when wetting or phase separation ef-
fects are the subjects of investigation. In all the mentioned cases, factors such as surface
charge and topography have impact on the interactions at the interfaces. Furthermore, the
proposed design allows the spacer structure to have in principle any geometry and mate-
rial composition depending on the application area and the sensing method being used. In
order to facilitate loading and unloading of sample material inlet and outlet channels in
the lid or the spacer walls could be integrated into the device. In addition the lid could be
a membrane with well defined transparency and the spacers could be made of a piezoelec-
tric material to enable adjustable inner height of the nanocell. In theory such a nanocell
can be designed and fabricated in a vast number of ways.

In the present design of the nanocell, the inner surfaces of the substrate and the lid
are modified prior to assembling and the spacer structure is put in place after the desired
modifications have been carried out. Thus, the method does not demand any etching of
the surfaces in order to make the spacer walls, which often is the case in the existing
fabrication methods of micro and nanofluidic devices [33, 34, 190]. During etching, a
hole is, via a chemical process, dug into the sample surface destroying the surface of the
latter. It is therefore not possible to retain a controlled surface roughness or chemistry,
which might be crucial for many sensing applications. Examples include optical detection
where light scattering and extinction at the substrate surface are not beneficial. Thus the
big advantage with the method presented here is that full control of the interfaces may
be maintained and that these may comprise basically any sensor that has a flat surface. In
principle both the lid and the substrate could be sensors, of the same or different kinds,
such as a QCM-D sensor, an SPR chip or other.

6.3.2 Fabrication procedure

To realize the concept presented above, there are basically three main paths to follow
when fabricating the spacer structure that separates the substrate and the lid of the nano-
cell. As a first option the spacer could be fabricated directly on the surface of the lid after
customization or alternatively on top of the sensor surface. Finally, it could be fabricated
as a totally separate removable piece that is assembled with the substrate and the lid in a
sandwich like approach. The last option looks difficult to realize when one is interested
in confined films with thicknesses in the nanometer regime requiring spacers of the same
dimension. The second option reduces the reusability of the QCM-D (or other) sensors
used as substrates, which is sometimes an important issue because of the costs involved.
Since, in most cases, the lid is the cheapest and replaceable part of the nanocell (Fig. 28
a), the first approach seems to be the natural starting point in manufacturing the nanocell.
One very simple approach for making the spacer wall includes putting a mask on top of
the lid. The mask is placed over the lid such that it is shadowing the same, without be-
ing in physical contact with it, and its geometry will define the spacer shape. Finally, the
material that will comprise the spacer wall is deposited perpendicularly to the covered lid
as illustrated in Fig. 28 (b). After evaporation of the desired material the mask is removed
leaving a spacer structure with well defined geometry on the lid surface (Fig. 28 ¢).
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Prior to deposition, the lid is cleaned in order to remove macroscopic and microscopic
contamination that is of the same size or larger than the spacer height. This is very impor-
tant in order to avoid dust being stuck in the spacer structure in order to assure that the
aimed nanocell thickness is achieved. Sample fabrication should therefore preferably be
performed in a cleanroom environment, which is the case in this work where a class 3-6
cleanroom according to the ISO 14644-1 standard was used.

a)
Lid

C)

Spacer wall

Feeding
channel

Figure 28. An optically flat piece of glass is cleaned (a) and masked with a non-contact mask
(which means it is not physically attached to the clean surface, but shadowing it) before the
desired spacer wall material is deposited by evaporation, sputtering or similar (b). The result
is a spacer wall, whose geometry might vary depending on the intended application (c).

Two different thin film deposition equipments were used for surface preparation and
spacer fabrication allowing e-beam (4 kW) and thermal based evaporation, respectively.
Chromium, titanium and gold were used as spacer materials with thicknesses spanning
from typically 30 up to ca 600 nm. Optically polished, cylindrical pieces of borosilicate
glass (>80% Si0,) with a diameter of ca 9 mm and thickness of 0.17-2.5 mm, shown in
Fig. 28, were used as lids. Onto these chromium and titanium adheres very well. When
gold was used as a spacer material, on the other hand, a thin layer of Cr or Ti was required
as an intermediate adhesive layer between the glass and the gold spacer (with the same
geometry as the latter). The spacer walls were cylindrically shaped having two feeding
channels as shown in Fig. 28 (c).

Once the substrate (QCM-D sensor), the lid and the spacer structure have been
prepared the parts were assembled as illustrated in Fig. 29, forming a nanocell. One op-
tion was to physically attach the spacers to the sensor surface either by fusion bonding,
electrostatic or magnetic bonding of the parts, or by “gluing” them together. The latter
option could for example be done by first depositing a thin layer of a suitable polymer
on either the spacers or on the sensor surface. By bringing the parts together and cross-
linking the polymer by heating or UV-light or other methods, the nanocell could eventu-
ally be sealed (Fig. 29 a). As a simple proof of concept a polymer cross linked by UV
light (EpoTek OG198) was spin coated on top of the sensor surface forming a thin layer
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(typically 10-100 nm) and used as an adhesive in a bonded nanocell with spacer height of
about 280 nm.

Another simple method to assemble the components of the nanocell is by using
capillary forces or just by letting them be physically held together by an external pressure.
These two methods facilitate re-usability of the parts, since the nanocell then could be
disassembled without braking. This is particularly useful when probing a static confined
volume of a soft matter material or liquid. The first option requires filling of the nanocell
at the moment of assembling in order to create a stable structure (Fig. 29 b). Either one
puts the lid loosely on top of the sensor surface keeping it in place with a weight, followed
by feeding the sample material through the feeding channels. The excess sample material
is removed by evaporation through for example heating. Alternatively, in case of having
a totally confining spacer wall without any feeding channels (when probing material with
high vapor pressure this might be preferable or even necessary), deposition of the sample
material onto the sensor surface before placing the lid on top would be another solution.
Evaporation of excess material until the lid with spacers has “landed” on the sensor sur-
face, closing the volume, is then necessary. Evaporation is however not necessary in case
the deposited material already has the same volume as the chamber of the nanocell.
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Figure 29. Different conceptual ways to assemble the nanocell. The spacer walls of the lid
could be physically attached on top of the substrate (QCM-D sensor) e.g. by spin coating a
thin polymer layer which is cross linked (gluing) like in (a). Other possible methods include
anodic bonding, fusion bonding and similar techniques. Another way is simply letting the
capillary force holding the pieces together, like shown in (b). First, the lid is kept in place by
external forces, like a small weight, while the cell is being filled. The excess liquid is evapo-
rated by heating, resulting in a confined volume. Alternatively, the droplet could be deposited
first and the lid put on top as a next step.

59



6.4. The nanocell applied to
1sotropic liquids
6.4.1 Shear wave-lid coupling

Since the nanocell was a novel unexplored system the first step in the experimental part
of paper II was to characterize its fundamental behaviour by loading it with some iso-
tropic liquid systems. When a sample of isotropic liquid or soft matter film is confined
inside a nanocell the boundary conditions at both interfaces are the same. This stands in
contrast to free films where the boundary condition at the free interface is different from
the one at the QCM-D electrode interface. This in turn may influence the behaviour of
the viscoelastic shear wave primarily through reflections from the confining lid of the
nanocell. Furthermore the issues about filling and emptying of the nanocell with samples
in a reproducible way and reproducibility of fand D data had to be explored. In principle
two different situations might occur when a nanocell contains a confined isotropic liquid
or a soft matter (Fig. 30): (a) the distance between the sensor surface and the lid is much
larger than the extinction depth of the acoustic shear wave in the medium, meaning that
there will be no interaction of the shear wave with the lid. In the other case (Fig. 30 b and
c) the cell height is shorter than the extinction depth causing the shear wave to interact
with the lid through transmission and reflection at the interface. The transmitted wave
could then either decay to zero amplitude inside the lid (b), or propagate all the way to
the lid-air interface (Fig. 30 c), depending on the thickness and damping properties of the
lid material.

a) Lid

QCM-D sensor

Lid

QCM-D sensor QCM-D sensor

Figure 30. In a nanocell confining a thin film of soft matter or liquid material, the shear wave
induced by the QCM-D sensor could either decay before reaching the lid (a), or decay totally
inside the lid (b), or reach all the way through (c).

As model systems for these tests pure deionised water (milliQ from Millipore) and ethyl-
ene glycol (C,H,(OH),) were chosen. Both of these liquids are very good representatives
of relatively simple and totally isotropic systems while at the same time they have dif-
ferent physical properties (such as viscosity, density and vapour pressure). Water, having
a relatively high vapour pressure (=2 kPa at room temperature) is an excellent material
to use when performing re-chargeability tests of a bonded nanocell, since it is easy to
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deposit and easy to remove. Ethylene glycol on the other hand has a much lower vapour
pressure (8 Pa) and therefore forms a much more stable system since it does not evaporate
as easily as a material with high vapour pressure. These inherent properties make the two
mentioned isotropic liquid systems suitable for testing the functionality of the nanocell
and in particular for the studies of possible influence of multiple shear wave reflections
from the lid, on the frequency and dissipation reading. In particular, since the viscosity
of ethylene glycol is considerably higher than the corresponding one for water (1.61-102
Pa-s and 10-3 Pa-s, respectively) the induced viscoelastic shear wave will exhibit a larger
extinction depth in the former case (see Eq. 5.4). This in turn may lead to a stronger inter-
action with the lid in case of a nanocell filled with ethylene glycol compared to the water
filled nanocell. Finally the densities of the two liquids are about the same: 1113 kg/m?> for
ethylene glycol and ca 1000 kg/m? for water.

6.4.2 Sample preparation and characterization

Basically two different sample preparation approaches were used in the characterization
studies involving isotropic liquids, a loose lid or a bonded lid, as described in section
6.3.2 and illustrated in Fig. 29. The inner surfaces basically consisted of silicon oxide
deposited by e-beam evaporation. Since transparent glass lids were used to lock the thin
liquid films it was possible to optically see the distribution of liquid inside the nanocell.
In addition, by observing any occurrence of Newton’s rings in the sample conclusions
regarding film thickness (in)homogeneity could be drawn.

6.4.3 Summary of the results

To start with, the interaction between the sensor, the confined liquid, the lid and the spacer
walls was explored in a series of experiments. An important conclusion, based on theo-
retical considerations, was that letting the spacer walls rest outside the active area of the
sensor crystal leads to no perturbation of the shear wave signal propagating in the nano-
cell. In the present case this condition could be fulfilled by running the sensor at higher
overtones (n>1) only. This was experimentally confirmed in the observation that for an
empty nanocell (containing air only) f'and D signals did not differ from the correspond-
ing ones for a blank crystal. Furthermore, reflection of the shear wave at the liquid-lid
interface was investigated both theoretically in QTools and experimentally. The latter
was done by putting water droplets on top of the lids of nanocells filled with an isotropic
liquid. Parameters such as lid thickness and volume of the water droplet were varied.
It was found out that the shear wave transmits through the liquid-lid interface and that
it propagates all the way through the lid providing: (i) the shear wave amplitude at the
first interface is finite and (i1) that the energy dissipation in the lid is much smaller than
the corresponding value in the liquid sample. Providing that (ii) holds, there will be no
noticeable differences in f'and D signals as one varies the lid thickness unless an extra
viscous mass is added on top of the lid.

Furthermore the variations of f'and D signals were investigated as a function of
the confined isotropic liquid film thickness both theoretically and experimentally. The fol-
lowing options were analyzed: a free film and a film locked with a thick (2.5 mm) lid. By
using the Voigt-Voinova approach in QTools software the changes in f'and D relative to
an unloaded sensor were calculated for a sequence of cell thickness (30, 50, 80, 120, 200,
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280, 500 nm and 600 um=bulk) for the third, fifth and seventh overtones, respectively for
ethylene glycol. A clear difference in behavior for the two cases was observed by plotting
fand D with respect to thickness as shown in Fig. 31 (light bars correspond to the free
film case and dark bars to the confined film case). For a free film both the f'and D shifts
are steadily decreasing as the liquid film becomes thinner, as expected. A thick lid, on the
other hand, causes a very strong increase in D and a clear decrease in f for decreasing film
thickness. Positive frequency shifts were observed for films thinner than 100 nm. This
behaviour is due to the increasing sensor-lid coupling when the film thickness gets much
smaller than the shear wave extinction depth in the confined medium. Finally, experimen-
tally obtained values for changes in f'and D for a series of nanocells (50, 120, 280 nm
thick and bulk) all having a thick lid are plotted together with the calculated values (see
striped bars in Fig. 31). It was found that the experimental values tend to follow the trend
of the calculated ones for a film confined with a thick lid.
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Figure 31. (a) The changes in the resonant frequency (a) and dissipation factor (b) for ethyl-
ene glycol at the third, fifth and seventh overtones (going from the left to the right for series
of nanocell thickness). The following conditions were modelled using the QTools: A free
film (light bars) and a film confined between a substrate and a thick lid (2.5 mm thick) (dark
bars). The striped bars represent the experimentally obtained values for 50, 120, 280 nm and
600 pum using a thick lid for confining the film. The experimental values tend to follow the
theoretical thick lid case.
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6.5 The nanocell applied to anisotropic
liquid crystal systems

In principle the nanocell has two main advantages when probing an anisotropic liquid
crystal system: the control of the film thickness and film volume and the orientation of
the molecules at the two confining interfaces. To illustrate the former, different samples
of 5CB having the molecules oriented perpendicular to the induced acoustic shear wave,
as described by Eq. (3.4), were probed in the vicinity of the nematic-isotropic phase
transition. Three different thicknesses (defined by the height of the spacer structure used)
were considered: bulk (600 pm), 280 nm and 30 nm (Fig. 32, unpublished data). For
these three samples the changes in resonant frequency and dissipation factor, relative to
the corresponding values of a blank QCM-D sensor factor, at the seventh overtone, were
monitored as a function of temperature. A linear temperature ramp of 0.3 K/min was used
to assure a near equilibration of the system. Distinct hysteresis behaviour, as described
in paper II, was observed. However to give a clear picture and facilitate a comparison of
the temperature dependence of fand D for different samples, the curves presented in Fig.
32 (a) and (b) show the changes in fand D upon decreasing the temperature i.e. when the
system is transforming from isotropic to the more ordered nematic phase.
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Figure 32. (a) The normalized frequency shift at the seventh overtone, relative to the values of
a blank sensor crystal for 5CB in bulk (squares) and films confined in nanocells with spacer
heights of 280 nm (diamonds) and 30 nm (circles). The molecules are oriented perpendicular
to the shear direction. (b) The corresponding dissipation values. Thinner films give smaller
frequency shift and higher dissipation, as predicted theoretically.

As described in paper II one expects theoretically that the shift in resonant frequency de-
creases and the shift in dissipation factor increases as the inner height of a nanocell filled
with a soft matter material or a liquid decreases. The first conclusion that can be drawn
from the present experiments is that this trend holds, reproducibly, for 5CB and that it is
especially pronounced in the nematic phase i.e. in the lower temperature regime. It ap-
pears as if both curves (f'and D) converge when the systems transform into the isotropic
phase. The next interesting observation was that the phase transition temperature was ca
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2 degrees higher for the bulk film compared to the two confined films (34.5°C and 32.5°C
respectively, Fig. 32) and that the size and direction of the step in f at the phase transi-
tion seem to gradually change as the film thickness is changed as clearly seen in (a). For
thinner films we attribute this behaviour to the influence of interfacial interactions which
cannot be neglected in very thin films. Furthermore, the extinction depth of an acoustic
shear wave in 5CB is of the order of 400 nm at the seventh overtone which makes the
contribution of the liquid-lid interface to the QCM-D signal much more significant for
the 30 nm film compared to the 280 nm film. This is certainly an additional reason why
the differences in fand D between 30 and 280 nm are more pronounced than between 280
nm films and a bulk-like one.

In the second example we fixed the inner height of the nanocell to 280 nm and
compared the characteristics of a confined film with a molecular orientation in the nemat-
ic phase that is planar perpendicular to the shear wave (circles in Fig. 33, unpublished
data), with the corresponding values of a film having the molecules oriented planar paral-
lel to the shear (squares in Fig. 33, unpublished data). From equations (3.3) and (3.4) we
expect the viscoelastic response for the two cases to differ from each other in the nematic
phase in such way that the viscosity for the planar parallel case should be lower than the
viscosity for the planar perpendicular case, which has been reported before [23, 46]. Vis-
coelastic modelling of the data presented in Fig. 33 using Q-Tools with a Voigt-Voinova
approach confirms this picture; the planar parallel case yields values between 0.015 (near
the phase transition) and 0.016 Paes (at 27°C), and the planar perpendicular case the cor-
responding values 0.017 and 0.022 Paes, respectively. In the isotropic phase fand D for
the two different cases coincide, as would be expected, with a calculated effective viscos-
ity value of ca 0.016 Paes.
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Figure 33. (a) The normalized frequency shift at the seventh overtone, relative to the values
of a blank sensor crystal for S5CB films confined in nanocells with a spacer height of 280 nm.
Two different molecular orientations are presented: perpendicular to the shear (circles) and
parallel to the shear (squares). (b) The corresponding dissipation values. A clear difference
between the two cases can be observed in the nematic phase, while both f'and D coincide in
the isotropic phase, as expected.
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Physically these results tell us that molecules oriented perpendicular to the direction of
the induced acoustic wave show a larger resistance to shear than if they were oriented
parallel. This is expected and can be easily related to an analogy from the macroscopic
world: It is harder to pull a canoe, lying in a lake, in a sideward direction compared to
pulling it forwards.

To conclude, we have shown that the nanocell concept can be used to explore
viscoelastic properties of anisotropic liquid crystal systems as a function of film thickness
and molecular orientation under well defined conditions.

6.6 Miniaturized fluidics combined with
QCM-D sensing

6.6.1 Integrating the “nanocell concept” in a fluidic system

So far, miniaturization of sample material in one dimension (thickness) has been the main
focus of the work. However, for many of the classical QCM-D applications as described
in chapter 5.1.5, easy and rapid exchange of liquids is highly desirable to promote, for
example, fast binding/unbinding events when changing sample materials. Thus, extend-
ing the nanocell concept by adding flow channels (Fig. 34) would add further application
possibilities to the device since the advantages of small cell height/small volume are com-
bined with controlled flow. At a first glance, an easy solution would simply be to add an
inlet and an outlet channel directly on the lid of the nanocell as illustrated in Fig. 34.

Flow channels

—

QCM-D sensor QCM-D sensor

Figure 34. In principle it is interesting to connect the cell to more sophisticated feeding chan-
nels in order to facilitate a rapid and continuous liquid exchange, thus making it possible to
apply the advantages of a small volume with “traditional” QCM-D applications.

One great challenge in the design of a QCM-D micro reactor system is the miniaturiza-
tion of the dead volumes, i.e. the volume of feeding channels. Besides the miniaturization
of the reaction chamber itself, this is important in order to reduce the total sample con-
sumption and increase the efficiency of the liquid exchange. Another important concern
in the design of the flow chamber system, which is particularly connected with the liquid
exchange issue, is to have a flow chamber geometry benefiting an efficient flow profile.
Then the occurrence of pockets where liquid is more or less stationary would be reduced.
A relatively constant flow rate throughout the entire chamber is a desirable design feature
of such a device.
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6.6.2 Fabrication procedure

Controlling the flow of liquids in a nanocell puts a number of requirements on design pa-
rameters. When introducing a flowing liquid into the chamber, it will result in an increased
internal liquid pressure inside the chamber. This, in the worst case, may lead to sample
leakage if the parts are not well assembled, or are made from appropriately selected mate-
rials. Therefore it is crucial to have a spacer structure that is totally tight and additionally
there may appear a need for external forces to keep the sensor and the lid together in one
piece. A material that is widely used for fabrication purposes in microfluidic applications
is polydimethylsiloxane (PDMS) [15, 16, 142, 143]. This material has favourable elastic-
ity and chemical properties and is known to form very thin and durable structures. Instead
of using a metal spacer ring in the nanocell, a PDMS structure would thus function not
only as a spacer wall, but also as a sealing o-ring. In this case the spacer structure will
actually be fabricated as a separate, “loose” part in contrast to the previous case.

The main steps in the fabrication process used in this work are described in Fig.
35. A negative photoresist (SU-8 in this particular case) was spin-coated onto a clean
silicon wafer (a), followed by soft-baking. In the next step the wafer is covered by a pho-
tomask defining the geometry of the lithographic mould that will describe the structure
of the reaction chamber in the QCM-D cell, and exposed to UV light (b), followed by
yet another baking step. The wafer was then soaked in the developer liquid matching the
used photoresist, followed by rinsing with isopropanol in order to remove the unexposed
part of the resist (c). This process results in a lithographic mould that is used for casting
the PDMS spacer structure (d). In order to avoid sticking and simplify removal of the
casted structure from the mould, it was covered with a self assembled monolayer (SAM)
before the casting procedure. A frame and a Teflon cylinder defined, together with the
lithographic mould, the volume where PDMS was to be poured according to (e). After
hardening of the polymer by baking at 60°C for at least two hours, the Teflon cylinder
may be carefully removed and the spacer structure pealed off the SU-8 mould (f). The
structure, according to the present design, comprised a thin spacer wall supported by a
thicker structure in order to assure its stability and durability and facilitating easy han-
dling which otherwise could be a problem for such thin structures. A lid, which may be
made of in principle any material and whose surface chemistry could be modified like in
the case of the nanocell described in last section, was then attached to the spacer structure.
The parts could be bonded together or just resting loosely on top of each other. If the lid
was made of glass the PDMS could be irreversibly bonded to the same after treatment in
oxygen plasma according to well known recipes [148]. Finally the QCM-D sensor was
put on top of the other side of the spacer structure, forming a confined volume (g). All
pieces were preferably held together by external forces, forming a totally tight structure.
The feeding channels may be fabricated directly in the PDMS structure, or, as in the
present case, made as two tiny holes in the lid (h). These in turn could be connected to
other fluidic structures and pumps in order to supply the chamber with sample material in
a controlled way.

The design enabled disassembling of the entire chamber structure in order to reuse
or change one or several parts of the structure. For example, one could in principle change
between different spacer structures, defining various chamber heights or radial geometries
and different sensors and lids having different surface chemistry. Since like before the lid
and the QCM-D sensor could have the same or different surface chemistry, structure or
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Figure 35. The fabrication process of the micro flow cell. A photoresist, such as SU-8 which
is a negative resist, is spin coated onto a Si-wafer (a) and exposed with UV light through a
photomask followed by baking on a hotplate (b). In the next step the sample is put in a suit-
able developer in order to remove the unexposed resist (in the case of a negative photoresist)
(c) giving a lithographic mould (d). The mould together with a casting frame and a Teflon
plug defines the volume of the spacer structure that is casted using PDMS (¢) and baked (f).
The PDMS structure is put on top of a lid with inlet and outlet holes (g). The QCM-D sen-
sor is then put on top of the thin part of the PDMS, defining the chamber volume (h). Using
such a material the function of the wall is not only a spacer but also an o-ring, preventing
leakage.

comprise various material compositions depending on the application of interest.

In the proof of concept in this work a piece of poly(methylmetacrylat) PMMA was
used as a lid, in which very fine holes for inlet and outlet were drilled. The reason why
this material was chosen is that it is easier to handle and to fabricate compared to glass,
although being less chemical resistance towards solvents. However, as will be shown
later, the chemical resistance did not need to be of high priority. The PDMS structure
having a spacer height of 45-50 um was loosely attached to the PMMA surface and the
QCM-D sensor was held in place on the spacer with spring loaded contact electrodes (two
operating, and one dummy that acted as a support only). They in turn pressed the PDMS
towards the surface of the lid, making the chamber liquid tight. Everything was held to-
gether by using external structures assembled with nuts and bolts (as described in paper
IIT). In the feeding holes, having a diameter of about 1 mm, very fine syringe needles were
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attached to facilitate connection to a peristaltic pump. As an alternative instead of letting
needles acting as feeding pipes, a PDMS structure with micro fabricated channels could
be attached to the backside of the lid enabling communication with a large number of
similar micro reactor chambers integrated with QCM-D or other sensing techniques. By
choosing a proper material for the lid (optically flat quartz glass, for example), the micro
reactor could, like the nanocell, be integrated with optical detection methods, in combina-
tion with the QCM-D sensor.

6.6.3 Summary of the results

In the present work the spacer height was typically in the range 40-50 um and the cham-
ber volume ca 3 pl. The lid was integrated to two feeding channels, allowing connection
to a peristaltic pump, enabling a continuous flow of sample material through the reaction
chamber.

As has been mentioned before, the main purpose with this work was to reduce the
total liquid sample consumption, but also to gain some advantages with respect to kinetics
and mass transport compared to present commercial instruments. When operated in batch
mode the typical sample consumption was 13 pl. In flow mode the cell has been oper-
ated at flows ranging from 6 to 50 ul/min i.e. cell volume turnovers of 2-17 per min. As
a model system, to characterize the miniaturized flow reaction chamber, the well known
formation of supported phospholipid bilayers (SPB) on a silicon oxide surface was stud-
ied. The characteristics of SPB formation in the miniaturized chamber were compared to
the corresponding values for the same process studied in commercially available QCM-D
equipment with much larger cell volume (Q-Sense QCM-D E4 with ca 40 ul chamber
volume + ca 300 pl tubing volume). In both cases the active sensor areas were of the
same size and the main physical difference was the height of the flow chamber. Both the
sample consumption and the kinetics of the bilayer formation were compared as a func-
tion of sample flow rate. The decrease in sample consumption needed to produce a bilayer
on the sensor surface in the miniaturized chamber was approximately proportional to the
decrease in chamber volume, which for the present case was a factor 13. In Fig. 36 this is
illustrated first by comparing the normalized frequency shifts at the fifth overtone during
a bilayer formation using (a) the same flow rate for both cases (the solid curves repre-
sent the commercial instrument and the dashed curves the miniaturized chamber) and (b)
by approximately scaling the sample flow rate to the chamber volume, giving the same
chamber volume turnover for both cases. In the latter case the curves overlap.

Finally, theoretical estimations were performed revealing that the volume of the
diffusion regions in relation to the total chamber volume in the small chamber was sig-
nificantly larger than for the commercial chamber, allowing a larger fraction of sample
molecules to be consumed, and decreasing the waste (i.e. the molecules never attached to
the sensor surface), in the former compared to the latter case. Further details are found in
paper III.
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Figure 36. QCM-D data comparing the formation on supported lipid bilayers in the com-
mercial E4 cell and the miniaturized chamber with for different flows). In the first graph (a)
the flow rate of 10 pl/min is the same for both the E4 flow chamber (o) and the miniaturized
flow chamber (0) and in the second graph (b) the flow rate differs a factor 10 between the
chambers, 100 pl/min in the E4 chamber and 10 pl/min in the miniaturized chamber. The
graphs show data collected from the fifth overtone and normalized with respect to the over-
tone number.
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6.7 Microfluidics for rapid liquid exchange

Another advantage with miniaturization of sample volumes is, as mentioned earlier, the
possibility to more rapidly move liquid from one point to another or to mix liquids inside
the channel or sensing volume. The laminar flows in a microfluidic device also enable
better defined sample regions compared to a macroscopic volume with turbulent flows.
Also, less work is required to move less mass. In this work, as described in paper IV, we
were interested in studying transport events through lipid membranes, with and without
transport proteins. As described in earlier sections, diffusion through membranes and
many of the transport reactions that are controlled by proteins need to follow a gradient of
pressure, charge, osmolarity, etc and take place, typically on time scales down to around
one millisecond. In order to induce the required gradient one need to rapidly change the
surrounding environment of the lipid membrane that is going to be monitored. This is
where the advantage of small sample volumes in microfluidics plays an important role.
In principle, one could handle the problem in two ways; either by moving the liquid or
by moving the lipid membrane from one solution to another. One of the most commonly
established methods for changing or mixing of liquids or induction of rapid chemical
reactions is called stopped-flow [191]. This is usually performed in suspensions, which
means bulk samples. An alternative solution would be to use a device that moves the
liquid, while the sample is stationary, which would be possibly if the lipid membrane is
immobilized on a surface. There are also further advantages when using a surface-based
approach for this kind of studies: In principle it allows several measurements on the very
same set of sample material. Furthermore, much less sample material is usually required,
and by working in two dimensions instead of three (bulk) facilitates detection of single
probe entities (molecules, liposomes, etc.), thus allowing determination of heterogenei-
ties in the population.

6.7.1 Design and characterization of the switching device

A simple way to create a microfluidic channel that allows for rapid liquid exchange over
a predetermined sample area is to facilitate from a dual laminar flow entering from two
separate inlet channels. Each of the inlets is connected to a reservoir providing liquid to
the device. These two inlet channels merge for a short distance to finally split up into two
separate outlet channels. By applying a negative pressure to one of the outlet channels one
can steer both laminar flows in that specific direction. Applying the negative pressure to
the other outlet will instead make the laminar flows exiting in that direction. The negative
pressure can easily be applied using a simple vacuum pump. By connecting a three-way
valve between the two microfluidic outlets on one side and the pump on the other side
one can easily switch the suction from one outlet to the other. The border between the two
flows is thereby moved from one outlet to another. Practically this means that either of
the two outlets can be used as measurement areas where the rapid liquid exchange takes
place. This so called H-filter design is illustrated in Fig. 37 (a) and (b), where (a) also
shows the valve and the reservoirs mounted to the device.

The microfluidic channel in paper IV was designed to be ca 60 um high and the
outlet/inlet channels were 200 um wide and 5000 um long. The connection in the middle
was 100x70 um (width x length). The structure itself was fabricated using soft lithogra-
phy and PDMS as is described in Appendix A. An electronically controlled solenoid valve
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with a specified switching time of less than 10 ms connected the channel and the vacuum
pump. In principle, as will be shown in the next section, the main limitation or obsta-
cle for the device to operate faster was the valve. In theory an H-filter design like this
would enable liquid exchange times in the sub-millisecond regime given a sufficiently
fast valve.

a) =™ a1

o

Outlet

5000 um

Sample feeding

Figure 37. (a) The microfluidic setup used in this work, including two reservoirs and a sole-
noid rocker valve (right top corner). (b) A sketch of the microfluidic channel and a zoom-in
of the H-junction. The square and the circle in (a) correspond to the same in (b).

The flow profile and switching performance of the device was characterized by feeding a
fluorescent dye (carboxyfluorescein) dissolved in water from one of the inlets (#2 in Fig.
37 b) and pure water from the other inlet (#1 in Fig. 37 b) and monitor the fluorescence
profile by TIRF. Figure 38 (a) shows a fluorescent image of the junction to the outlets
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when applying the suction through the left outlet (#4). By activation of the solenoid valve
the liquid was then sucked through the right channel (#3) as illustrated in Fig. 38 (b). The
intensity profile was monitored in TIRF mode (penetration depth of about 100 nm) as a
function of time and position in outlet #3 during switching as illustrated in Fig. 38 (a) and
(b). The CCD camera used had a spatial resolution of 512x101 pixels (75 pm x 15 pm),
which corresponds to the red frame in the lower right of Fig. 38 (a) and (b). The choice
of spatial resolution was a result of time resolution optimization giving an 8 millisec-
onds time resolution. For each intensity value the average over a 2x2 pixels square was
measured. The result is illustrated in Fig. 38 (c), showing an exchange time of about 10
milliseconds. This was the same value as stated for the delay time of the solenoid rocker
valve used in the setup. A simple estimation reveals that the switching of sample material
in the direction perpendicular to the flow is the limiting factor, since the flow speed was
in the order of 3 mm/ms, compared to 20 pm/ms for the switch direction. This is also ex-
plains why the monitoring position along the channel is less crucial for the result than the
position perpendicular to the same. Based on this the conclusion can be drawn that this
design, given the same flow rate, can perform an about 100 times faster switching (100 us
time resolution), given that a sufficiently fast valve was available. In principle this design
allows for measurement on several subsequent areas by simply moving the monitoring
down the outlet channel (red frame moved down). This would be a way to increase statis-
tics or reduce the effect of photo bleaching of the sample material.

0/ 70 x(um)
Measured area

Distance x (um) Time (ms)

Figure 38. (a) TIRF image of parallel flows of carboxyfluorescein and water with suction ap-
plied to the left outlet (#4). (b) Ditto, but with suction through the right outlet (#3). Switching
is defined as changing from case (a) to case (b). (c) The fluorescence intensity measured in
TIRF mode on a single vesicle sized area (2x2 pixels) within the red frame during switching
as illustrated in (a) and (b). Time resolution is limited by the frame rate to 8 ms.
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6.7.2. Design and characterization of the
hydrodynamic mixer

In principle, the previous microfluidic switching concept has two major performance lim-
itations that prevent higher time resolution in the readout: The frame rate of the camera
and the switching time of the electric solenoid valve used. Together they allow a switch-
ing and recording time of about 5-10 ms given that the resolution and the light sensitivity
are kept at an adequate level. The concept can hence be improved by upgrading the sur-
rounding equipment and accessories. But in order to become independent of these two
limiting factors and becoming able to beat state of the art cameras and valves in terms
of time resolution, another technical solution is required. Instead of having liposomes
immobilized on a surface and move the liquid environment back and forth over the sur-
face, one could instead keep the liquid flows steady and move the liposomes across the
boundaries. One approach is to establish three parallel flows according to the principle
of hydrodynamic focusing as described in chapter 5.3. Then the middle stream could be
tuned to be thin enough for molecules from the two steering/sheath flows to diffuse across
within short enough time scales. The design of the device used in paper V is illustrated
in Fig. 39 (a) and comprise three inlets and one much wider outlet channel connecting
the mixing region. The steering channels are 10 mm long and 100 um wide, the sample
feeding channel 10-100 mm long and 100 um wide. The outlet channel is 4000 um wide,
exponentially increasing over 50 um width from the 4 um wide mixing region. When
focusing on the mixing region (Fig 39 b) and performing COMSOL multiphysics simula-
tions given feeding flow rates of 1 nl/s, mixing times down to 250 us can potentially be
achieved. The calculations are based on the diffusion coefficient of the fluorescent dye
calcein in water at room temperature (5+10719 m%/s). In order to compress the sample flow
even more, hence decreasing the mixing time, the sheath flow rates can be increased. The
reason to why the sample feed channel is a factor of ten longer than the steering channel
allows operation of the device with only one simple vacuum pump connected to all inlets.
This will result in a ten times higher pressure in the sheath flows than in the sample flow.
In this work, however, we eventually decided to use a more sophisticated pump system
and never took advantage of the 10:1 ratio.

The critical part in a device with such large differences in the dimensions from
one part to another is the narrow mixing region. This is where largest stress is applied to
the material and where one potentially would expect operation failure during an experi-
ment. To get a better understanding of this part, COMSOL simulations were performed
under the planned dimensions and flow conditions (Fig. 40). From this Reynolds number
(a) and pressure (b) were extracted, revealing that the physical conditions were within
reasonable limits to maintain a stable laminar flow without breaking the device. It should
be noted that the “real life” device sustained pressures up to ca 10000 Pa before break-
ing.

The fabrication was performed in a four inch silicon wafer (500 um) and a four
inch borofloat glass (200 um) as described in chapter Appendix B.

After etching in silicon the devices were analyzed with optical microscopy as il-
lustrated in the photos in Fig 41. Figure (a) shows the inlet junction, where the red square
denotes the sample feed and the blue squares the steering channels. In (b) a magnification
of the mixing region, as illustrated with the square in (a), is shown. The gap was in the

73



Outlet
Mixing region

g 180 =250 us
c
S
& 160
c
. g
Steering channel £ 140
Steering channel 1nl/s Y (2)
120
1nl/s
Sample feed 1 nl/s 100

0 500 1000 1500 2000 2500 3000
Time (us)

Figure 39. (a) The design of the hydrodynamic mixer comprising one sample feed, two steer-
ing/sheath channels and one outlet that intersect in the mixing region. (b) A COMSOL mul-
tiphysics simulation of the mixing region according to the original dimensions. (¢) Given the
dimensions and flow rates 1 nl/s for the steering channels and for the sample feed, mixing
times down to 250 us could potentially be achieved. The diffusivity of calcein in water at
room temperature was used in the calculations.
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Figure 40. COMSOL simulations of the (a) Reynolds number and (b) pressure, given the
physical properties from Fig. 39.

order of 4 um. Fig. 41 (c) shows the supporting pillars in the wide outlet channel and (d)
the inlets near the connection. The pillars are there to hinder dust particles to enter into the
mixing region. A couple of broken devices were also analyzed with SEM as shown in Fig.
41 (e-h) for various cross sections (indicated in the inset optical microscopy images). The
channels and supporting pillars exhibited sharp and distinct profiles. In Fig. 41 (e) and (f)
the glass lid is lighter than the silicon wafer, in which the channel has been etched. The
cracks in the former are results of the breakage of the device. Fig. 41 (e) shows the cross
section of one of the steering channels and in (f) one of the supporting pillars in the wide
outlet region can be spotted in the centre of the image. In Figs (g) and (h) the small pillars
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at the feeding holes acting as dust filters are shown with different magnification. In total
nine square 1x1 inch chips were fabricated based on one circular four inch wafer.

MC2 Mag: 300x WD: 13 mm HV: 6 kV MC2 Mag: 500x WD: 12 mm HV: 6 kV

MC2 Mag: 250x WD: 13 mm HV: 6 kV

Figure 41. Optical microscopy and SEM images of different parts of the microfluidic device.
(a) The junction at the mixing region with the sample feed (red square) and steering channels
(blue squares). (b) A magnification of the mixing region. (c) A part of the wide outlet chan-
nel with squared pillars for support of the glass lid. (d) The dust filter at the feeding hole in
the beginning of one of the inlet channels. (e) Cross section of one of the steering channels.
(f) One of the support pillars is visible in the large outlet piece. (g) One of the inlet holes
and the corresponding particle filter. (h) A close up of the particle filter as indicated by the
yellow square in (g). The approximate location is indicated by the line in the inset optical
microscopy images.
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As a proof of concept to characterize the mixing capabilities of the device, a bulk calcein
solution was fed into the feeding channel and water in the sheath flows as illustrated in
Fig. 42 (a) and as a close-up in (b). Mixing was induced by diffusion of the sample in
sheath flows (in this case milliQ water) through the sample flow as illustrated, and vice
versa. Basically the entities with the lowest diffusion coefficient (in this case the calcein)
determined the mixing rate. In the example here all three channels were fed at a flow rate
of 1 nl/s, giving raise to maximum velocity of ca 0.05 m/s in the narrowest part of the
mixing region. Due to the short diffusion distance here (<1 pm), the mixing occurs on a
very short time scale. In the present system mixing times of ca 250 us were observed (Fig.
42 ¢), in good agreement with the calculated predictions in Fig. 39. The concentration was
chosen to ca 40 uM since the self quenching effect should then be at a minimum [111]. By
regulating the flow and the width of the mixing region the mixing time can be decreased
or increased depending on the time scales in the system to be investigated.

Flow rate: 1 nl/s
in all threeinlets

9
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Figure 42. Two examples of proof of concept for the hydrodynamic mixer. (a) A fluorescent
dye, 40 uM calcein, diluted in milliQ water is fed through the sample feed channel and com-
pressed by pure milliQ streams from the sheath flows. (b) A close-up on the mixing region
revealing the narrow sample stream. (c) The intensity profile when following from (1) to (2)
in (b) as a function of time. The decrease reflects the dilution of calcein with water. Mixing
time ~250 ps. (d) 150 nm liposomes in TRIS buffer fed through the middle channel. The
sheath flows contain a certain concentration NaCl that causes volume shrinkage starting at
the mixing region. The line intensity depends on the degree of self-quenching and on the flow
velocity.

76



If the bulk calcein is replaced with liposomes that are fluorescently labelled with
calcein in their bulk, they will appear like bright lines as shown in Fig. 42 (d). The flow
rate in this case was 1 nl/s in all three inlets also in this case. The length of each line de-
pends on the exposure time of the camera. Short black spaces indicate the transition from
one frame to another (the time of the frame transfer in the CCD decides the length of the
black space). In Fig. 42 (d) a superposition of images of liposomes flowing through the
device is shown. The exposure time in this case was in the order of 100 milliseconds. The
steering/sheath flows compress the liposome trajectory in the mixing region and as the
channel width increases the trajectory spread increases. In this work the flows were regu-
lated with a milliGAT pump, with six syringes operating in parallel in order to maintain
an as smooth flow as possible even at low rates. The lowest possible stable flow achieved
was 1 nl/s in this specific case.

6.8. Measuring solute and water transport
across lipid membranes

6.8.1 Permeability measurements using
the switching device

As mentioned above, transport events through lipid membranes, in many cases, occur on
a very short time scale (down to a few milliseconds or even less). With this in mind the
microfluidic liquid switching device developed in this work makes an excellent tool for
such studies. As systems for proof of concept, presented in paper IV, a number of differ-
ent transport events were chosen and lipid membranes in the form of surface immobi-
lized liposomes were used. First, passive diffusion transport through the membrane of a
weak acetic acid (small polar molecules) with different concentration was investigated.
Secondly, passive diffusion of water and glycerol molecules through lipid membranes
was studied. As a third system facilitated transport of water molecules through aquaporin
channel proteins, was investigated as a medically very relevant and interesting system
(see Chapter 3.3.4 for more details).

To detect transport events through biological membranes several different sens-
ing methods, such as light scattering [72, 193-195], radio labeled solutes [196, 197], SPR
[74], optical microscopy [198, 199] and the response from a fluorescent entrapped either
in the membrane or the bulk of the liposomes [113, 114, 200] have been used. The trans-
port events in this work were characterized using the last of these methods; observation
of the intensity response of a fluorescent dye loaded in the bulk of the liposomes. Water
and solute transport through the lipid membranes could be followed by observation of
fluorescence self quenching (described in Chapter 5.2.2) of the entrapped dye. This is an
established method in this context and is a result of liposome volume changes due to in-
duction of an osmotic pressure [200, 201]. To summarize, it works as the following: The
dye loaded liposomes are initially kept under osmotic balance. The surrounding buffer is
then rapidly exchanged (with the help of for example the microfluidic device developed
here) with a hypertonic buffer (higher osmolarity). This results in an external osmotic
pressure onto the lipid membrane. As to compensate and even out the osmolarity gradi-
ent a water efflux from the liposomes follows, resulting in volume shrinkage. This can be
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detected by following the fluorescent quenching (intensity decrease) from the resulting
dye concentration increase. The resulting intensity curve is a trace of the time needed for
the water efflux, which depends on the water permeability of the specific membrane.

In case the hypertonic buffer contains a permeable solute, this will, accompanied by water
molecules, diffuse into the liposomes to even out the concentration gradient. The result is
a volume increase, which can be traced as an intensity increase. Since the solute transport
process is considerably slower than the corresponding for water, the first step can be as-
sumed to be totally dominated by the water efflux and the second step by the solute/water
influx. See Appendix C and paper IV for further details.

In paper IV the liposomes were immobilized on the glass substrate of the channel
using NeutrAvidin strands coupled to biotin mixed into the lipid membranes. The concen-
tration and incubation time of the injected liposome solution then determined the degree
of packing of the vesicles on the surface. Figure 43 (a) illustrates in principle (however
not to scale) the spread of immobilized liposomes in the channel as seen from the two
outlets towards the inlet parts. The fluorescence signal was detected by a fluorescence
microscope operating in TIRF mode. In Fig 43 (b) a typical field of view of liposomes
immobilized on the substrate of the channel and filled with 30 mM of the fluorescent dye
calcein is shown. Calcein was chosen as the fluorescent dye in this context because of its
relative photo stability and self-quenching ability (see chapter 5.2.2).

a)

Figure 43. Immobilized liposomes in the microfluidic channel. (a) A schematic sketch of the
device used. The scale of the liposomes is exaggerated. (b) A typical field of view in TIRF
mode.
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In order to study the facilitated transport of water through aquaporins, proteoliposomes
(200 nm diameter) with membrane reconstituted aquaporin 5 (AQPS5) was used as a mod-
el system. These were immobilized on the channel floor as described above. The efflux of
water through AQPS5 could be induced by switching from the isotonic buffer to a hyper-
tonic 100 mM sorbitol buffer solution. As lipid membranes, POPC:POPG:cholesterol in
a 3:1:1 fraction was used in this work. The membranes are impermeable to sorbitol on the
timescale used in one measurement (<10 seconds). Thus the fluorescence profile exhibited
only an intensity decrease due to the induced osmotic pressure, water efflux and volume
decrease (Fig. 44). As a reference, liposomes of the same size and lipid composition but
without AQP5 were studied under the same conditions. A clear difference with regard to
water efflux rate constant (at average more than a factor of three) could be distinguished
between the two populations as shown for two representative liposomes in Fig. 44.
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Figure 44. Fluorescent image of AQPS5 reconstituted proteoliposomes immobilized on glass
surface (red curve). As a reference, identical liposomes but without AQPS5 were studied under
the same conditions (blue curve). A clear difference in average characteristic time constants
could be distinguished.

To allow calculation of the characteristic transport rates and time constants, the intensity
curve for each individual (proteo-) liposome was fitted to a single exponential function
of the form:

Int(ty=(pb-a)e"™ +a (6.1)
Here £k is the rate and ¢ and b and are the minimum and maximum intensity values, re-
spectively. Given the rate constant, &, and the change in volume during the water efflux
for each individual proteoliposome, the permeability could be calculated according to
(see Appendix C for detailed derivations):
Pf = k ' (V - Vmin )/[At:O ' Vw ’ AOsn/l] (62)

max

where V, and V. are the maximal and the minimal liposome volumes, respectively,
A,_, is the initial (isoosmotic) surface area, V' is the partial molar volume of water (18
cm’/mol) and Aosm is the difference between external and internal osmolarity of solution
after switching.
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In paper IV the average permeability for the aquaporin reconstituted POPC:POPG:cho-
lesterol (3:1:1) was determined to be 5.2¢1073 cm/s, while the reference population with-
out aquaporins exhibited a permeability of ca 1.6¢10-3 cm/s (Fig. 45 a). The permeability
exhibits a slightly skewed Gaussian distribution both for the proteoliposomes and the
reference population. However, the proteoliposomes exhibit a (relatively) substantially
wider distribution, suggesting that the number of AQPS5 per liposomes varies a lot. In
addition there is an overlap in which ca 15-20% of all proteoliposomes cannot be distin-
guished from the reference population. There is thus reason to believe that this fraction
of proteoliposomes have a too low number (or none) AQP5 channel to be measured with
the present method. This subject is a matter of further discussion in paper IV. Further on,
it is possible to extract the number of aquaporin channels for each individual liposome by
using the following formula [202, 203]:

P -P

__ 7 proteoliposome liposome ( 6 ) 3)

P aops = SuD

In this case p,ps is the permeability of a single aquaporin channel, which is 5.0 x 10714
cm?/s [204], Ppmt coliposome is the permeability of the entire proteoliposome, Ph.p osome 1S
the permeability for the corresponding liposome without any aquaporins and SuD is the
single channel density per surface area unit (#/cm?).

Using the individual Pp roteolinosome aNd the average Ph.p osome AN average SuD
number could be calculated to 8210719 cm™. This corresponds to 120 single AQP5 chan-
nels or 30 tetramers per proteoliposome at an average. This should be compared to the
number obtained when calculating the number of tetramers per proteoliposome based
on the amount of aquaporins added to the lipids during the reconstitution (0.167 mg
aquaporins added with a lipid to protein mass ratio of 100:1). Assuming that each lipid
molecule in the liposomes occupy a surface area of 0.7 nm? [205] and using the average
liposome diameter and the average molecular weights of the lipids (ca 689 D for POPC:
POPG:cholesterol at a ratio of 3:1:1) and AQPS5 (ca 28 kD for one single, 112 kD for a te-
tramer) one gets an average of 22 tetramers per proteoliposome. The discrepancy between
theoretical and calculated SuD based on measurements could potentially stem from the
distribution of P, iposome and from possible dependence on p , s and SuD as a function of
preparation and experimental conditions [202-204]. In addition, there is reason to believe
that the incorporation efficiency might be size dependent, based on previous work stating
that membrane strain and curvature have such effects [206, 207]. A scatter plot of SuD
as a function of proteoliposome surface area is shown in Fig. 45 (b). There seems to be
a trend that larger vesicles, with lower curvature and membrane strain, can incorporate a
higher density of AQP5 channels. This would be in good agreement with the mentioned
studies.

Based on this one can conclude that small proteoliposomes have an unexpectedly

low number of AQP5 channels. Thus is seems reasonable to assume that the 15-20% of
the entire population that can not be distinguished from the reference liposomes are rela-
tively small proteoliposomes with very few AQPS5 channels, as discussed in paper I'V.
To conclude this part of the work the developed microfluidic setup has proven to be a
well working platform to extract permeability statistics on a single proteoliposome level.
However, to resolve even faster AQP channels there is a desire to go down even further in
time resolution, which brings us to the final part of this work.
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Figure 45. (a) Distribution of the osmotic water permeability of AQPS reconstituted prote-
oliposomes (orange) and reference liposomes with the same composition but without AQPS5
(green). An average permeability of 5.2x10-3 cm/s was obtained for the former and 1.6x10-3
cm/s for the latter. Also shown are Gaussian fits to the histograms.. (b) A scatter plot illus-
trating the SuD as a function of proteoliposome surface area. The plot was generated using
Eq. 6.3 with P, 0/iposome Obtained from Fig. 45 (a) and with p 4o p5 and Py, fixed to
5.0x1014 cm3/s and 1.6x1073 cm/s, respectively. The uncertainty for each P and surface area
value was determined from the accuracy of the fit used to obtain & (Eq. 6.1) and the signal-to-
noise in the emission intensity. The inset displays histograms for the permeability for vesicles

with a surface area above (purple) and below (blue) 1.35x10° cm?.
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6.8.2. Permeability measurements using
hydrodynamic focusing

As described in chapter 6.7.2, the time resolution of the hydrodynamic mixer in paper
V is independent of external valves and the frame rate of the used camera. Instead the
flow rate and the channel dimensions and design alone decide the time resolution and
mixing performance of the injected sample material. Typically the exposure time used is
matched to the time it takes for one single liposome to cross the field of view, which is in
the order of 100 milliseconds in this work. Like in the switching approach described ear-
lier, the principle of fluorescent self-quenching is used for detection of liposome volume
decrease. This in turn stems from the efflux of water due to an induced osmotic gradient
after the mixing. Instead of recording the intensity of one single, immobilized liposome
frame by frame, the intensity profile of the trajectory corresponding to a liposome travel-
ling through the channel is recorded (Fig 42 d). In the example described here passive
water transport through a POPC membrane (in the form of 150 nm liposomes) was used
as a model system. Typical characteristic time constants are around 50 ms for such proc-
esses. Therefore a time window of ca 100 ms was desired. With initial flow rates of 1 nl/s
in all of the three channels this could be achieved. The flow rate had also to be chosen so
that the sample stream was sufficiently compressed for diffusion to occur on a reasonable
time scale. The POPC liposomes were extruded and introduced in a solution containing
30 mM calcein, 10 mM TRIS and 100 mM NacCl. The sheath flows contained a hypertonic
10 mM TRIS and 500 mM NaCl suspension. When these were mixed with the sample
in the mixing region an external osmotic pressure was applied onto the lipid membranes
causing water efflux, resulting in volume shrinkage and fluorescent quenching.

The fluorescence intensity of the trajectories (cf. Fig. 42 d), corresponding to each
single liposome, was normalized with regard to their respective velocity profile, since
the recorded intensity depends on quenching and velocity (higher velocity gives lower
recorded intensity and vice versa). The velocity profile for each trajectory was calculated
using COMSOL multiphysics (see paper V for further details) and multiplied with the re-
corded intensity. The results were analyzed like in Fig. 46 (a). During the first 30 ms, the
normalized intensity was typically fairly constant, since this corresponds to the section
before the mixing region where there is osmotic balance. In the mixing region the typical
feature was a peak that originates from the fact that the intensity is close to zero, giving a
very unfavourable signal to noise ratio, and that the flow velocity peaks. As a result, the
noise was magnified considerably, giving raise to the mentioned peak region. This is dis-
cussed further in paper V. After the mixing region, the normalized intensity decreases in
an exponential manner due to the fluorescent self-quenching stemming from the volume
decrease due to the water efflux. The small dip in the beginning of the decrease originates
from the transfer time between two sequential frames processed by the CCD camera.

To confirm that the decrease stems from the self-quenching alone, reference ex-
periments were performed with calcein/rhodamine labelled liposomes. The corresponding
rhodamine trace followed approximately the same trajectory and was plotted as a func-
tion of time (green line in Fig. 46 a). In the beginning of the mixing region the rhodamine
trace exhibits the same peak, which once again confirms that it stems from measurement
conditions. After the mixing region, the rhodamine signal is fairly constant, implying that
the calcein decline stems from volume shrinkage and quenching.
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The calcein decline was thereafter fitted to an exponential function as illustrated in Fig.
46 (a) and (b) and described in the previous section. Following the same procedures as in
chapter 6.8.1 the characteristic time constant for the water efflux could be determined for
each individual liposome. The 94 liposomes in the data set used in this work (Fig. 46 c)
yielded an average value of 49 ms.
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Figure 46. (a) The intensity multiplied with the flow velocity. Before the mixing zone this
normalized intensity is fairly constant and after the mixing an exponential decay can be
observed. As a reference the corresponding rhodamine trace is plotted. (b) A magnification
of (a) to clarify the decay. The decay constant k is inversely proportional to the decay time
constant T. (c) A histogram illustrating t for a set of 94 liposomes. An average value of 49
ms is obtained.
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The osmotic water permeability was calculated similarly as described in the previous
section. There is however a major difference in this approach compared to the switching
approach. Depending on the trajectory a liposome takes through the sample stream, it will
due to the lateral diffusion experience different final external solute/salt concentrations
cout as described in paper V. Therefore each trajectory needed to be treated individually
with regard to concentration profile in an analogous way as for the velocity profile, us-
ing simulated COMSOL data. The permeability for each one of the 94 liposomes was
extracted and put together in a histogram (Fig. 47). An average value of ca 7.5¢1073 cm/s
could be determined based on these calculations, which is the same value that was yielded
with the switching method for the same system (see paper IV and Appendix C). This is
also to be compared to around the permeability of around 102 cm/s that is expected from
literature for water transport through POPC [114, 195, 208].
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Figure 47. The water permeability distribution of all 94 POPC liposomes used in this study. A

skewed distribution with an average value close to what is expected is obtained (ca 7.5¢10-3
cm/s compared to 1072 cm/s).

The permeability distribution in using this method shows a slightly wider and more
skewed characteristic than the corresponding system investigated with the switching ap-
proach. There seems to be an overrepresentation of liposomes with a lower permeability
than expected. This could partly be explained by the liposomes taking a trajectory expe-
riencing a lower osmotic gradient and shrink less. The decay in normalized fluorescence
intensity is then less pronounced. As a consequence of less reliable exponential fits and
a slight underestimations of the decay rate k could follow. In addition the unfavourable
signal to noise ratio in the mixing region adds an uncertainty to the curve fit and determi-
nation of the decay rate.

To conclude the results in paper V, mixing by hydrodynamic focusing shows good
potential in the field of studying rapid transport processes. However, higher intensity,
lower noise and narrower mixing region would be required to go down even further in
time resolution.
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7

CONCLUSIONS
AND OUTLOOK

In this work a number of microfluidic devices have been presented and applied on vari-
ous anisotropic (lipid-based) soft matter systems. The natural question that appears after
years of development and concept proofs is of course: in what direction do we proceed
from here?

The current trend in the field of microfluidics is to go smaller and smaller until,
where the transition from microfluidics to nanofluidics may open up entirely new op-
portunities. Within biosensing the steady aim is to reach higher sensitivity and reduce the
volumes of the often very rare and expensive reactants. Sorting and detection of single
molecules, proteins or DNA are hot topics that require small and innovative microfluidic
and nanofluidic devices [209-212]. If we start with the nanocell it would be desirable
to be able to in a reproducible manner decrease its height even further to achieve even
stronger surface-sample interactions. Since acoustic sensors like QCM-D have problems
to oscillate due to the strong capillary forces present at very thin confined films, other
techniques would be useful to combine with such a confined nanocell. Pure optical tech-
niques like, SPR, LSPR, optical waveguides or bright field or fluorescent microscopy
could be interesting options, in particular in combination with QCM-D for studies of soft
matter phase transitions. To avoid unwanted sensor-lid couplings one would, in the case
of decreasing the nanocell height, need to decrease the penetration depth by increasing
the resonating frequency. Going from 1 Megahertz to 1 Gigahertz would for example de-
crease the penetration depth with a factor ca 30. Ultra smooth surfaces are also required
when decreasing the nanocell height further. For example epitaxially grown gold [213-
215] or other materials like mica could provide a surface with single atomic smoothness.
Single crystalline flakes grown in liquid solutions might be another option [216]. The
extreme surface to volume ratio also opens up for new, interesting applications, such as
the detection of specific molecules in a very dilute sample. The relatively large surfaces
and small volumes increase the probability for a molecule to reach the sensor. To promote
detection of very specific molecules the sensor surface can be modified in different way
such as with molecular imprinting [217], antibodies [87, 218-220], receptor-containing
cell-membrane mimics [221, 222] or live cells [88, 223].

When it comes to the reaction chamber a chip including several, smaller QCM-
D sensors would be an interesting approach. This could be connected to an integrated
microfluidic system, fabricated in for example PDMS, with easy loading and unloading
functions. Such a device could include valves of different kinds and facilitate rapid liquid
handling in terms of sample exchange and mixing. Potentially such a device would take
advantage of all aspects presented and developed in this thesis. If this is combined with
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fluorescent microscopy or SPR/LSPR we have reached the next level of method devel-
opment, since in this case, also the dimension of the sensor element matches that of the
microfluidic channels.

Regarding liquid switching and rapid data acquisition, the development of cam-
eras and valves continuously precedes forward opening up for new possibilities to detect
rapid transport events. Examples include water transport through even faster aquaporins
than the ones explored in this work and even ion transport through dedicated ion channel
proteins. As fluorescent dyes with increasing photo stability are reaching the market the
reusability of the robustness of the liposome approach will increase as well, making large
scale drug-screening applications feasible. But already within a near future the hydrody-
namic mixing principle might open up for very interesting applications when pushing the
time limits beyond what is today possible to detect with the fastest cameras.

Generally the field of microfluidics is quickly growing into new application areas
and has proven to have many advantageous features that can improve performance and
simplicity in many fields. In the community the aim is to develop the concept of “a lab
on a chip” on which simple medical diagnostic tests can be performed in principle any-
where, far from hospitals. However, there is a still lot of remaining work to be done in
order to combine simple readout systems with mass produced microfluidic devices that
can be interfaced in a sufficiently convenient manner with the macroscopic world where
the samples are collected. I am looking forward to in one way or another contribute to this
line of research and development in the future.
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APPENDIX A
Fabrication details for micro-
fluidics made out of PDMS

SUS8-master
The SU8-master fabrication was performed in a class 3-6 cleanroom according to the ISO
14644-1 standard.

The channel layout was designed using AutoCAD (Autodesk) software. Based on
this, a dark field photomask was fabricated using an e-beam printer. Dark field means that
the structure to be fabricated corresponds to the transparent part of the mask. In order to
make the casting mold, the negative photoresist SU8-2035 (MicroChem, USA) was spin-
coated on top of a a 2-inch silicon wafer to a predetermined thickness of 60 pm.

This resulted in a homogenous resist film with a sub-micrometer precision thick-
ness. The wafer was thereafter soft baked (65°C during 2-3 min followed by 95°C during
6-9 min) on a hotplate.

Using the photomask and a UV-light mask aligner the resist was exposed accord-
ing to the pattern corresponding to the desired structure (ca 200 mJ/cm?).

This was followed by post-baking (65°C during 1-2 min followed by 95°C during 6-7
min).

As a final step the sample was put in the corresponding developer (ca 5 min)
removing all unexposed photoresist polymer and leaving a lithographic mold ready for
casting. This was followed by rinsing in isopropanol and drying under N, gas.

The height of the obtained structure was measured using a surface profilometer (Tencor
AS500).

A monolayer of silane (1H,1H,2H,2Hperfluorooctyltrichloro-silane (from ABCR
Gmbh, Germany) was deposited on the SU8-master using chemical vapor deposition to
prevent sticking during the PDMS casting.

PDMS structure
PDMS was mixed at a ratio of 10:1 with its corresponding curing agent, degassed and
poured on the SU-8 mold.

After baking for 1 hour in a 95°C oven the PDMS slab has been cross-linked and
could gently be peeled off the silicon wafer.

To access the cavities in the PDMS, inlet and outlet holes were made by a custom made
1.4 mm needle.

Finally, the PDMS-structure was bonded anodically to a thin (0.13-0.16 mm) mi-
croscope cover glass with a diameter of 25 mm (Menzel-Gléser, Germany) after 30 s
oxygen plasma treatment (Plasma Cleaner PDC-32G, 18W, Harrick Plasma USA) of the
two surfaces, which makes them strongly reactive [148].
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To harden the anodic bonds the structure was put in the 95°C oven for a few minutes.
As a last step elastic rubber tubing with an inner diameter of 1.5 mm (from VWR Interna-
tional AB, Sweden, art. nr. 228-0702), attached on top of the access holes using a silicone
glue (Elastosil A07 from Elfa, Sweden) and the entire device was filled with milliQ water
in order to preserve the hydrophobicity of the inner surfaces and avoid contamination
from the surrounding air.

Before use, the devices were stored in water at 4°C to minimize the risk of bubble
formation during the experiments.
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APPENDIX B
Fabrication details for micro-
fluidics made out of silicon

A photomask was fabricated defining the channel structure. In the previous case, the sili-
con wafer was used as a support for the channel fabrication and actually did not end up
as a part of the final chip. However in this approach the channel cavities were fabricated
in the wafer itself.

As a first step the wafer was oxidized in high temperature, forming a 1 um thick
oxide layer on both sides of the surface. This functioned as protection when performing
the dry etch. After the oxidation a thin adhesion promoting prepolymer (HMDS-primer)
followed by a 1.2 um positive photoresist AZ1512HS (Clariant GmbH, Germany) was
spin coated subsequently (3000 r/m during 30 s for both cases), followed by a soft bake
(100°C for 1 min).

The sample was thereafter exposed to UV light through the photomask in a UV
mask aligner (4.3 seconds at a power of 6 mW/cm?). This step was followed by rinse in
photoresist developer MF-322 (Shipley, USA) and hard bake in an oven (120°C for 30
min).

In order to enable dry etch on exposed parts of the wafer, the protective oxide
layer there was removed. This was done with a wet etch in hydrofluoric acid (HF) during
ca 15 min, followed by careful rinsing in milliQ water. During this process the opposite
side of the wafer was kept protected by a tape in order to keep the oxide layer on that
side.

During the dry etching process cavities were dug into the silicon wafer, while
the protective photoresist layer was slowly consumed. Therefore it was crucial that the
photoresist thickness was tuned with regard to the desired channel depth. The dry etching
was performed using a so called ICP etch using SF, gas followed by C F, passivation (6 s
+ 8 s cycles during 3 min 10 s). After etching the channel profile and depth were carefully
determined by a profilometer and optical microscopy focusing.

Feeding holes were fabricated through etching of the silicon from the opposite
side of the wafer relative to the channel structure, hence the backside. This was performed
with a similar procedure as for the other side of the wafer: Spin coating of a positive pho-
toresist AZ4562 (Clariant GmbH, Germany) spin coated at 3000 r/m for 30 s, followed by
soft bake (100°C for 3 min) and UV exposure in a UV mask aligner (40 s).
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Since the final dry etch (3 h with 19 s SF -C F.-cycles) needed to go through the
entire wafer (ca 500 pum, to be compared to ca 10 um cavities on the first side), the need
for a thicker protective layer was obvious. Photoresist residues were eventually removed
by oxide strip etching at 100 W during 2x10 min.

The cavities in the Si wafer was measured with a Tencor AS500 (Tencor, USA)
profilometer and optical microscopy by focusing.

A thin borofloat cover glass (200 pwm thick and 100 mm in diameter) was used to
seal the device. This was attached by anodic bonding as a lid over the channel structure.
Prior to bonding both the substrate and the glass lid were cleaned in a water-ammonium
hydroxide-hydrogen peroxide solution (5:1:1) at 80°C during 10 min, followed by rinse
in milliQ water (Millipore, France). The anodic bonding was performed at 350°C and
600 V during 30 min. By applying a voltage over the silicon-glass (typically containing
sodium) wafer sodium ions in the glass migrate away from the contacting surfaces, giving
rise to electric charges on both sides of the interface. In this way a very strong and solid
anodic bond is settled due to the static charge gradient appearing [150-152].

Several microfluidic chips could potentially be fabricated on each wafer, depend-

ing on the wafer size. In this work nine 1x1 inch chips were fabricated from a 4 inch
wafer. Eventually the chips were cut out from the wafer using a dicing saw.
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APPENDIX (C
Calculation of osmotic
permeability

The liposomal volume change due to water efflux as a function of time can be derived
from the well known Fick’s first law of diffusion:

J=-D 2 (C.1)
ox
Here J is the flux of diffusing particles (number per area and time unit), D is the diffusion
coefficient (area per time unit), ¢ is the particle concentration (number per volume) and x
distance (length). For transport through a permeable membrane this can be written as:

J=-P-Ace>J-A=—-P-A-Ac (C.2)

Where P is the membrane permeability (length per time unit), A is the membrane area and
Ac the concentration difference over the membrane. The expression for volume change of
a liposome due to water efflux can be expressed as [114]:

dv

E - Pf “A- Vw : (cin (t) —Cout ) (C3)

Where P, is the osmotic water permeability, 4 is the iso-osmotic surface area of the lipo-
some, ¥, is the molar volume of water (18 cm*/mol) and c;, and c,),, the osmolarity inside
respective outside the liposome after switching/mixing. Upon switching to a solution
with higher osmolarity, the volume will hence decrease, and vice versa. It is implicit that
¢;, depends on the volume of the liposome, V(2), such that:

e =cpo |V OIV,,) (C.4)

There is also a slight time dependence for 4=A(?) in an analogous fashion. However,
since the shrinkage occurs in a wrinkling-like fashion, 4 can be assumed to be largely
constant. In experiments presented in this work dV/dt can be extracted from the intensity
curve of each individual liposome upon buffer exchange. The surface area, 4, and the
concentrations ¢, and ¢, , are also known, which leaves Pfto be extracted from the rela-
tion above:

dv
Pr=" / [4-7, . (0 -c,.)] (C5)

The osmotic water permeability can be measured by detecting the change in the fluores-
cence intensity of an entrapped dye. By increasing the dye concentration, by for example
decreasing the liposome volume, self quenching causes the intensity to decrease corre-
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spondingly. This can be done by changing between buffers with different osmolarity over
the sample, inducing an osmotic gradient over the liposome membrane. The change in
bulk fluorescent intensity will be directly proportional to the change in liposome volume
if the fluorophore concentration is chosen properly [112, 201].

V) _ Ini(t) F
dt  dt

The F' is some proportionality constant correlating the volume change to the change in
fluorescent intensity as described in Mathai et al [201]:

Vmin /Vmax
Inlmax _Intmin (C7)

(C.6)

F =

The volume and the intensity will then correlate as:
V(t)=Int(t)-F+K (C.8)

Where K is an integration constant.
Upon water efflux (as well as influx) as a result of the osmotic gradient, the change in
volume and hence intensity will exhibit (single) exponential characteristics:

Int(ty=(b—-a)e"™* +a (C.9)
Here, b is the initial and a is the final intensity and & is the decay rate (s'!) (Fig. C1).
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Figure C1. A close-up on the initial water efflux step in a characteristic biphasic fluorescent
intensity profile for a POPC liposome filled with 30 mM calcein when an inward gradient of
glycerol was created by switching the external solution from pure buffer to buffer containing
glycerol. The insets are screenshots of the vesicle under the corresponding conditions.

When taking the time derivative of Int(t) one obtains:

d k
I”Tft(’) = —k-(-a)e™" (C.10)

The permeability of the membrane is determined by the initial slope of the exponential

curve [72, 194], with other words when ¢ is close to zero. This gives the following ap-
proximation, by putting (C.10) into (C.6) and (C.9) into (C.8):
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dv ()

| xkb-a) Pk, V) (C.11)

t—0
This inserted into equation (C.5) gives the following expression for the osmotic water
permeability:

Pf =k- (Vt=0 - Vt—>oc )/ [’4t=0 ’ Vw ’ (cout - Cin,t:O )] (C12)

Note that ¢, and c;, have changed places due to the fact that the former is larger than the
latter under the experimental conditions in this work. There from stems the change of sign
as well. Since ¢ is close to zero, ¢;, 1s close to its initial value and the implicit time depend-
ence can be neglected. To determine the relation between V(?) and Int(t) a size determi-
nation of the liposome batch by dynamic light scattering (DLS), Nanoparticles Tracking
Analysis (NTA) or similar is required. The mean initial intensity is then matched with the
measured mean liposome radius and the size of each liposome can be extracted based on
this [68, 224, 225]. In the example shown in Fig. C2 NTA was used to find an average
(isoosmotic) diameter for 165 liposomes of 199 nm and a peak value of 180 nm.

Number of liposomes (normalized)

0
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Figure C2. The size distribution of the proteoliposomes as gained by superimposition of a
normalized size profile obtained by NTA (red curve) on top of a histogram of third root of
the bulk fluorescence intensity. The statistics is based on 165 liposomes extruded through a
200 nm filter.

For a two phase system, such as in Fig. C3 V,_, should instead be called V, . (at 1) and
V,_.becalled V . (at2). V, . could in principle be determined in two different ways:
Either correlated to the minimum intensity (at 2) [113]. This however requires that in-
tensity and volume are correlated and that the dye concentration inside each liposome is
known. However, since the dye encapsulation is size dependent [224] there is an uncer-
tainty added to the estimation. Some liposomes might therefore contain dye with lower
or higher concentration than what is expected. Thus there is a risk that we are outside the
linear intensity versus volume-regime. The second approach is to use the assumption that
liposomes act as perfect osmometers. This means that the change in volume is inversely
proportional to the change in osmolarity. If for example the osmolarity is increased to
150% of the initial value the volume will shrink to 1/1.5=67% of the initial value. This is
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a well established approach that is widely used in literature [114, 201] and is the method
used in paper IV and V.

In an analogous fashion as for water permeability, the expression for the glycerol
(or similar) permeability in a biphasic (water out followed by glycerol in) transport proc-
ess can be extracted based on (C.1) and (C.2). The situation is however the opposite com-
pared to water in this work; there is a glycerol influx into the liposomes after switching to
a glycerol containing solution, causing a liposome volume increase. Equation (C.3) then
becomes [113]:

dv
= P, AV (cé —Cym (t)) (C.13)

g+s

Where P, is the osmotic permeability of glycerol, V_, the molar volume of glycerol,
. 87 .

buffer molecules and salt/buffer molecules outside the liposome at the given concentra-

tions, Cout the glycerol concentration outside the liposomes (constant) and ¢ in(t) the

(time dependent) glycerol concentration inside the liposomes. Under swelling (C.13) is

positive, while (C.3) is negative under shrinkage. The single exponential equation used

for fitting the intensity increase is:

Int(t)=(a—b)-e "™ +b (C.14)

Here a and b are the same values as in (C.9), but the minimum, a, intensity is the start
value and the maximum, b, the final value (Fig. C3). Making the same assumptions as
above and letting —0 yields the following expression for the glycerol permeability:

P, = kg ’ (Vmax —Vin )/[A,:O Vs 'Cg’om] (C.15)

Where the transport rate for glycerol is denoted & -

Int(t) = (a _ b),ef(,,ﬁ.o,{ b

k=1/t

Tglycerol =165

Intensity (a.u.)

G Time (s)

Figure C3. A characteristic biphasic fluorescent intensity profile for a POPC liposome filled
with 30 mM calcein when an inward gradient of glycerol was created by switching the ex-
ternal solution from pure buffer to buffer containing glycerol. The initial intensity decrease
corresponds to water efflux and the slower recovery to the glycerol influx. The insets are
screenshots of the vesicle under the corresponding conditions.

In paper IV the measurement of pure POPC liposomes yielded an average water per-
meability of ca 7.5¢10- cm/s (Fig. C4 a). With the method used in paper V pure POPC
liposomes yielded an average permeability of ca 7.5¢10-3 cm/s as well. From literature,
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values of around ca 102 cm/s have been reported for water transport through POPC [114,
195, 208]. In the case of glycerol transport through POPC, the average permeability was
determined to ca 2.9+107° cm/s (Fig C4 b). This once again agrees very well with what has
been determined in previous studies (around 2¢107° cm/s) [195, 198, 199]. Both for water
and glycerol a slightly skewed Gaussian distribution around the average permeability
value is obtained. This is further discussed in paper IV and is in agreement with previous
observations [68].

a) | | | b)

12

#Liposomes
—_ N N w
9] o (S, ] o

#Liposomes
E

0 5 10 15 5 20 0 2 4 6 8
Water permeability (cm/s) x10° Glycerol permeability (cm/s) x10°®

Figure C4. Water (a) and glycerol (b) permeability for POPC as measured with the 8 ms

switch and calculated according to above. Both cases yielded a slightly Poisson-like distribu-
tion with average values in good agreement with literature.
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