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Micro-scale Platforms for Investigations of Biological Structures
ANNA A. KIM

Department of Chemistry and Chemical Engineering

Chalmers University of Technology

Abstract

This thesis describes the development of innovative micro-scale platforms as a means to ad-
dress the current challenges within the field of cell biology, and to provide an interface be-
tween miniaturized analytical technology and experimental systems for the life sciences. The
work includes an analytical platform for rapid assessment of the viability of adherent single
cells; a surface patterning strategy for investigations of cell-to-cell communication via protru-
sions; a versatile microfluidic probe in SU-8 hard-polymer, and a microfabricated millimeter-
wave measurement system for the identification and characterization of niosome (non-ionic
surfactant vesicle) constituents, which is operated in a label-free, non-invasive manner.

One of the major challenges in cell biology is to understand the heterogeneity of cells, i.e.,
cells of the same species and in the same local environment can differ dramatically. Recent
evidence suggests that these differences in individual cells can affect the development, health
and function of the entire cell population, and for this reason, single-cell studies have be-
come increasingly important. However, there remains a need of instrumentation for efficient
analytical investigations on single cells in adherent cultures and tissue slices.

My thesis addresses some of the research problems that life scientists encounter in single-
cell experiments, and suggests novel analytical devices and protocols that provide efficient
solutions to these problems. One of them is a protocol for the rapid determination of the via-
bility of individual mammalian cells in adherent cell cultures, utilizing a microfluidic device
for selective perfusion of targeted cells (Paper I).

I also introduce micropatterned cytophobic polymer (Teflon AF) on glass as cell culture
substrate, which exhibits differential adhesion properties with respect to biological cells. This
enabled the analysis of spatially separated cells in terms of their ability to establish intercon-
nections by reaching out to other cells via protrusions, guided by the pre-determined surface
pattern. Applying a microfluidic device for selective perfusion of single cells grown on these
substrates allowed for examination of the chemical communication between interconnected
pairs of cells (Paper II).

In Paper I11, a facile process for fabrication of free-standing microfluidic devices in a photo-
patternable hard-polymer (SU-8) is reported. This constitutes a major, necessary step towards
large-scale fabrication of diversely functionalized single-cell superfusion devices with high
potential in drug screening and diagnostics.

Finally, in Paper 1V, a concept for an open-volume dielectric spectroscopy platform based
on millimeter-wave technology, developed for label-free identification and characterization of
niosome constituents, is presented. The microfabricated platform creates new opportunities
for analyzing and characterizing the compositional variances in niosome membranes in the
context of drug delivery.

Keywords: microfabrication, Teflon® AF, cell protrusions, cell-to-cell connections, single-

cell viability, hydrodynamic flow confinement, SU-8, free-standing probes, millimeter-waves,
non-ionic surfactants.
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Chapter 1. Introduction






1 Introduction

The need to experimentally address biological structures at their size-scale has led to the
rapid development of microsystems for life science applications, facilitated by the recent ad-
vancements in miniaturization technology. If we consider some of the important size scales
of biological entities, we find that they range from nanometers to micrometers. For example,
the DNA double helix is 2 nm wide, the cell membrane is 5 nm thick, a virus particle is 20
to 400 nm, organelles range from 100 nm to around 1 pm, and a typical eukaryotic cell is
between 10 and 100 pm (see Figure 1.1). Advances in material science and nano- and micro-
fabrication processes have enabled the development of devices that can probe and manipulate
biological structures at this size scale, ranging from patterned surfaces to integrated systems

for biological and biomedical assays.

In this context, we have developed a platform for investigating molecular transport pheno-
mena in a network of natural intercellular connections. A previously reported method em-
ployed a micro-needle manipulation protocol for man-made network architectures involving
biological cells, however, this work presented a high risk of cell damage [1]. We were inter-
ested in the possibility of controlling a natural network formation between adherent cells. By
combining micropatterning of a cytophobic polymer (Teflon AF) for fabricating substrates
capable of directing the growth of cell protrusions and a superfusion device for local solu-
tion delivery, we established a platform for investigating natural cellular connections. This
platform can further advance fundamental studies of cell-to-cell communication capabilities
in generated cellular networks, as well as chemical species and organelle exchange between

biological cells.

The recent increase in the interest of single-cell studies has led to the need for suitable pro-
tocols and instrumentation. For this reason, we decided to address the necessity for assessing
the viability of selected individual cells in conjunction with other experimental procedures.
We employed a free-standing superfusion device for local delivery of viability agents, with-

out adversely affecting the surrounding cells.



Considering the limited material choices for the currently available free-standing micro-
fluidic probes, we developed a microdevice fabrication route using a rigid photo-patternable
material. This process, based on a thermo-responsive sacrificial layer, enables a dry mechan-
ical release of the final microstructures. We demonstrate three practical implementations:
i) a microfluidic probe, ii) a probe with integrated thin-film electrodes and iii) a probe with

perforated walls for microdialysis.

Label-free techniques are of great interest in life science studies, notably within investi-
gations of biological and biomimetic membrane systems, since chemical modifications and
the presence of dyes could alter physiological functions on a molecular level. Dielectric
spectroscopy in different frequency regions is a set of label-free techniques that could pro-
vide structural and functional information on tissues, cells, and cell components. The sub-
millimeter-wave region has remained to a large extent unexplored in life science applications,
but it holds potential for new insights into biological processes and structures. We developed
a flexible and non-invasive on-wafer measurement platform in the millimeter-wave range,

with potential for advancing towards sub-millimeter-waves.

Selected biological structures, for which the new micro-scale platforms were developed,
are introduced in Chapter 2. Chapter 3 provides a background to commonly used microfabri-
cation techniques and Chapter 4 highlights the materials employed in the work that led to this
thesis. An overview over the concepts of the technological advances, relevant to this work,
is presented in Chapter 5. Finally, the work is summarized in Chapter 6 and concluded in
Chapter 7.

The intention of the investigations presented in this thesis was to advance the research
possibilities for the life sciences. The novel micro-scale platforms presented here enhance
the technological foundation for monitoring, manipulating and analyzing complex biological

structures.
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Chapter 2. Biological Cells and
Vesicles






2 Biological Cells and Vesicles

Discovered by Robert Hooke and named after a small room (Latin cella) in 1665, the bio-
logical cell is the fundamental structural and functional unit of living matter [2]. Millions
of chemical reactions occur simultaneously in the interconnected system of organelles and
the cytosol of a cell. Among other aspects, the research field of cell biology is directed
towards a deeper understanding of this complex compartment in terms of its structure and
mechanics [3, 4], components [5—7], metabolism [8—10], communication [11-13], develop-
ment [12, 14, 15] and death [10, 16, 17].

In a multicellular organism, such as the human body, cells are differentiated into various
types with specific and distinct functions. In mammals, the major cell types are skin cells,
blood cells, neurons, muscle cells, fibroblasts, stem cells, and others in highly developed or-
gans. Different cell types have different structures and functions. All cells are surrounded by
a cell membrane, enclosing their intracellular structure and composition, establishing their
identity, and separating their interior from the extracellular environment. This cell mem-
brane constitutes a functional unit of the cell, where many proteins that mediate cell-to-cell
communications, are incorporated. Protein-based communication is conducted either elec-
trically or chemically, for example, via ion-channels and g-protein coupled receptors. In a
multicellular organism, this cell communication is involved in complicated higher functions,
for instance, operation of the immune system is conducted by the signaling between different
immune cells. Thus, studying cells, especially in the context of cellular networks, can pro-
vide valuable information for understanding the function of tissues and the mechanisms of

diseases.

Currently, most cell experiments are performed on a collective to obtain statistical data.
However, recent research implies that cells of the same type and in the same local environ-
ment can differ dramatically [18]. Moreover, new evidence suggests that these differences in
individual cells can influence the development, health and function of the entire cell popu-
lation [19, 20]. For this reason, a new research area has emerged, which targets the hetero-

geneity of single cells, to provide a more complete picture of the cellular processes relevant



2.1. CELLULAR COMMUNICATION

to healthy and pathological states. The progress of this field is, however, limited by the avail-
able techniques and methods for tracking, isolating, manipulating and analyzing single cells
in adherent cell cultures and tissues. Consequently, the work described in this thesis focuses
on the development of platforms and technologies for studying individual cells in controlled

model environments.

2.1 Cellular Communication

In multicellular communities, groups or networks of individual cells perform specialized
functions. In order to work efficiently, the cells communicate with each other in various

forms. The main forms of cellular communication are:

1. paracrine [21] - signals are released into the extracellular space and act locally on neigh-

boring cells,
2. endocrine [2] - hormones are secreted into the bloodstream for distribution,
3. contact-dependent [22] - through membrane-bound signal molecules and receptors, and

4. synaptic signalling [2] - neurons transmit signals electrically and release neurotrans-

mitters at the synapses.

Cells rely heavily on communication to coordinate processes, which is necessary for the
development of higher functions. Disruption in cellular communication can interfere with
maintenance of homeostasis, function and reproduction, and may lead to severe pathological
conditions in organisms, for example, the development of cancer [23]. Thus, it is important
to develop a thorough fundamental understanding of cellular communication and its influ-
ence on the health of cell communities. Cells communicate extensively with their micro-
environment and in response to chemo-attractants, they can form protrusions, or extensions

of the cell membrane.

2.1.1 Cell Protrusions

Different cell types generate various protrusive structures [2]. Some cells also extend protru-
sions in an exploratory manner in the absence of a direct attractant. The protrusive structures
are generally filled with dense cores of filamentous actin, and can be characterized by the
way the actin is organized by the actin-cross-linking proteins. Protrusions, known as filopo-
dia, have been implicated in cell migration and connection [24], virus transport [25], gene

delivery [26], and even in cancer cell motility [27]. Despite extensive studies, the biological
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CHAPTER 2. BIOLOGICAL CELLS AND VESICLES

functions and the mechanisms of their assembly are still not fully understood, but one of the
primary biological functions of filopodia is to reach out from the cell to sense and probe the

environment in response to chemical or mechanical cues [28].

In 2004, a study on tunnelling nanotubes (TNTs) was reported [11], implicating tubular
membrane interconnections in cell-to-cell communication in mammalian cells and gener-
ating a strong interest in studying intercellular communication in cell protrusions. In this
context, the possibility of controllably generating natural networks of living cells is a promis-
ing experimental environment. In Paper I, we designed a platform, utilizing a cytophobic
fluoropolymer for exploiting the growth and connectivity of filopodia-like cell protrusions in

order to provide more insight into cell-to-cell communication.

2.2 Cell Viability

Cell-based assays are often used to investigate the influence of compounds of interest on cell
proliferation and function, in terms of detrimental effects and cytotoxicity that can eventually
lead to cell death. In most basic viability assays, the term “viability” could simply mean that
the cells are not dead. For advanced cell studies, viability is explained in terms of prolifer-
ation [29], particular cellular functions, apoptosis (programmed cell death) or necrosis (cell
injury which leads to premature cell death). Evaluation of cell proliferation requires follow-
ing the development of cells for at least two generations, and includes incubation and careful
monitoring. For this reason, major criteria employed for rapid cell viability are often based
on the assessment of functionality [30], integrity of the cell membrane [31] and/or metabolic
activity [32].

2.2.1 Viability Assays

One of the earliest cell viability assays is based on the compound Trypan Blue (TB), which
probes the integrity of the cell plasma membrane [33]. The toluidine derivative is a hydro-
philic compound, which means that it cannot be taken up by healthy cells. However, when
the plasma membrane is injured, TB can cross the compromised cell membrane and accumu-
late in the cytoplasm, giving the characteristic blue color. Another common viability assay
relies on the molecule Resazurin. The dye is weakly fluorescent, until it is reduced within
the cytoplasm, making it a useful agent for measuring aerobic respiration. A carbocyanine
nucleic acid stain, YO-PRO-1, can be used to identify apoptotic cells as they are permeant to

YO-PRO-1, but remain impermeant to dead cell stains [34].

11



2.3. BIOLOGICAL AND ARTIFICIAL MEMBRANES

Fluorescein diacetate (FDA) is a cell-permeant, non-fluorescent derivative of fluorescein.
FDA characterizes both cell membrane integrity and the activity of intracellular non-specific
esterase enzymes. Once FDA has crossed the cell plasma membrane, the enzymes hydrolyze
FDA into the fluorescent product fluorescein, which accumulates in the cytoplasm if the mem-

brane is intact [35].

Propidium iodide (PI) is an intercalating agent and upon binding to nucleic acids becomes
highly fluorescent. The internalization of (PI) by biological cells follows the same basic prin-
ciple of Trypan Blue. PI molecules are membrane impermeant and are thus excluded from
viable cells. Once the cell membrane is compromised, the molecules are free to enter and

accumulate in the cytoplasm. PI can also be used to quantitatively assess DNA content [36].

Following an increase in dedicated experimental setups that can address cell heterogeneity,
there is now a need to directly assay the viability of selected cells, without adversely affecting
the majority of the surrounding cells. In Paper II, we present a rapid method for confined
viability characterization of individual adherent single cells using propidium iodide (PI) and
fluorescein diacetate (FDA). The two viability agents are commonly used in conjunction with
one another [37], to characterize both cell membrane integrity and intracellular non-specific

esterase enzyme activity.

2.3 Biological and Artificial Membranes

The plasma membrane of a cell encloses its intracellular structure and composition, and main-
tains the essential differences between the cytosol and the extracellular environment. It is
composed of lipid molecules and proteins, where the lipids are arranged as a continuous, two-
dimensional fluid bilayer of about 5 nm thickness, acting as a relatively impermeable barrier
to most water-soluble molecules. Membrane proteins are arranged within this dynamic and
fluid structure, where they mediate other functions of the membrane, such as signalling and

transport of specific molecules.

Phospholipids are the most abundant molecules in the plasma membrane of biological
cells, responsible for the structure and the flexibility. Their ability to form membranes stems
from their amphiphilic character, meaning that they contain both a hydrophilic, polar end
and a hydrophobic, non-polar end. Figure 2.1 illustrates the various types of amphiphilic

molecules and their shapes. The spontaneously formed configurations are more energetically

12



CHAPTER 2. BIOLOGICAL CELLS AND VESICLES

favorable, and the geometry of these structures is dependent on the shape of the molecule
[38]. Phospholipids are double-chain amphiphiles which spontaneously assemble into bilay-

ers and vesicles in aqueous environments.

This spontaneous self-assembly can be exploited to generate artificial structures. For ex-
ample, large artificial lipid vesicles, known as giant liposomes, are useful for studying certain
properties of biological cells [39]. By reducing the structural complexity of the system, the
hollow membrane constructs can serve as simple artificial cell models, where the focus may,
for example, be on the membrane dynamics or transport properties. Small liposomes are also
highly interesting for drug delivery applications in pharmaceutical research, and in cosmetic

formulations [40].

Other classes of amphiphilic molecules, namely surfactants, have found a wide range of
technical applications. For example, anionics are commonly used in soap and detergent for-
mulations, and cationics are used as anticorrosion agents, flotation collectors and antistatic
agents [41]. The use of vesicles based on non-ionic surfactants, known as niosomes, is starting
to emerge. Niosomes, the surfactant-based equivalent of liposomes, are similarly classified

according to their size, from around 20 nm to sub-100 pm.

13



2.3. BIOLOGICAL AND ARTIFICIAL MEMBRANES

Amphiphiles
00000000000°0000 @ Cationic
00000000000°0000 O Anionic

Zwitterionic
00090000000°0000 @O (amphoteri)
00000000000%0000 @ Non-ionic
0000000000000000

o o 50 @ Double chain
Hydrophobic tail Hydrophilic head
(non-polar) (polar)
Amphiphile Self-organized structure
shape
[ J .
spherical
cone .
? micelles
truncated V7 cylindrical
cone A micelles
truncated vesicles
cone (niosomes)
. planar
elieter bilayers
L inverted
truncated .
micelles
cone

Figure 2.1: Schematic illustration of the various types of amphiphilic molecules, their shapes
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CHAPTER 2. BIOLOGICAL CELLS AND VESICLES

2.3.1 Non-ionic Surfactants

Non-ionic surfactants are the second largest surfactant class, normally compatible with all
other types of surfactants [41]. Contrary to ionic surfactants, the physicochemical properties
of non-ionic surfactants are not greatly affected by electrolytes and they tend to maintain a
near physiological pH in solution. They are particularly useful for stabilizing water-oil emul-
sions, but also find use as wetting agents, emulsifiers and permeability enhancers [41, 42].
Within vesicle preparations, they are preferred for their stability, biocompatibility and limited

toxicity, in comparison to their ionic and amphoteric counterparts [42, 43].

Niosomes are a type of vesicle, self-assembled from non-ionic surfactants (neutral am-
phiphilic molecules) and cholesterol. They have become increasingly popular in pharma-
ceutical research, most notably for their ability to deliver compounds across the blood-brain
barrier [44]. In comparison to liposomes, niosomes have higher chemical stability, shelf-life
and lower costs [42, 45]. Niosomes are capable of carrying both hydrophilic and hydrophobic
compounds (see Figure 2.2). Hydrophilic compounds can either be entrapped in the aqueous
compartment or adsorbed to the surface, and hydrophobic compounds can be integrated into

the lipophilic domain of the bilayers [46].

© Hydrophilic head groups
@ Hydrophobic tails

© Hydrophobic compound
@ Hydrophilic compound
© Aqueous environment

Figure 2.2: Schematic drawing of a niosome, illustrating the hydrophilic and hydrophobic
parts of the vesicle. The green and the grey colors represent the hydrophilic and
the hydrophobic parts, respectively. Two of the hydrophobic tails are outlined.

In the context of pharmaceutical research, niosomes hold promise as vehicles for drug de-
livery. Despite their potential, it is important to keep in mind that similarly to liposomes, they
also have a risk of aggregation, drug leakage and/or hydrolysis of entrapped drugs during stor-
age. Elucidating the molecular mechanisms that govern the interactions between niosomes

and biological cells, and their uptake properties and retention, are necessary for successful

15



2.3. BIOLOGICAL AND ARTIFICIAL MEMBRANES

development of these artificial vesicle systems.

Current studies on biological and artificial membrane systems rely heavily on the use of
fluorescent tags, which can influence the system under investigation. For this reason, we
explored the possibility of using dielectric spectroscopy as an alternative label-free detec-
tion scheme, and we established a sensing platform in an open-volume fluidic configuration.
Originally, the platform was developed for qualitative investigations of cholesterol content in
model membranes [47]. In Paper IV, the work was extended for the characterization of two,

structurally similar non-ionic surfactants.
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3 Microfabrication

Prototyping of micro-scale platforms relies on microfabrication - a class of processing tech-
nologies that deals with fabrication of structures with at least one of the dimensions being
in the micrometer range. It can generally be divided into two categories of top-down and
bottom-up approaches. The bottom-up methods fall into the category of nanochemistry, us-
ing the chemical and physical properties of molecules in order to assemble different struc-
tures, and include strategies such as self-assembly and template chemistry [48]. Top-down
techniques involve surface and bulk micro-machining, i.e., methods that shape materials into

microstructures, and include approaches such as laser ablation and photolithography.

This chapter presents an overview of commonly employed micro-processing techniques,

with the focus on those used in this work.

3.1 Photolithography

Photolithography is a top-down approach for pattern transfer. It is the most commonly used
technique due to its relative simplicity and sub-micrometer spatial resolution. The pho-

tolithography process generally consists of the following steps, illustrated in Figure 3.1.

1. Wafer cleaning
2. Resist deposition
3. Soft bake

4. Exposure

5. Development

Photolithography has extensively been used in this work, for prototyping of masters (Sec-
tion 3.2), defining Teflon AF structures (Section 3.5.1), fabrication and bonding of SU-8

(Section 4.1), and for patterning thin metallic films.

19



3.1. PHOTOLITHOGRAPHY
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Figure 3.1: Photolithography. Examples of applications are illustrated with the positive tone
resist. From top to bottom, the resist profiles are: overcut, vertical and undercut.
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CHAPTER 3. MICROFABRICATION

3.1.1 Photoresists

Photolithography utilizes UV light to induce changes in photosensitive materials, known as
photoresists. The principal components of a photoresist are a polymer, a solvent and addi-
tives. Examples of additives include solubility modulating and photoactive compounds. The
solvent and its evaporation rate control the viscosity of the resist formulation and the film
quality. The photoresist changes its properties upon exposure to a light source by undergoing
a chemical reaction, such as crosslinking, scission, change in polarity or change in reactivity.
Photoresists are grouped into two categories: positive and negative. If a photoresist is of the
negative tone, it means that the exposed parts of the polymer will be insoluble in the devel-

oping solution, in contrast to a positive photoresist.

The choice of the photoresist is influenced by its intended application, the processing
method, and the pattern geometry. Generally speaking, negative resists have better adhesion
to substrates and higher chemical resistance, whereas positive resists tend to have higher con-
trast and better thermal stability [49]. Due to illumination, differences in resist profiles occur
as a consequence of backscattering and reflection effects, as photons collide with the surface
at different angles. These differences are useful for different applications, for example, an
undercut resist profile is advantageous for lift-off processes, whereas a vertical profile can be
used to fabricate high precision structures (see Figure 3.1). Negative resists often result in ei-
ther vertical or undercut profiles, and positive resists in overcut profiles, though multi-layered

resist systems (lift-off layers) have been developed to produce undercut profiles.

3.1.2 Wafer Cleaning

Processing begins with thorough wafer cleaning to remove all contaminants from the surface
of the substrate, such as solvent traces and particles. Different wet and dry methods exist for
wafer cleaning, such as thermal treatment, plasma techniques, ultrasonic agitation and chem-

ical processes, and their combinations.

Among the chemical processes used, RCA1 and RCA?2 are the standard procedures, devel-
oped already in 1965 by Werner Kern. They are based on mixtures of hydrogen peroxide and
various bases or acids, and are used to remove organic residues and metal ions, respectively.
Ultrasonic and megasonic agitations, are mechanical methods, commonly used for removing
micrometer- and sub-micrometer-sized particles from a surface. They are prone to contami-

nation and can induce mechanical failure of deposited films.
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Depending on the subsequent process, it may also be necessary to remove the native oxide
of the substrate, which is commonly stripped by briefly dipping the wafer in a dilute aqueous

solution of buffered hydrofluoric acid.

In addition to removing organic contamination, oxygen plasma treatment is commonly em-
ployed to modify the surface and thus change its adhesion properties. For this purpose, adhe-
sion promoters can also be employed prior to photoresist deposition to improve the wetting

properties of the substrate.

3.1.3 Resist Deposition

Common methods for photoresist deposition include spin-coating, spray coating, dip coating
and casting methods with spin-coating being one of the most common methods in a laboratory
setting. The photoresist is dispensed on a substrate, centered and held in place by a vacuum
chuck on a motor. Typically, a low rotation speed (< 500 rpm) is used to dispense the resist
and cover the surface. After the dispensing step, the substrate is accelerated to a higher speed
in the range between 1000 and 6000 rpm. The spin speed, duration and solvent properties, in
particular the viscosity, will determine the final film thickness. The resist deposition step is
critical as the photoresist film must have a uniform thickness for a homogeneous response to

the subsequent exposure and development steps.

3.1.4 Soft Bake

During the soft bake, the resist film is heated to evaporate solvents, minimize stress and pro-
mote adhesion of the photoresist to the substrate. The resist thickness is reduced in this step.
Excessive baking can destroy the photoactive compounds and decrease the sensitivity of the

resist.

Typically, a hot plate or a convection oven is used for this step. For uniform heating, good
contact between the hot plate and the substrate is required. If heating in a convection oven
occurs too quickly, then solvent at the surface will evaporate first, forming a kind of resist skin
and trapping the remaining solvent inside. Since the resist can reflow during the soft bake, for

good quality films, this step needs to be performed on levelled surfaces for even planarization.
Lower initial bake temperature is recommended, as it allows the solvent to evaporate at a

more controlled rate, resulting in a uniform coating and improved adhesion to the substrate.

Ramp baking or step-wise heating are typically applied for sensitive resists.
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3.1.5 Exposure

Following the soft bake, the resist-coated substrates are transferred to an exposure system.
The purpose of the exposure system is to deliver light with the desired wavelength, intensity,
directionality and uniformity across the substrate surface to produce a nearly identical trans-
fer of the image onto the resist film. The wavelengths used in photolithography range from
extreme ultraviolet (UV) to near UV. In near UV, the typical wavelengths used are g-line of
435 nm or i-line of 365 nm. After exposure, a post-exposure bake can be required so that
the photochemical reactions initiated upon exposure to the light source can run to completion

and modify the photoresist.

Photolithography commonly uses photomasks to transfer the pattern onto the resist film.
Common materials for photomasks are soda lime glass, quartz, and polymeric films, all dif-
fering in resolution, wavelength-transparency, and cost. Soda lime glass and quartz are trans-
parent to near UV light and deep UV, respectively. Mask-less photolithography is possible
with direct writing by scanning a focused beam across the substrate coated with the photosen-
sitive material. Direct writing is becoming more popular during research ande development,
since the technique is more flexible. It does not require the fabrication of a photomask, and
the resolution is comparable to conventional photolithography, however, direct writing is also

more time-consuming.

3.1.6 Development

Development is the selective dissolution of the resist film, resulting in a structural represen-
tation of the exposure pattern on the substrate. There are two approaches for development -
wet and dry, with wet development currently being pre-dominantly used. Dry development is
generally based on a vapor phase process or a plasma [48]. Wet development is solvent-based
and depends on three types of exposure-induced changes to the photoresist: variation in the

molecular weight of the polymer, reactivity change and a change of polarity.

Organic solvents may lead to some swelling of the resist during development, leading to
a loss of adhesion between the substrate and the resist film. Aqueous development is highly
favored for cost and environmental reasons, but requires the addition of surfactants to ensure

uniform wetting.

Post-development processes include descumming, which is a mild oxygen plasma treat-

ment commonly used to remove resist residues. A post-baking step can also be performed
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at the end in order to remove residual solvent, anneal the film to promote the adhesion of
the resist and improve the mechanical properties of the resulting film. Compared to soft and

post-exposure baking, post-baking generally occurs at higher temperatures and longer times.

3.2 Soft Lithography

Soft lithography is the collection of techniques, which use elastomeric, soft materials to trans-

fer micro-scale patterns, for both into and onto a substrate [S0-53].

By casting an elastomer in a master mold, in a process known as replica molding, microflu-
idic chips for prototyping can be fabricated. The master mold typically consists of a patterned
silicon wafer, produced either by dry etching into the bulk of the surface or by photolitho-
graphic patterning of a photoresist (commonly SU-8, see Section 4.1). Structures larger than
100 pm can be milled in polymeric substrates. The surface of the silicon mold is chemically
treated prior to casting in order to facilitate the removal of the silicone elastomer once it is

cured. Figure 3.2 illustrates the fabrication process of microfluidic chips.

Currently, the widely favored material for soft lithography is polydimethylsiloxane (PDMS),
further described in Section 4.3. The low interfacial free energy, chemical inertness, optical
transparency and good thermal stability of the material make it a particularly suitable proto-

typing material for soft lithography [48].

Soft lithography is capable of fabricating structures from tens of nanometers to hundreds
of micrometers [51, 54, 55]. The deformability of the elastomer allows it to make flexible
devices and to accommodate non-planar surfaces. Short turn-around time, low cost and rela-
tively simple equipment requirements make it an advantageous lithographic technique. Soft
lithography has been used in a wide range of applications, such as direct fabrication of nano-
and microfluidic devices [56, 57], and stamps for pattern transfer. In pattern transfer, appli-
cations include patterning proteins [58, 59] and cells [60], organic transistors [61, 62] and
biosensors [63, 64].

3.3 Thin Film Deposition

A thin film is a layer of material, ranging from a nanometer to several micrometers in thick-

ness on a substrate. Thin film deposition refers to a set of techniques, important in solid-state
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Figure 3.2: The process of replica molding. First, the two-component pre-polymer is mixed
and degassed. Then it is poured onto a surface-passivated, patterned wafer, indi-
cated by the dashed orange lines, and heat-cured. After curing the elastomer can
easily be released. Post-processing can include punching of ports, bonding, and
cutting to shape the material.

microfabrication. There is a number of deposition techniques available, depending on the ma-
terial and the thickness of the thin film required. The deposition approach has a very profound
effect on the resulting thin film, with differences in terms of density, crystalline orientation

(if applicable), stress, roughness, surface energy, among others.

A number of additional thin-film deposition techniques exists, examples include electro-

plating, sol-gel, and spray- and spin-coating [48].

3.3.1 Physical Vapor Deposition

Physical vapor deposition (PVD) is a versatile technology for deposition of thin films. It can
be used to deposit different kinds of materials: metals, alloys, ceramics, and polymers, on a
variety of substrates. The general idea behind PVD is to remove material from a solid target

and transfer it to the substrate under vacuum conditions.
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PVD techniques can be grouped into the following five categories:

1. thermal evaporation

2. sputtering

3. ion plating and cluster deposition

4. aerosol deposition (ceramic coatings)

5. laser sputter deposition or laser ablation deposition (complex compounds)

Metallic thin films are most commonly deposited using sputtering and evaporation tech-
niques. Sputtering has good step coverage and adhesion to the substrate and can be used for
metals, alloys, ceramics and polymers. Reactive gases can be used to deposit films of chem-
ical compounds, that are formed by reaction of the gas and the sputtered metal. Thermal
evaporation is used mainly to deposit pure metals, and the technique works by transforming
the target material from solid to vapor state and then letting the material condense onto the
substrate surface. In comparison to sputtering, the step coverage is less, i.e., the side walls are
not covered with the deposited material. This can be advantageous, for example, in the case
of patterning metallic layers by sacrificial etching of the material underneath, in a process

known as lift-off (see Section 3.5.1).

Evaporation and sputtering were extensively used in the work presented in this thesis. Ther-
mal evaporation was primarily used for directional deposition of metallic films, in order to

facilitate subsequent processing, and sputtering for reactive deposition of oxides and nitrides.

3.3.2 Chemical Vapor Deposition

Chemical vapor deposition (CVD) is a broad class of processes that uses controlled chemical
reactions to create thin films on substrates. The material precursors in the vapor phase often
diluted with an inert gas carrier, adsorb on a hot (above 300 °C) surface of a substrate and un-
dergo a chemical transformation, forming a thin film. In plasma-enhanced CVD (PECVD),
homogeneous gas phase reactions are initiated using a plasma generated by a radio-frequency
source instead of thermal energy, allowing for the process to be carried out at a much lower
temperature [48]. Atomic layer deposition (ALD) is considered a subclass of chemical vapor
deposition techniques. It employs sequential deposition of individual monolayers at the sur-

face in a highly controlled manner, resulting in atomic scale precision.

In this thesis, CVD was used for deposition of oxide films as a passivation layer in the

fabrication of millimeter-wave devices.
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3.4 Bonding

In microfabrication, bonding refers to a collection of techniques for reversible or irreversibly
adhering substrate surfaces. Micromechanical and nanomechanical systems (MEMS and
NEMS) can require bonding techniques for component integration, and to ensure mechani-
cally stable and sealed environments to protect sensitive internal structures from surrounding
influences, such as temperature, high pressure, and moisture. Bonding is also an important

technique in microfluidic systems, allowing the formation of cavities and sealed channels.

Bonding can be separated into two categories - (1) direct and (2) indirect bonding. Indi-
rect bonding operates by means of an intermediate layer and direct bonding relies on strong

chemical bonds between two substrate surfaces.

3.4.1 Direct Bonding

Direct bonding usually involves two identical or similar materials, for example, silicon—
silicon or silicon—glass. The process of bonding one silicon wafer to another is known as
silicon fusion bonding, and it is based on the chemical reaction between the native oxide lay-
ers. Two wafers, in very close contact, are heated in an oxidizing environment to extremely
high temperatures above 800 °C, but below the melting point of silicon of 1410 °C. Silicon
can bond to glass in field-assisted thermal bonding, also known as anodic bonding [65]. The
applied voltage, between 200 and 1000 V, creates a strong electrostatic field that pulls the
substrates together. At high temperature, between 300 and 500 °C, the oxygen ions move
towards the interface where they can react with silicon and form strong Si—O covalent bonds
[49, 65].

Polymers, such as PDMS and SU-8 can also be bonded directly. PDMS can bond either to
itself or to glass, through a plasma-activated condensation reaction, where the silicon—oxygen
bonding allows the formation of covalent bonds between the two substrates. In the case of SU-
8, the presence of unreacted surface sites (dangling bonds) allows two substrates to undergo
polymerization to form a stable bond. This can be induced at relatively low temperatures and
moderate pressure. Increasing the number of dangling bonds can be achieved by minimizing
the degree of the crosslinking density of the photoresist [66] at prior processing steps and/or
by exposure to 254 nm UV light [67].
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3.4.2 Indirect Bonding

Adhesive bonding is an example of indirect bonding, where a polymeric material is used
as an intermediate layer. The main advantages of this method are low processing tempera-
tures (commonly below 200 °C), tolerance to particle contamination and bonding of patterned
layers [65]. The disadvantages of adhesive bonding include limited long-term stability and
thermal range, and poor mechanical properties [49, 65]. UV adhesives such as SU-8 require

transparent substrates, but can be activated at relatively low temperatures.

In processes that rely on elevated temperatures, the coefficients of thermal expansion of
the two different materials have to be taken into consideration to avoid micro-cracking and
to ensure a well-defined contact area. This applies to all bonding techniques that involve

different materials and high temperature processing.

3.5 Sacrificial Layers

Sacrificial layers in photolithographic processes allow the fabrication of partially attached
microstructures and free-standing devices. The ability to implement such features enables
the assembly of a wide range of devices, from cantilevers [55] to single-cell grippers [68],
and the protection of structures during microfabrication [69]. Common sacrificial materials
include silicon [70], oxides [71], metals [72, 73], and photoresists [74, 75]. The choice of
the sacrificial layer is often connected to the practical implementation in the process. For
example, if silicon dioxide is used as the sacrificial material, then its removal can require
HF-based etching, which would limit the direct use of metals in the device to gold, nickel and

molybdenum [65].

In the case of SU-8 (see Section 4.1), the production of free-standing devices is limited by
the ability to lift-off structures in high yield. In Paper III, we introduce a novel sacrificial

layer, thermal release tape, enabling an entirely mechanical release of the final devices.

3.5.1 Lift-off

Lift-off process is a microstructuring method, which uses a sacrificial material (typically a

photoresist) for creating patterns. Figure 3.3 shows a typical lift-off process, illustrated for
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micropatterning of Teflon AF and evaporated metal films. Lift-off was used in Paper I, to
create guiding structures with specific surface topography that enabled investigations of cel-
lular protrusions in free-space. This was achieved by photoresist swelling underneath the

Teflon AF film, which lead to breaking and lift-off at the edges of the structures.

Lift-off was also used in Paper IV for defining metallic patterns. In this case, the metal
film was evaporated to achieve directional deposition and ensure high-resolution structures.
Glass substrate
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Figure 3.3: The lift-off process, illustrated for spin-coated Teflon AF and a thermally evapo-
rated thin film.

Sacrificial etching is preferably the last step in the microfabrication process to avoid dam-
aging the partially-detached structures in further processing steps. For entirely free-standing
microstructures, the sacrificial layer has to provide sufficient adhesion and strength to the
material of interest to avoid preliminary delamination from the support wafer and unwanted

lift-off of the microstructures during the processing.
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4 Materials

Device performance and fabrication options depend, to a large extent, on the choice of the
material. Considerations include device requirements, process parameters, device integration
and intended applications. Microsystems for biological and biomedical applications com-
monly employ silicon, glass, thermoplastics, thermoplastic elastomers and biopolymers in
device fabrication. In my work, the important engineering materials were Teflon AF, SU-8

and PDMS, with glass and silicon acting mainly as substrates.

4.1 Teflon® AF

Poly-(4,5-difluoro-2,2-bis(trifluoromethyl)- 1,3-dioxole-co-tetrafluoroethylene) is a well-known
polytetrafluoroethylene (PTFE)-based compound, under the trade name Teflon amorphous
fluoropolymer (AF). Teflon AF has great thermal stability, chemical inertness and low sur-
face energy. It has excellent optical transparency and low autofluorescence, and its thin films
allow for high gas permeability [76]; properties which make it a suitable material choice for
many applications. Currently, it is most commonly used as a protective coating layer [77, 78],

and as an insulator in electronics [79].

Teflon AF is a cleanroom-compatible material. However, since it is not a resist nano- and
micropatterning of the material has been challenging. Some of the current techniques for
patterning this class of materials include etching by means of a focused ion beam (FIB) [80],
synchrotron radiation [81, 82], thermo-molding [83], and electron beam patterning [84] and
irradiation [85]. Electron beam irradiation changes the solubility of Teflon AF in perfluori-
nated solvents. Photolithographic methods for patterning Teflon AF surfaces have also been

reported, with features in the range of micrometers [86, 87].
Biological studies with Teflon AF have shown that the material is highly biocompatible

[88], and it was used for investigations as a substrate in biological membrane studies [85, 86]

and cell patterning [89]. The material was particularly suitable for our studies in Paper I,
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for its ability to guide cell growth based on its cytophobic but not cytotoxic properties [87].
We employed a photolithography-based process for patterning micrometer-size features on
glass substrates, ensuring a specific surface topography which enabled the growth of cellular

protrusions in free-space.

Thermal bonding of Teflon plastics has also been reported [83, 90], enabling microfabrica-
tion of microfluidic chips based entirely in the perfluorinated polymers. These devices have

found use in areas ranging from cell culture growth to petrochemical applications [83, 91, 92].

4.2 SU-8

Originally developed in the late 1980s, SU-8 is an epoxy-based negative photoresist. A single
SU-8 oligomer contains on average eight epoxy groups. SU-8 is chemically inert, thermally
stable, features high resolution and high aspect ratio, making it an ideal candidate for perma-
nent MEMS structures. SU-8 is an amplified resist, which means that it contains a photo-acid
generator (PAG). The photoacid is released during exposure and crosslinks the oligomeric
epoxy during the subsequent post-exposure bake step, resulting in a three-dimensional net-
work. Figure 4.1 illustrates the chemistry of the SU-8 resist during a photolithographic pro-

CESS.

4.2.1 Formulations

Since the original SU-8 series, two new formulations of SU-8 have been developed by Mi-
croChem: the 2000 series and the 3000 series. The SU-8 2000 series can be used to create
films in the range of 0.5 to 200 pm. The series offers improved wetting properties and high
aspect ratios (above 10:1). The SU-8 3000 series is designed to produce films between 5
and 120 pm. The aspect ratio is lower (above 5:1), but the series offer improved adhesion to
oxides and nitrides [93]. The company, DJ DevCorp, is developing thick dry film sheets, and
they are offering SUEX, an almost solvent-free formulation of SU-8. The photoresist sheets
are in the thickness range of 100 yxm to 1 mm and can be directly laminated onto substrates,

offering a high process speed and thickness uniformity.
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The Chemistry of SU-8
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Figure 4.1: The chemistry of SU-8, a negative tone epoxy photoresist.
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4.2.2 Multi-layer Photolithography

The initial amount of solvent in the resist formulation controls the available film thicknesses.
Purposefully retaining solvent in SU-8 films has been used for fabrication of solvent-controlled
nano-porous structures [94]. Otherwise, a soft bake is typically performed after initial film
deposition to remove excess solvent and to improve adhesion to the substrate. This determines
the residual solvent concentration in the SU-8 resist at the time of exposure, and the onset of
crosslinking. Low solvent content also reduces the diffusion of the photo-acid and limits the
mobility of the oligomers in the polymer matrix. This step leads to some shrinkage and stress
in the film. It has been shown that thinner films exhibit higher film stress [95], which can lead

to formation of fractures in the material.

The volatility of the solvent in SU-8 formulations leads to a decrease of the solvent content
already at ambient temperatures [94, 96]. For this reason, modern spin-coating systems are
constructed to minimize solvent evaporation rate and air turbulence inside the spin chamber.
Such systems allow the production of reasonably flat films without edge defects. For removal
of edge beads, it is common to spray the periphery of the wafer with a solvent, after the soft
bake. Even though SU-8 is designed to obtain planar films, planarization defects can still
occur when working with resist formulations of high viscosities. SU-8 tends to follow the
morphology of the substrate it is applied on. Leaving the resist to relax on a very flat-levelled

surface after spin-coating promotes planarization, and can even reduce mechanical stress [97].

SU-8 polymerization can be initiated by UV light at 365 nm, but also electrons and ionizing
radiation can initiate a high level of crosslinking [48]. During exposure, the photoinitiator
generates a strong acid and catalyzes the cationic polymerization of the epoxy resin. The
post-exposure bake is typically performed subsequently at 95 °C and then developed in an
organic solvent. The final SU-8 devices can be hard baked further at 200 °C to complete the
polymerization process, anneal the film, and minimize stress. Cured SU-8, after the post-
exposure bake, has a glass transition temperature of above 200 °C, whereas unexposed SU-8

has a glass transition temperature of around 55 °C [98].

SU-8 resist can be patterned in the millimeter range thickness with aspect ratios up to 20 in
a single photolithographic exposure [95, 99]. Ultra-high aspect ratios of 190 (6 pm thick and
1150 pm tall) have also been reported using wavelength optimization and air gap compensa-
tion [100]. Multi-layer structures can be obtained in SU-8 by successive processing of resist
layers applied on top of each other. This is achieved by deposition, soft baking, exposure and

post-exposure baking of every individual layer followed by simultaneous development [101].
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4.2.3 Sacrificial Layers

Extensive research has been done to accomplish hanging structures and free-standing devices
in SU-8, in order to exploit its favorable mechanical and chemical properties. To achieve
this, metallic sacrificial layers such as aluminum [102] and copper [103] have been used in
combination with wet etching. Other sacrificial layers include: oxides [104], the overhead
projector (OHP) transparency film [105], Kapton (polyimide) film in combination with a
positive photoresist [66, 106] and polyester [107] or Mylar [108] sheets, polystyrene [109]
and even PDMS [110]. OmniCoat has also been used for this purpose [111, 112]. In Paper

III, we utilized thermal release tape to achieve an entirely mechanical release of SU-8 devices.

4.2.4 Surface Chemistry

SU-8 has a hydrophobic character, with a contact angle of 79 + 1° [113]. In order to im-
prove the wetting characteristics of channel devices, there is a number of ways available for
rendering an SU-8 surface more hydrophilic. Exposure to oxygen plasma is the most popular
technique. The effect of oxygen plasma is a highly hydrophilic surface, with a small contact

angle of ~5°, directly after the treatment[114].

An alternative method involves a wet chemical process, in which the surface of SU-8 is
exposed to ethanolamine, which leads to a contact angle of 23 4= 7° [115]. The SU-8 surfaces
are modified by the reaction between the amino groups in ethanolamine and the remaining
unreacted epoxy groups [115]. The resulting contact angle does not increase over time, in

contrast to oxygen plasma treated surfaces.

The bulk of SU-8 can be permanently modified by the addition of a small organic molecule,
glycidol, which contains both epoxy and hydrophilic functional groups. The resulting copoly-

mer has a contact angle of around 55° [116], but suffers from an increase in fragility.

4.2.5 Bonding

SU-8 can be bonded directly to SU-8, if there are enough active sites present at the surface
(unreacted epoxy groups). Then, two substrates can undergo a polymerization reaction to
form a stable bond, at relatively low temperatures and moderate pressure. Increasing the
number of dangling bonds, provided through unreacted epoxy groups, on the surface can be
achieved by under-baking of the resist [66] and/or by exposure to 254 nm UV light [67]. SU-8

has been used for both direct, and adhesive bonding.
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4.2.6 Challenges

Despite many of its useful characteristic properties, SU-8 has like all materials its limitations.
Many of the standard SU-8 fabrication processes require hands-on experience and optimiza-
tion. SU-8 is considered a chemically stable material, once it is crosslinked. However, ex-
posure to certain solvents (such as acetone) can modify the surface or crack the structures.
SU-8 has unfortunately high autofluorescence in comparison to, e.g., Teflon AF. This makes
it a challenge to combine the material with fluorescence microscopy techniques, commonly

employed in the life sciences.

SU-8 is, however, a suitable material choice in the development of label-free experimental
setups. In addition, even though it is generally considered a biocompatible material [117],
the base of SU-8 is Bisphenol A, a well-known endocrine disruptor [118]. This might be an

issue in long-term biological studies that involve SU-8 devices.

SU-8 is a very popular material choice in MEMS and for master fabrication in soft lithog-
raphy. In the life sciences, it has been used in a wide range of applications, both as support
and main material. Some examples include microgrippers for single-cells [119], force sens-
ing arrays [120], and microprobes [102, 108] for neural applications. The primary use of
SU-8, in this thesis, has been for the establishment of a facile microfabrication process for

the development of free-standing microfluidic probes, presented in Paper III.

4.3 Polydimethylsiloxane

Crosslinked polydimethylsiloxane (PDMS) is a silicone elastomer with many favorable prop-
erties. PDMS is gas permeable and chemically inert and it is generally considered non-toxic
and biocompatible. The material is optically transparent (below 280 nm) with relatively low
autofluorescence, making it a good candidate for microscopy-based studies. PDMS is often
used in soft lithography as the stamp material due to its low cost, elasticity and low surface
tension. Figure 4.2 illustrates the chemical structure of the siloxane oligomers and crosslink-

ers and the polymerization reaction that leads to the formation of the elastomer.
PDMS is generally prepared using a standard kit of two components, consisting of a ’base”

(siloxane oligomers) and a curing agent” (siloxane crosslinkers and the catalyst), such as
SYLGARD® 184 from DOW Corning. Other silicone variations are available from DOW
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Corning for electronics (170) and with modified properties, such as flame resistance (160).
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Figure 4.2: The chemical structure of the siloxane oligomers and crosslinkers, illustrating
the chemical reaction that occurs during the formation of the three-dimensional
polymer network.

The “base” and the “curing agent” are mixed in the recommended proportions (usually
10:1) to form, what is often referred to as the PDMS pre-polymer. This mixture is degassed
to remove air bubbles and cured. The curing process is commonly performed between tem-
peratures of 60 and 95 °C, with a Pt-based catalyst, for example, hexachloroplatinic acid.
Thin PDMS layers in the range of a few micrometers can easily be achieved by spin-coating
[121, 122], and films as thin as 70 nm have been reported by diluting PDMS with hexane
[123].

The surface of PDMS can be modified by exposure to oxygen plasma to become hydro-
philic, replacing the methyl groups with hydroxide groups as illustrated in Figure 4.3. The
modified surface of PDMS has a contact angle of ~ 5°, which gradually returns to its hy-
drophobic state [124], as the silanol groups move into the bulk of the material to minimize
the surface energy. This process occurs relatively quickly due to the elasticity of PDMS. The
surface modification procedure can be exploited to bond PDMS either to itself, or to glass,
through a plasma-activated condensation reaction illustrated in Figure 4.3 [125]. Clean sur-
faces and good contact (planar surfaces) are critical for achieving a good quality bond. PDMS
can also form a self-adhesive bond by conforming due its softness. This bond is weak, with-
stands approximately 0.5 MPa of pressure before delaminating. As long the surfaces remain
clean, it can be de-bonded and re-bonded [65].
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Figure 4.3: Plasma treatment and bonding of two PDMS surfaces.

From the manufacturing point-of-view, PDMS has a relatively long turn-around time, in
comparison to materials that can be injection molded. The lack of compatibility with other
materials creates a challenge in chip-to-world interface for high-pressure connections, where
a conformal seal is not sufficient. Deposition of metal films on PDMS requires harsh condi-
tions [126]. In addition, PDMS has low solvent compatibility [127], and it is not a commonly

accepted material in cleanroom environments for reasons of contamination.

Despite some of its limitations, PDMS has found use in a wide range of applications. It
has become a very important prototyping material in micro- [128, 129] and nanofluidics
[130, 131], soft lithography [132, 133], traction force microscopy [134] and recently even
soft robotics [135—-137]. The superfusion device used in Paper I and Paper II for single-cell

studies, has been manufactured in PDMS.
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5 Technology

Recent advancements in material science and microfabrication have significantly accelerated
the development of miniaturized technologies, which consequently increased the research
possibilities within the life sciences. The technological concepts presented in this chapter,

focus on those relevant for this thesis, namely Microfluidics and Electromagnetic Waves.

5.1 Microfluidics

Microfluidic technologies are now commonly used in many research areas, such as diag-
nostics [138, 139], single-cell research [140, 141], cell culturing [142, 143], flow cytometry
[144, 145], cell sorting [146, 147] and particle synthesis [148, 149], among many others.
Microfluidics is the study of the behavior and the manipulation of small amounts of fluids,
dealing with volumes in the femto- to microliter range. By exploiting the characteristics of
fluids at those size scales, microfluidic technologies offer a number of advantages. In order
to provide an insight into the technological benefits of microfluidics systems, this section in-
troduces some of the physical characteristics present; beginning with the fluid motion at the

micro-scale.

5.1.1 Fluid Motion

The Navier-Stokes equations describe the motion of fluid and are essential for understanding
fluidic systems. The equations are derived using Newton’s second law of motion. For an

incompressible homogeneous Newtonian fluid the expression is

p(%—‘tf—l—v-Vv) = pg — VP + uV3v (5.1

where p denotes the density, v the flow velocity, V P the pressure gradient, y the fluid viscos-
ity and g the gravitational acceleration. The term on the left-hand side represents the forces

of inertia, and the term V2V represents the viscous forces.
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The equation in its dimensionless form shows that it depends on one scaling parameter,

known as the Reynolds number (Re)

_ puolo
I
where L and v, are the characteristic size and velocity, dependent on channel geometry. Re,

Re (5.2)

is the ratio of inertial to viscous forces. In the case Re > 1, inertia dominates, resulting in a

turbulent flow. For low Re numbers < 1, the flow is considered laminar (see Figure 5.1).

Macrochannel Microchannel

Turbulent flow Laminar flow

Figure 5.1: Fluid flow regimes. A) Turbulent and B) Laminar flows.

For microfluidic systems, the gravitational component is negligible and the fluid flow is
considered free from fluctuations, as they typically operate at low Re values, in the laminar
flow regime. Thus, the equation describing the fluid flow is simplified to the linear Stokes
equation

VP = uVv (5.3)

This equation can be solved analytically for a number of channel geometries by applying
boundary conditions. Flow of liquid inside a microfluidic channel is typically subject to no-
slip boundary conditions, meaning that the velocity field is zero at the wall and maximum
at the center, giving a parabolic velocity profile. The resulting flow field can be integrated
over the cross section of the channel to get an expression for the total flow rate [150]. The
calculation of the flow rate is one of the most important parameters when it comes to the

practical design and development of microfluidic chips.

5.1.2 Diffusion

Flowing solutions can co-exist in microfluidic channels under low Re conditions. Due to the
lack of turbulence, spontaneous mixing does not occur, and diffusion is the only transport

mode between the two parallel streams (see Figure 5.1B). Therefore microfluidic systems are
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well-suited for fluid control and manipulation. They can be designed to handle a variety of
solutions and reagents, mix and switch between flows, and carry out chemical reactions and

bioassays on-chip.

For pure diffusion to occur, the velocity field of the fluid should be zero, otherwise the mo-
tion of the molecules within the fluid is also partly due to convection. In the regime of steady
flows, the dimensionless Péclet number (Pe) is the relevant scaling parameter, describing the
ratio between the convective and diffusive mass transports,

voLg
Pe =
‘=D

where D is the diffusion coefficient. A high Pe implies dominance of convection over dif-

(5.4)

fusion, thus less diffusional mixing and sharper concentration gradients across the boundary
of co-flowing streams. This concept is of particular importance for the operation of the hy-
drodynamic flow confinement (HFC) device, the multifunctional pipette (described below).
In HFC devices, a high Pe is desirable to minimize the escape of molecular compounds via

diffusion by using comparatively high flow rates.

5.1.3 Hydrodynamically Flow Confinement

Microfluidic technology is not limited to closed channels, which dominate in the traditional
lab-on-a-chip view. Instead, a younger paradigm is emerging where the properties of micro-
scale fluid flows are projected beyond the physical boundaries of a device into an open-
volume. If the fluid emerges into the open volume, it can be re-captured, and led back into
the device by sufficient neighboring in-flows. Proper channel geometry and distance, can
allow such circulation to form a small reservoir, with virtual boundaries defined by the hy-
drodynamic flow (see Figure 5.2). The concentration gradient of the virtual boundaries is
determined by the Péclet number, and the content of the reservoir is defined by the compo-

sition of the out-flow stream. This is known as hydrodynamic flow confinement (HFC) [151].

Initial HFC experimental setups for biological applications involved two glass capillaries,
one for injection and one for aspiration (see Figure 5.2A). The HFC was approximately 30 ;m
in size, and the pressure switching allowed for local solution exchange, in the milli-second
time scale [152]. The technique was used for stimulation of adherent neurons [152], potenti-
ation of synapses [153], and studying motility of dendritic filopodia [154]. An improvement
came with the co-axial pipettes, Picoliter *fountain pen’, which was the first free-standing
HFC device [155] (see Figure 5.2B). In 2005, the Microfluidic Probe was reported as the
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first microfabricated HFC device [156], which later evolved into the vertical Microfluidic
Probe (vMP) [157]. The probe was used to pick up cells, pattern proteins, and stain adher-
ent cells. Other relevant devices include the BioPen for direct writing of functional materials
such as cells, proteins and nucleic acids for Point-of-Care diagnostics [158], the droplet-based

chemistrode [159], and the push-pull probe for scanning electrochemical microscopy [160].

Figure 5.2: Schematic examples of HFC devices. A) Two glass pipettes, one for injection and
one for aspiration [152]. B) Two co-axial glass pipettes, Picoliter ’fountain pen’
[155]. C) Multifunctional Pipette (MFm) in PDMS [161]. The arrows indicate the
direction of the liquid flow. Orange color represents positive pressure and blue
negative pressure.

The concept of hydrodynamic flow confinement has allowed the development of free-
standing probes, which are easier to integrate with existing instrumentation and experimental
environments, in particular in cell microscopy. The Multifunctional Pipette (MFr) is an ex-
ample of an HFC microfluidic device, refined for integration with other probes, upright mi-
croscopes and micromanipulators (see Figure 5.2C). The microfluidic device was developed
for exchanging the solution environment (superfusion), and to provide local stimuli around

single adherent cells.

In this thesis, MFm was used to study molecular transport in cellular protrusions (Paper I)
and viability of individual adherent cells (Paper II). In contrast to most HFC probes, which
have two channels, this device has three adjacent micro-channels, which exit into an open
volume. By adjusting the positive and the negative pressures in each channel, a semi-spherical
HFC reservoir can be established. The generated isolated chemical environment at the tip of
the device is typically 90 ym in diameter, with flow rates of 4-8 nL/s. The cells located
within the HFC area experience little shear force, which does not affect cell viability [161].
Currently, MFr is replica molded in PDMS; in Paper III, a novel microfabrication process

was established for manufacturing the device in SU-8.
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5.2 Electromagnetic Waves

Electromagnetic waves are simultaneous periodic variations of electric and magnetic fields
that propagate from an emitting source at the speed of light when they are in vacuum. They
are characterized by their wavelength or energy. Lower frequency corresponds to lower en-
ergy, with ionizing radiation (enough energy to completely remove an electron from an atom
or a molecule) beginning at the end of the ultraviolet (UV) regime [162]. The spectrum of

electromagnetic waves is illustrated in Figure 5.3.

Different regions of the electromagnetic spectrum have found different uses. For example,
micro- and radio waves are mainly used for broadcasting and communication, and heating
devices (e.g. microwave ovens). Moving higher on the frequency spectrum, the millimeter-
wave scanner, a well-known device commonly used in airport security, is situated. Infrared
spectroscopy is a widely used technique in organic and inorganic chemistry, for analysis of
chemical compounds, and X-rays are essential in medical imaging (radiography) and high-

energy physics.

The terahertz (THz) frequency regime is located between microwaves and far infrared. To a
large extent it has remained unexplored, mainly due to lack of suitable instrumentation [163].
However, recent advancements in source and detector development have led to progress in
applications of THz radiation in imaging [164, 165] and communication [166, 167]. The use
of the THz frequency region in biomedical imaging and life science applications is just be-
ginning to emerge. In biomedical research, applications such as imaging of cancerous tissues
[168, 169] and in vivo imaging of burns [170] are being explored. In the life sciences, THz
radiation has been used to investigate protein crystal interactions [171] and for spectroscopic
analysis of biological molecules, such as proteins [172, 173] and RNA [174]. Currently, both
opportunities and adverse effects of sub-millimeter-waves are being thoroughly investigated
[175-177].

5.2.1 Dielectric Spectroscopy

Dielectric spectroscopy measures the dielectric properties of a medium as a function of fre-
quency, and is based on the interactions between the external electric field with the electric
dipole moment of the object of interest. This is commonly expressed as permittivity, which

describes how an electric field affects and is affected by, a dielectric medium.
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This spectroscopic method has become popular over the past few years, and is currently
being employed to characterize coatings [178], films [179], solar cells [180], and surface cor-

rosion [181], among others.

Dielectric spectroscopy is a non-invasive, label-free technique that can probe a sample in
its native environment without the need for chemical modifications. In the life sciences, de-
tection of binding events [182], membrane structure analysis [183], and studies of biological

cells [184, 185], between the Hz and the MHz range have been reported.

Millimeter-Waves

The millimeter-wave (mm-wave) region, 30-300 GHz frequency band, has interesting im-
plications in chemistry and life science research, as it contains information about molecular
rotations, dielectric relaxations, and hydrogen bond interactions [186]. Currently, most of the
research extends up to 40 GHz for label-free investigations on biological systems [187, 188],
with recently reported work on yeast suspensions up to 110 GHz [189]. To fully scrutinize
the significance of mm-waves in biological and biomedical applications, more information
on the dielectric characteristics of biological entities is needed. In turn, this requires sim-
ple, affordable and versatile platforms, capable of investigating biological samples across the

whole frequency band, which are not currently available.

In Paper IV, we present a flexible platform for dielectric spectroscopy on-wafer measure-
ments of non-ionic surfactants, in the mm-wave region. We designed and fabricated micro-
scale devices for propagating the electromagnetic waves, which allowed for the study of their
interactions with our samples. The design is based on a coplanar waveguide (CPW), illus-

trated in Figure 5.4.

CPWs are commonly used for direct, on-wafer investigations of transmission and reflection
of electromagnetic waves (amplitude and phase), as a function of frequency. It consists of a
strip of thin metallic film deposited on the surface of a dielectric substrate, with two ground

electrodes on each side and parallel to the strip, in a coplanar configuration [190].

The electric field lines of a CPW are illustrated in Figure 5.4. Changes in the material above
the waveguide translate into changes of the effective permittivity of the CPW. As a conse-
quence, the amplitude and the propagation velocity of the electromagnetic wave is modified.
The effective permittivity of the CPW is given by the relationship between the permittivities

of the substrate and the material above the sensor. We based the design of our devices on
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Substrate

hI

Figure 5.4: Schematic drawing of a coplanar waveguide. Critical dimensions, w (signal
width) and s (signal-to-ground spacer) are indicated, and the red lines represent
the electric field lines.

|

the CPW for its high surface sensitivity. Other waveguides, such as the microstrip [191, 192]

and the Goubau line [193], are also being investigated for life science applications [194, 195].

The CPW-based devices were fabricated on glass substrates with polymer barriers for liquid
confinement. For each molecular compound we investigated, several devices were measured

separately by connecting them in turn to the measurement setup.

Our mm-wave setup consists of a vector network analyzer (VNA), a system that enables
characterization of devices in terms of transmission and reflection of the electromagnetic
wave (amplitude and phase), as a function of frequency. We used a two-port system, illus-
trated in Figure 5.5. The substrate with microdevices is placed on the stage and one of the
devices is connected to the VNA via the radiofrequency (RF) probes. Standard RF probes are

of the ground-signal-ground configuration, making them suitable for measurements of CPWs.

Prior to performing the measurements, a calibration involving known standards can be
performed in order to compensate for systematic errors, and to set the reference plane at the
probe tips. The test frequency is generated and its power level is set, typically in the uW
range. The signal travels from one port to the other, and the transmitted and reflected powers
are normalized to the input signal and recorded. The acquired results are expressed in terms
of the scattering parameters (S-parameters), which can be described as the input vs. output
relationship between ports in an electrical system. So; represents the power transferred, as
the signal travels to Port 2 from Port 1, following the naming convention of identifying the
target port first. The signal travelling to Port 1 from Port 2 is denoted S15. S1; and So, are the
respective reflection parameters. If the device circuitry is symmetric, the resulting parameters

are identical, i.e., S1; and Sy, correspond to S92 and S, respectively.
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Figure 5.5: Experimental setup. The inset illustrates two RF measurement probes connecting
a single device to the vector network analyzer.
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Building on our previous work [47], the platform presented in Paper IV is based on a
coplanar waveguide for its high surface sensitivity, adapted for measurements on non-ionic
surfactants. It was specifically designed in an open-volume fluidic configuration for label-
free investigations of artificial and biological membrane systems, in the gigahertz frequency
regime. The experimental platform is flexible and can easily be integrated with other tech-
nologies, such as heating probes and fluidic arrangements. Moreover, the platform establishes
a basis for advancing towards on-wafer measurements of the reflection and transmission pa-

rameters in the terahertz frequency regime.

In addition to the developments discussed in this thesis, there are numerous opportunities
for other technological areas to contribute to investigations of biological entities. Examples
include acoustophoresis, which has been integrated into fluidic devices, in order to concen-
trate cells and particles [196], as well as to remove proteins from blood plasma [197] and
platelets from peripheral blood progenitor products [198]. Digital microfluidics is a surface-
based technology, which performs discrete fluidic operations, such as transporting, splitting
and mixing of droplets, on electrodes coated with a hydrophobic insulator. Recently, a proof-
of-concept platform, for detection of rubella virus infection was demonstrated [199] in this
area, and combination of digital microfluidics with impedance sensing for simultaneous cell
culture and analysis has also been reported [200]. Moreover, nano-scale devices to address
even smaller systems, DNA [201, 202] and proteins [203, 204], and micro-scale devices to
study larger cellular organisms, nematodes [205] and fruit flies [206, 207], are also being

successfully utilized.
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6 Summary of Results

This chapter presents the summary of the papers included in this thesis. The experimental
setups described within these papers find their primary use in the manipulation and patterning
of single-cells in adherent cell cultures, with the exception of Paper IV, in which the potential

of the platform was demonstrated on non-ionic surfactants.

6.1 Paper |

Cellular communication via directed protrusion growth: critical
length-scales and membrane morphology

In order to study cellular communication, a previously reported method employed a micro-
needle manipulation protocol for man-made network architectures involving biological cells.
This work, however, presented a high risk of cell damage [1]. We were interested in con-
trolling the formation of a natural network between adherent cells. For this purpose, we de-
veloped micropatterned substrates for directing cell growth, employing a photolithography-
based surface fabrication strategy to produce Teflon AF structures on glass substrates. Teflon

AF was selected for its cytophobic, but not cytotoxic, properties [87].

Paper I presents the investigation of the capability of cell protrusions from adherent Hu-
man Embryonic Kidney (HEK) 293 cells to bridge cytophobic Teflon AF microgaps. The
frequency of cell protrusions crossing the cytophobic microgap was found to be strongly de-
pendent on the gap size. Cell extensions crossing the gaps appeared either as nano-sized or
micro-sized connections (see Figure 6.1). A free-standing microfluidic perfusion device, the
multifunctional pipette (MFm), was utilized for investigating molecular transport in the estab-
lished cell-to-cell connections across the microgaps. One of the connected cells was selec-
tively perfused with menthol to activate the TRPMS ion channels overexpressed in the cells,
followed by a supply of calcium ions. The diffusion of the calcium ions was visualized by

means of a cell-permeant pre-fluorescent calcium-binding dye. Both open- and close-ended
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intercellular connections in nano- and micro-sized protrusions were observed. At distances
greater than 4 pm the occurrence of cell-to-cell connections was significantly reduced (see
Figure 6.1E).

No. of observations
o

Nanoconnection to surface (A) . Microconnection to cell (D)

@ Nanoconnection to cell (B) @ No connection formation

. Microconnection to surface (C) o2 4 8 16
Distance between two structures (pm)

Figure 6.1: Cellular tubular growth of HEK 293 cells on Teflon AF patterned glass substrates.
A-D) Bright-field images of the identified types of cellular connections. Scale bar
10 pum. E) A graph summarizing the total number of the different connections
observed for microgaps of different lengths.

Keywords: adherent single cells, microfluidics, hydrodynamically confined flow, selective

perfusion, cell-to-cell connections, Teflon AF, cell protrusions, molecular transport.

6.2 Paper ll

A rapid microfluidic technique for integrated viability
determination of adherent single cells

The recent increase in the interest of single-cell studies has led to the need for suitable tech-
niques and instrumentation that can be used in conjunction with standard cell culture equip-
ment and procedures. Paper II describes a novel protocol for rapid determination of via-
bility of individual cells in an adherent cell culture, illustrated in Figure 6.2. We utilize a
free-standing microfluidic perfusion device, the multifunctional pipette (MFr), to create an

isolated chemical environment around single cells.
The viability assay is combined with a cell poration experiment, in which cells are selec-

tively exposed to the pore-forming agent digitonin, followed by fluorescein diphosphate (FDP,

a pre-fluorescent substrate for alkaline phosphatase), in order to monitor intracellular enzyme
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B C D
Multifunctional
/ Dead cell /
Selective perfusion Alive cell

Figure 6.2: Schematic representation of the four sequential steps in the single-cell perfusion
experiment. The target cells are selectively exposed to an isolated chemical envi-
ronment created by the MFrr. A) The cells are exposed to the pore-forming agent,
digitonin. B) The permeabilized cells are exposed to FDP to monitor enzyme
activity. C) During a short resting period, the cell membrane is allowed to re-
cover. D) The cell viability is assessed by simultaneous perfusion with FDA and
PI. Fluorescence emission is recorded in the green (viable) and red (non-viable)
channels, respectively.

activity by fluorescence microscopy. The viability was subsequently assessed through simul-
taneous perfusion with fluorescein diacetate (FDA) and propidium iodide (PI), in the same
experiment. The microfluidic technology-assisted sequence of reagent delivery and viability
test is a convenient and reliable single-cell approach, which avoids affecting the remaining
cells in the culture. The test can be performed routinely alongside typical delivery protocols,

and removes the need for global cell viability assays.

Keywords: adherent single cells, viability, microfluidics, hydrodynamically confined flow,

selective perfusion, fluorescein diacetate (FDA), propidium iodide (PI).

6.3 Paper lll

Free-standing SU-8 microfluidic probes

In order to enhance the performance and expand the application range of free-standing mi-
crofluidic probes, we developed a microfabrication process using a rigid photo-patternable
material, SU-8. We utilize thermal release tape, a common cleanroom material, for a facile
heat-release of the sacrificial layer from the support wafer. As a result, the fabricated mi-

crostructures can be released mechanically by gentle deformation of the thermal release tape.

Using the established procedure, illustrated in Figure 6.3, we demonstrated three practical

implementations: i) a microfluidic probe, ii) a probe with integrated thin-film electrodes and
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iii) a probe with perforated walls for microdialysis. The microfabrication process, described
in Paper III, allows for high-yield batch production of versatile free-standing microfluidic

devices in SU-8 with well-defined tip-geometry.

A o i o | o
Deposition ¢ W

Patterni M Alignment of substrates
atterning ;j and bonding of SU-8

Pressure

Deposition @ \\\\\\\\\\\\\\\\\\\\\

Patterning M Heating of thermal
: . release tape
Developmentm @
Releasing of
=== Thermal release tape Uncrosslinked SU-8 pipettes
D Pyrex wafer [ Crosslinked SU-8

Channels

Figure 6.3: Schematic representation of the fabrication procedure of free-standing microflui-
dic devices with SU-8 epoxy, illustrating the use of the thermal release tape as the
sacrificial layer. A) Simultaneous photolithographic processing of two wafers. B)
Bonding and release procedure.

For characterization of the SU-8 microfluidic probes, two interfacing schemes were de-
signed and tested: a disposable interface in PDMS with integrated wells, and an interface
with external liquid reservoirs. The fabrication process was developed further to integrate
electrodes on the surface of the SU-8 microfluidic probes, and an additional interface scheme,
which incorporates electric components, was designed. We also investigated the possibilities
of introducing perforations in the SU-8 device by photolithography. It was found that i) for
micrometer-sized features an additional planarization step is crucial; ii) for probes with com-
paratively small dimensions (< 200 pm tip width), the mechanical release procedure is no

longer feasible.

Keywords: microfluidics, hydrodynamically confined flow, selective perfusion, SU-8, ther-

mal release tape, microfabrication, free-standing probes.
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6.4 Paper IV

Millimeter-wave sensor based on a )\/2-line resonator for
identification and dielectric characterization of non-ionic
surfactants

We explored the possibility of using dielectric spectroscopy in the millimeter-wave region as
an alternative label-free detection scheme for the study of biological and artificial membrane
systems. Originally, the platform was developed for qualitative investigations of cholesterol
content in model membranes [47]. In Paper IV the work was extended for characterization

of two, structurally similar non-ionic surfactants (niosome constituents).

The novel open-volume millimeter-wave sensing platform is based on a coplanar wave-
guide (CPW). The experimental setup and the design of the sensor are illustrated in Figure
6.4.

A B W. o
D 4 fi

Ti/Au metallization

© Probe © Barrier © Pipette
© Deposition area O Glass substrate

Figure 6.4: The sensor based on a coplanar waveguide. A) A photograph of the experimental
setup. The deposition area is isolated by a barrier, and the black box represents
one of the sensors. The pipette used to transfer the sample to the deposition area
is also shown. B) A schematic representation of the sensor, illustrating the critical
length scales w (signal width) and s (signal-to-ground) spacer: wy, s1, ws and s,,
are 10, 10, 50 and 14 pm, respectively.

The millimeter-wave sensor was implemented in an open-volume fluidic configuration to
permit direct sample manipulation. Direct, on-wafer measurements of transmission and re-

flection parameters up to 110 GHz were performed. The sensor was capable of distinguishing
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between the non-ionic surfactants Tween 20 and Span 80, due to a resonance shift of 3 GHz
between the two compounds. Calibration structures for extraction of the complex permittiv-

ities were designed and fabricated.

Keywords: millimeter-waves, coplanar waveguide (CPW), open-volume fluidic configu-

ration, niosomes, non-ionic surfactants, label-free.
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7 Concluding Remarks

The work presented in this thesis focuses on the development of micro-scale platforms as a
means to address some of the current challenges in the field of cell biology, related to the
structure and function of single cells, and to provide bridging points between various novel

technologies and the life sciences.

In Paper I, we have developed a platform for investigating intercellular communication
through protrusions, achieved by directing the protrusion growth. The novel platform facili-
tates fundamental studies of cell-to-cell communication, cellular protrusions, and the dynam-
ics of native cell environments. We chose to focus on the cells’ capability to probe free-space
in its immediate vicinity, and established a critical length-scale, beyond which this becomes
increasingly difficult. A natural extension of the project would be to continuously monitor
the formation of the micro- and nano-sized protrusions, and to characterize them in terms of
protein content and actin organization. Moreover, in its current configuration, the platform
investigates pairs of cells, however, establishing a larger network of interconnected cells in a
controlled manner would enable exciting new possibilities of studying cell-to-cell communi-

cation.

Related to the studies in Paper I above, we have also developed a protocol for rapid assess-
ment of cell viability, demonstrated in Paper II. The method enables selective viability testing
of cells still under investigation, and the surrounding cells, prior to running a superfusion pro-
cedure. Both tests are not possible with conventional non-selective viability staining assays.
This single-cell technique is thus complimentary to global cell screening. The established
protocol is of particular interest in experimental setups which address cell heterogeneity, and

is readily combined with other single-cell techniques, such as electrophysiology.

In Paper III, we presented a promising microfabrication process for SU-8 free-standing
microfluidic probes, based on a sacrificial layer which enables an entirely mechanical release

of the final structures. The use of SU-8 offers many benefits in terms of its chemical and
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mechanical properties, scalability, and integration. It opens pathways to new microfluidic
probes for life science applications useful for studying, among others, the pharmacological
effects of drugs on cells and tissues. In addition, SU-8 permits easy integration with electric
components, however, its autofluorescence limits its use in fluorescence microscopy environ-
ments. The material would find its ideal application in conventional optical microscopy and

label-free experimental setups, where its autofluorescence would not be a relevant concern.

Current studies of biological and artificial membranes still rely heavily on the use of flu-
orescent tags, which often influence the system under investigation. For this reason, we ex-
plored the possibility of using dielectric spectroscopy, a non-invasive, label-free technique
which can probe a sample in its native environment without the need for chemical modifica-
tions. This has led to the development of a mm-wave sensing platform, presented in Paper
IV. This platform holds promise as a novel tool to improve the understanding of the properties
of amphiphilic molecules, and the role of compositional variances. We consider it the first
step towards real-time monitoring of biological structures. Moreover, such measurements
have the potential to contribute to our understanding of the molecular interactions that occur

in the GHz regime, and pave the way for investigations at even higher frequencies.

I am convinced that the work in this thesis has created new research opportunities, and will
contribute to the deeper understanding of the fascinating nature of biological cells and their

complex functions.
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