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Abstract

Magnetic tweezers gained increasing interest in recent years especially for
applications in biology. In this thesis, a new setup of a magnetic tweezer is
introduced using micropatterned conducting lines on a transparent glass slide and
magnetic particles with a diameter of 1 um injected into the vacuole of barley
protoplast using a microinject system and controlled through an inverse
fluorescent microscope.

The setup enables a precise localization of the particles, which can be
functionalized or fluorescently labeled at their surface, and the determination of
forces in viable cells. The setup was utilized to determine the viscosity of vacuolar
sap of barley (Hordeum vulgare) and compare it with the viscosity of water and
the vacuolar fluid outside the cell. The viscosity of the vacuolar sap in living cells
was about 5 times higher than that of water, and this compared to a 2-fold higher
viscosity of extracted vacuolar fluid.

Also local heating inside the A. thaliana cell was done by means of applying
electric voltage to a ThermoMicroCapillary in order to detect ROS generation as a
sign of cell response to the heat stress. In addition chemical oxidative stress
studied by injecting the functionalized particle inside the A. thaliana cell.

Furthermore, the marker dicarboxy fluorescein diacetate (DCF-DA) fed to the
cell to detect DCF light emitted as a reporter of (ROS) heat stress or chemical
oxidative stress.



Chapter 1: Introduction

Chapter 1: Introduction

“Biological sciences are entering a completely new phase. Genomics,
proteomics, and metabolomics have provided us a long list of components such as
physical and chemical reactions that occur in a living cell.”

“A variety of techniques have been developed to investigate and study the
localization, dynamics, and physical or chemical interactions of molecules inside
the living cells.”* In recent years, the Lab-On-a-Chip (LOC) systems have been
developed and miniaturized for hand held applications.? This system also can be
extended for the analysis of heat or chemical stress in a living cell.

Research interests in manipulation and positioning of magnetic particles inside
living cells has been growing in recent years in various biophysics experiments
with single cells, DNA, enzymes or proteins. The proposed solution of this work
provides new opportunities for cell signaling and functionalized particle studies.
The main goal for such experiments is to study the ability of cells in receiving and
responding to environmental stress like heat stress, chemical oxidative stress,
heavy metals etc. Environmental stress in a biosystem could cause severe damages
and generate strong molecular response. The importance of such experiments to
provide studies of the behavior of different cells in different environments
because stress and diseases often cause disturbances in cell metabolism with
concomitant cellular redox imbalances and production of reactive oxygen species
(ROS).

Contactless effects of the magnetic forces on the magnetic particle inside the
cell can be manipulated distantly, without damaging the cell, these providing
realistic mechanical or physical characteristics of the cell.

According to the most recent model on heat shock mechanism, the activation
occurs by trimerisation® of monomers called heat shock factors, which can then
enter the nucleus to start the gene expression of heat shock proteins. Heat shock
proteins are (HSPs) also involved in protein folding i.e., help other proteins to fold
again in the correct way and they can be tagged with fluorescent proteins as
reporter for heat stress.”

The aim of this thesis is to activate the cell signals locally by means of heat or

chemical stress using a magnetic or functionalized particle or
Thermomicrocapillary (TMC).

15|Page



Chapter 1: Introduction

This thesis consists of three main parts:

— Injection and positioning of magnetized particles in a specific location
inside a living cell by magnetic force.
Three major activities were involved in this part: (I) trapping the cell using
a holding capillary, (Il) injection of the magnetic particle by Intra
Cytoplasmic Sperm Injection (ICSI) capillary and (I11) positioning of the
particle inside the cell by means of high magnetic field generated by
electrodes. The results of this experiment could be used to determine
viscosity of the cell vacuole’s inner-space and to deduce characteristic
diffusion times through a vacuole for various molecules and proteins as
well.

— Temperature stimulation in cell signaling

The ThermoMicroCapillary (TMC) used to induce the local heat shock
stimulation into A. thaliana single cell fed with 2'.7’-
dichlorodihydrofluorescein diacetate (H,DCF-DA). Activities in this step
were preparation and calibration of thermomicrocapillary (TMC) as a stable
heat generator. Negative control experiments were done to prove the results
of the heating experiments are due to heat shock stimulation by TMC inside
the cell.

— Local stimulation of cell signals by functionalized particle
The intention of this step is to study the oxidative stress with a
functionalized magnetic particle. This experiment includes preparation of
the functionalized particle and implementation of several positive and
negative control experiments to prove that the results of the experiment are
due to chemical oxidative stress.

This work is presented in five chapters, starting with this chapter as the
introduction to the work. Some information regarding the background of the work
are gathered in the second chapter and present along with basic information about
the principles and the concepts of the work also a brief description of the hardware
facilities and various systems used during the experiments. Specifications and
functions of each system are also described in details for easier understanding of
methodology of each experiment. Details of the materials, instruments and the
methods utilized in various experiments are provided in the third chapter. Results
of the experiments are presented and described in chapter four, and finally
analysis and discussions of the results are covered in chapter five.

16|Page



Chapter 1: Introduction

Summary of each work and future plans are very important topics in
presentation of any type of research work, therefore a description about each of
these subjects are provided in separate sections after the fifth chapter, briefing the
whole scope of the research along with expected developments in this field.

17|Page



Chapter 1: Introduction

18|Page



Chapter 2: Background

Chapter 2: Background

This chapter covers an overview of the basic concepts, relevant knowledge,
principles and the background behind various methods utilized for different
experiments. Physical knowledge is necessary for various calculations including
magnetic force and heat generation calculations as well as biological background
for preparation of the cells and understanding of cell signaling.

2.1 Cell signaling

“Cell signaling is a core biological process. The survival of an organism
whether single cell or multi cellular, plant or animal, strongly depends on its
ability to receive and respond to stimuli such as oxidative stress, heavy metals and
heat stress together with cell damaging agents and pathogens presented by the
environment.”'% “Stress responses of plants are studied experimentally since the
middle of the 19" century (Sachs 1864; Miiller-Thurgau 1980).”°

“Plants show a great ability to adapt their metabolism to rapid changes in the
environment. For this purpose, they are equipped with complex processes, such as
perception transduction and transmission of stress stimuli.’In their adaptation to
the environment, plants have a specific mechanism increasing their reaction to the
action of a stress stimulus. It induces their proper defense even when the initial
strength of the stress is small, e.g. by a puncture or virus infection, which, in
further perspective can be a great threat to their existence. Such a mechanism,
related to the perception of stimuli and their expansion in cells, between organs
and organisms, is composed of biochemical processes intensifying the action of
particular signaling pathways. In any plant, species exist in more than one form of
enzymes involved in biosynthesis of particular signaling molecules enhancing the
stress reaction respons.e.”7

“Signal transduction pathways in plants are very well developed while at the
same time they are extremely complex to reveal all the cross talks. The simple
reason behind these complexities is that the plants are sessile and experiences all
cue, biotic or abiotic being stationed at one position. Signaling pathways are
induced in response to environmental stresses, and recent molecular and genetic
studies have revealed that these pathways involve a host of diverse
responses.”' ! It has been well established that abiotic stress response is a
complex trait governed by multiple genes. In the last two decades, basic biological
research has taken a big leap from studying the expression of single genes or
proteins to focusing on a large number of genes or gene products simultaneously,
enabling genome-wide expression strategies for better understanding of these
complex traits.”®
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Chapter 2: Background

2.1.1 Heat stress

“Heat stress is one of the main abiotic stresses that limit plant biomass
production and productivity, especially in tropical and subtropical countries.”
“The photosynthetic activity of chloroplasts is considered among the most heat
sensitive cell function.”*

“There are at least three major stress-sensitive sites in the photosynthetic
machinery (PM): the photosystems, mainly photosystem Il (PSII) with its oxygen
evolving complex (OEC), the ATP generating’!, and the carbon assimilation
processes.'?® PSII is the critical site of damage by a variety of stress factors
such as drought, salinity, low and high temperatures, high light, and UV
radiation.* In vivo, the extent of damage under any type of stress depends on
the balance between damage and repair processes during the stress; this is
particularly true for PSII, and it provides the basis for acclimation and

photosynthetic recovery processes™.”!*?

“According to literature, there are two principal modes of stress-induced
impairment of photosynthesis: first, a direct damage induced by the stress factor,
and second inhibition of de novo protein synthesis by reactive oxygen species
(ROS). Further, stresses may be referred to as a category of oxidative stresses that
inhibit the repair of PSII and/or PSI.*® A number of studies demonstrated that
ROS-scavenging mechanisms have an important role in protecting plants
against high temperature stresses or combination of high-light and temperature
stresses.' " See (Figure 2.1).”*
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Chapter 2: Background

Environmental Stress
Heat: Heavy metals: Aa-analogs: Metab. Inhlb.: Oxldat. Stress.:

{Fever, Cd™, Hg™ p-F-Phe, AzC, 24-DNP, Menadlone, H,O,,
Inflammation) Canavanine azide, dlamlde,
\ ~ * sallcylate paraquat
(Ischemia =
reperfusion,

aging)

.":‘-':_-\_ HEE]| .:.:_',-"
. e ik Hem1  HSp
e @ = expression

Figure 2.1: Cycle of the heat stress response. [Taken from ref (113)]

2.1.2 Oxidative stress

“Most types of abiotic stresses such as drought, salinity, heat and cold stresses
disrupt the metabolic balance of cells, resulting in oxidative stress.” Oxidative
stress is a term used to describe the effect of oxidation in which an abnormal level
of reactive oxygen species (ROS), as it shown in (Figure 2.2), such as the free
radicals (e.g., hydroxyl, nitric acid, superoxide) or the nonradicals (e.g., hydrogen
peroxide, lipid peroxide) lead to damage (called oxidative damage) to specific
molecules with consequential injury to cells or tissue.* Removal or neutralization
of ROS is achieved with antioxidants, endogenous (e.g., catalase, glutathione,
superoxide dismutase) or exogenous (e.g., vitamins A, C, E, bioflavonoids,
carotenoids). Plants overcome oxidative stress with the production of scavenger
enzymes such as catalases, which decompose H,0,.”®
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Oxygen Superoxide anion Peroxide
0, O .05°
H: Q=0 ‘O'H :OH
Hydrogen Peroxide Hydroxyl radical Hydroxyl ion
Hy05 - OH OH"

Figure 2.2: Electron structures of common reactive oxygen species. Each structure is provided

with relevant name and chemical formula. [Taken from ref (104)]

“ROS such as H;O, may be important during moderate heat stress. The
generation of ROS was observed both in PSI and PSI1? as well as in the Calvin-
Bensoncycle.”® In vitro experiments from several laboratories suggested that
thermal stress at high enough temperatures produces ROS such as super-oxide
radicals, hydroxyl radicals, and hydrogen peroxide at the PSII RC, which are
scavenged by antioxidants, including superoxide dismutase (SOD).* The presence
of antioxidant enzymes saves the organisms by limiting the formation of singlet
oxygen, very toxic ROS, also produced under strong light.? Like singlet oxygen,
hydroxyl radicals are most toxic for plant cells, and their conversion to H,0,
reduces their damaging effect.?® There are observations that formation of ROS and

their scavenging by antioxidants also occurs in vivo?’.”*?

2.1.3 Heavy Metal

“Higher dose of heavy metals adversely affects plant growth and development
even though heavy metal ions are essential in many physiological and
developmental processes. The presence of enhanced level of heavy metal ions
triggers a wide range of cellular responses. In plants, higher amount of copper,
cadmium and mercury ions resulted in the activation of a novel cell trapping and
injection. Heavy metals have become one of the main abiotic stress agents for
living organisms because of their increasing use in the developing fields of
industry and agrotechnics, and high bioaccumulation and toxicity. The effect of
their toxic influence on plants is largely a strong and fast inhibition of growth
processes of the above and underground parts, as well as the activity decrease of

the photosynthetic apparatus, often correlated with progressing senescence®®.””’

“Roots are usually shortened and thickened or poorly developed.” Growth
inhibition and senescence stimulation, caused by heavy metals in excess are
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intriguing effects, more so, as the knowledge of their mechanisms can have a
great significance in ecophysiology and medicine.””

2.1.4 Mechanism of action of DCFH-DA

“DCFH-DA, a cell permeable, non-fluorescent precursor  of
2', 7'-dichlorfluorescein (DCF) can be used as an intracellular probe for oxidative
stress.’® Intracellular esterases cleave DCFH-DA at the two ester bonds,
producing a relatively polar and cell membrane impermeable product, H,DCF.
This non-fluorescent molecule accumulates intracellularly and subsequent
oxidation by hydrogen peroxide (or peroxynitrite) yields the highly fluorescent
product of DCF®. The redox state of the sample can be monitored by detecting
the increase in fluorescence. See (Figure 2.3). Various inhibitors can be used to
elucidate the source of the oxidative stress.”*

D-amino acid+H,0+0, —» Keto acid+NH} +H,0,

Esterase
Activity

Figure 2.3: Mechanism of action of DCFH-DA. [Taken from ref (31)]

2.2 Cell trapping

“Conventional cell studies are conducted with large populations of cells and,
therefore, measurement can only reflect average values summed over the responses
of many cells. However, this approach can be a source of misinterpretation,
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because it ignores the statistical nature of many cellular events. Miniaturization
technology provides facilities for creating tools with feature sizes matching the
dimensions of cells and enables integration of cell-handling and fluid-
manipulation elements. Immobilization and separation of single cells and particles
are fundamental cell-handling operations that are part of almost any microfluidic
cell-based system. Cell-handling tasks such as cell sorting, pre-fractionation,
filtering, isolation of individual cells, and concentration or enrichment, are based
on these operations. Researchers have been very inventive in developing cell or
particle-separation functionality on a chip, which are often derived from specific
physical principles applied on the micro scale®’. (Figure 2.4) shows a variety of
cell immobilization®***** methods, which partly imply cell separation capability.
They can be classified as contactless cell trapping or as cell immobilization on a
surface.”

“The former class comprises optical, dielectrophoretic (nDEP)*"38,
acoustic*****? holding pipette ** and magnetic trapping.***> chemically driven
cell attachment to a surface and hydrodynamic trapping*®*’ belong to the second

class. Cell encapsulation in a polymer is regarded as being situated in between”.*®

nDEP trapping Laser trapping
B 8N
- Holding pipette
Chemical trapping
.. .. .. '/

contact
surface less

contact Acoustic Trapping
Hydrodynamic ¢ 0
trapping g
AN
.'.0. Magnetic
e Trapping
Gel trapping

Figure 2.4: Cell trapping methods [Taken from ref (36)]
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2.3 Microinjection

“Single-cell microinjection®® is a powerful technique for injecting foreign
materials at a microscopic level into the cells and for extracting or transferring
cellular components into each other.* Microinjection system includes an inverted
microscope, a pressure device, micromanipulators and microinjection
capillaries.”®

2.3.1 Microscope

“An inverted microscope with its light source on the top, above the stage,
while the objectives and turret are below the stage pointing up- (Carl Zeiss
Axiovert 40 CFL) is used in this thesis for microinjection purposes. One important
parameter is the working distance of the condenser, which is measured from the
most bottom part of the condenser to the stage, after the condenser has been
adjusted correctly. A “long” or “ultra-long” working distance condenser allowing
the micromanipulator headstages access and unobstructed movement is preferred.
Any clash between the stage attachments (moving stages and specimen holders)
and the micromanipulator motors should be avoided. In addition, a photo camera
(Carl Zeiss AxioCam MRm) and a TV monitor should be provided for recording
and demonstration purposes.”°

2.3.2 Micromanipulators

“The micromanipulator (Patchman NPy) is utilized to locate and move the
micropipette close to the tissue to be manipulated or injected.

Micromanipulators should be securely fixed on the microscope by means of a
firm adapter (supplied separately). Performance of the micromanipulator and
ultimately success of any microinjection largely depends on stability of the
micromanipulator mounting.”

2.3.3 Microinjector

“Microinjector (Femtojet express) is used to control the pressure level in the
micropipette. Depending on the application, different pressures may be required.
These applications are described below. Direct-pressure microinjection of fluids
such as nucleic acid solutions, dyes and drug compounds into the cells uses a
sharp hollow capillary-glass micropipette with a tip diameter typically in micron
rang. Relatively high pressure (in the order of a few hPa) is normally applied to
eject the solution out of the micropipette and into the cell. When the injection
pressure is not being applied, a constant positive “base” pressure should be
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applied to the tip to ensure that natural capillary action does not draw the medium
in the injection chamber, up into the micropipette, and dilute the solution being
injected.

The injection system must be capable of providing a pulse of high pressure to
the micropipette tip to clear out the blockages that inevitably occur when injecting
through the lipid cell membrane. In addition to variable pressure, the injection
system should be programmable to provide pulses of pressure for defined times,
usually in the order of tens of milliseconds, on command. This feature provides
feasibility of multiple injections from one cell to the next cell by pressing a single
switch. Finally, the desired pressure may be applied continuously as long as a
control is depressed.

The first step in microinjection is defining a cell within the field as the target.
Then four simultaneous actions are followed as below:

— Twisting the micromanipulator joystick in (X, Y, Z) direction, to lower the
micropipette tip towards the cell.

— Penetrating the micropipette™ tip into the cell

— Applying nitrogen pressure using the micro injector to inject the materials
into the cell. Ideally, a particle no more than a few percent of the cell’s
volume will be introduced into the cell and will be visible as a tiny
shockwave passing through the cytoplasm.

— Retracting the micropipette from the cell immediately after injection.”®

Set up used for this thesis demonstrating in (Figure 2.5).

26 |Page



Chapter 2: Background

a. Holding capillary

b. ICSI capillary

c. Electrodes and electrical system

d. Joystick to adjust holding capillary in a proper position
e. Patchman NP2 for easy movement injecting capillary
f. Celltram air (pressure control) to trap the cell

g. Femtojet express to apply pressure to injection of magnetic particle
h. Power supply

i. Electrodes selector

j- Inverted microscope (Carl Zeiss Axiovert 40 CFL)

k. Photo camera (Carl Zeiss AxioCam MRm)

Figure 2.5: Set up used for manipulation experiment

2.4 Calculation of forces acting on a superparamagnetic bead

“Superparamagnetic beads are important in a multitude of biological and
biomedical applications,®****® including manipulation®**®® and separation®>°%*" of
cells, isolation of specific cells in immunomagnetic assays,®® separations of
proteins,*®and application of mechanical forces to cells. Suspensions of
superparamagnetic beads in biocompatible aqueous buffers are often used in
conjunction  with  microfluidic and other types of microfabricated
devices.®®Macroscopic permanent magnets and electromagnets can produce
magnetic fields sufficiently strong (>0.5T) to saturate the magnetization of
superparamagnetic beads; under these circumstances, the beads simply behave as
permanent magnets. Magnetic fields generated by microfabricated electromagnets
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are too weak (0-10 mT) to saturate the magnetization of the beads®‘but they
induced some magnetization.

The internal structure of superparamagnetic beads can be very complex.
Depending on the synthesis procedure, each bead may consist of iron oxide
(magnetite, Fe;04) particles with a functionalized coating,®® a sphere of polymer
matrix impregnated with iron oxide nanoparticles®® or a polymer sphere coated
with iron oxide®®. In weak magnetic fields (B = u,H < 3mT), the magnetization

F/fo of a superparamagnetic bead has approximately a linear relation with the
applied magnetic field (eqn (1)), where M, is the initial magnetization (A m? kg™
and xpeaq 1S the initial magnetic susceptibility of the bead (dimensionless).

— — — — B
M = MO + Xb;ad — MO + szadE (1)

The empirical dependence of the effective magnetic moment of an average
individual bead 7,.,4(A m?) on the applied magnetic field is then given by

(ean ()
Fesa = V8 = o (1, + () = ov (¥, + 22 B)) 2

Note that since the bead can freely rotate in suspension, MO is always parallel
to the applied field ﬁ=uE as long as the bead is spherical and its magnetic
0

response is isotropic.

The magnetic force acting on a magnetic dipole, m’, in an applied magnetic
field, B, is generally given by (eqn (3))**®*’By substituting the empirical
expression for the magnetic moment my.,q Of the superparamagnetic bead (egn
(2)) into (eqgn (3)), (eqn (4)) is obtained for calculating the force acting on the bead

F = (m.V)B ©)
- — — g — V ea — —
F = (Mpeaq- V)B = pV(M,.V)B + %(B.V)B )
If we neglect the effect of the magnetic properties of the suspending medium,

the conventional formula for the force acting on a super-paramagnetic bead in
magnetic field becomes as (eqn (5)).

-

F, = % (B.V)B (5)
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Using the expression for the magnetic field (egn (6)) and some basic
geometrical considerations (Figure 2.6.a) (eqn (7)) can be obtained for the
magnetic force acting on the bead during the motion.

_ Kol
B= 2M/ X2 +y2+22 (6)

a

Figure 2.6: a) An idealized representation of the superparamagnetic bead in the microfluidic
channel with an adjacent metal wire (electrode). The electromagnet is represented by an infinitely
long, cylindrical wire carrying electrical current. [Taken from ref (69)] b) The black dot is the

position of the particle to the V type electrode.

X R3pol? . 2pMg R3pgl
Fp = [ ohe 4 o ot ()

| is the electrical current passing throw the electrode (A), x is the distance of
bead from electrode (m), R is the radius of the bead (m) and, Xpeaq IS the initial
magnetic susceptibility of the bead.(Mention that this is a rough estimation in x
direction)”®®

The C value introduced in (egn (8)) was defined to develop (egn (7)) for V
type electrodes as (eqgn (9)) by (egn (8)) from geometrical considerations (Figure
2.6.b). For more details see (Appendix.1)
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Fmag v shaped
C = 228.rsnaped — ).2145 (8)
l—"mag. straight
F. =—CX [Xbead R3uol> | 2pMg R3HOI] (9)
m 3mx3 3x2

Two forces act on a superparamagnetic bead during the movement between
electrodes: the magnetic force, fm , due to the gradient of the applied magnetic

field, B, produced by the electrode, and the Stokes force, 1_55, due to the viscous
drag exerted by the suspending medium on a moving bead (egn (10)) (here 4 is the
acceleration of the bead). The Stokes force is given by (eqn (11)), where n (kg m*
s) is the dynamic viscosity of the suspending medium, ¥ is the velocity of the
superparamagnetic bead (m s™), and Ry is the radius of the bead (m)®.

pVa = F, + Fs (10)

F, = —6mnRyV (12)

2.5 Electron Beam Lithography

Electron beam lithography (often abbreviated as e-beam lithography) is
performed by computer controlled scanning of a highly focused electron beam on
resist-coated substrate. The lithography process is realized by using resists. The
resist can be positive or negative type. The scanning electron microscope (SEM)
used for this work was a LEO 1530 Gemini system with acceleration voltage
comprised between 0.2-20 kV. SEM also used to analyze samples.”® The energy,
the aperture and the detector type (Inlens or SE2) can be adjusted to suit the
investigated sample.”®"

2.5.1 Magnetron Sputtering

Sputter deposition is a physical vapor deposition (PVD)"* method to deposit
thin films. This method is used for coating the materials in, e.g., the
semiconductor industry. Grove published the first article regarding sputtering in
1852." This process offers the advantage of coating a homogeneous large area all
at once.”
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“In this method, a vacuum chamber is filled with argon gas. Ar* ions out of
plasma are accelerated towards a target consisting of the material to be deposited
under an applied high Direct Current (DC) voltage. Materials are detached
(sputtered) from the target (source) and then deposited on a substrate (such as

silicon wafer, glass etc.) in the vicinity’*.”"

“The deposition rate can be adjusted by increasing or decreasing the ionization
density of the Argon gas. The magnetic field generated by permanent magnets,
forces the electrons to follow the magnetic lines causing an increase in ion density
to 10" ions/cm® due to a higher degree of collision. DC magnetron sputtering is
not suitable for coating of the insulating materials. An alternative voltage current
in radio frequency RF range of 13.56 MHz was applied to trap the positive charge
in plasma zone and preventing accumulation at the cathode for a successful
sputtering of insulating materials.”"

Sputtering was used in this thesis for fabricating the electrodes, conducting
lines, contact pads and protection layers.

2.5.2 Resist

Resist is a thin layer of a polymer material used to transfer the lithographically
defined electrode pattern to, e.g., the glass substrate that it is deposited upon
during chip fabrication process.

“Resists are classified as two groups; positive and negative. In positive resist,
the exposure causes a chemical breakdown of high molecular weight polymer in
to lower ones (the exposed areas of resist will be dissolved in the developer
solution) and in the negative resist the exposure causes a polymerization of
monomers to high molecular weight polymer (the exposed areas stay after
developing the sample). “Resist sensitivity of 1 to 5 uC.cm™ at 20 kV is required

for electron-beam lithography’®.” °

2.5.3 lon beam milling

“Etching is the process of removing materials from the substrate by means of
physical or chemical actions. When the sample is ready, physical etching is
employed in combination with negative e-beam resist for patterning purpose.
Incident ions of Ar" are accelerated towards the sample surface and eliminate the
materials that are not protected by resist. The removed particles can be either
neutral or charged. Charged particles pass through an energy filter and are
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analyzed by a mass spectrometer attached to the etching chamber. Precise
measurement of the analyzed particles provides a useful feature to define an
accurate stop point for etching process.”’’

2.6 lron oxide based magnetic beads

“The nanoparticles currently used in biomedicine are magnetite (Fes0,)"® or
maghemite (Fe,O3)"® base. The main advantages of them are their small size and
non-interaction feature between nanoparticles. The magnetic properties and
biocompatibility of the nanoparticles has been extensively investigated, and
recognized that they could be metabolized by the human body (in liver and
kidneys). Currently, they are mostly used as contrast agents in MRI techniques or
as hyperthermia agents in cancer therapies. Further applications for nanoparticles
are foreseen in drug delivery systems to specific location of disease, magnetic cell
separation and biomolecular technology.®*® Their functionalization with
biomolecules is mandatory for their use in biomedicine, but due to different
biological treatments, their magnetic moment can be reduced.®* The nanoparticles’
interchange is based on dipole-dipole interaction and exchange interactions.®? Any
kind of interaction between the nanoparticles is suppressed in case the distance
between the nanoparticles is larger than three times their diameter,”’’

“The commercial magnetic beads Dynabeads® MyOne™ ' used for

manipulation experiments presented in this thesis are formed by embedding iron
oxide nanoparticles in porous monosized polymer beads and coated afterwards
with a layer of polymer without charged groups.®® Individual magnetite
nanoparticles in the formed magnetic beads range 6-12 nm. Some of them cluster
and form structures of up to 20 nm. The entire bead has a size of 1.05 wm and is
coated by different end-groups such as carboxylic acid, streptavidin etc.

! Life Technologies GmbH, Frankfurter StraRe 129B, 64293 Darmstadt, Germany
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Discovery of streptavidin (Figure 2.7)
was totally unexpected and happened
during a screening of Streptomyces for
antibiotics. The antibacterial effects could
be reversed by high concentrations of
biotin in the medium. A closer look
revealed that the high molecular weight
component was a biotin binding protein
that had remarkably similar physical and
chemical characteristics as avidin®,
including a 33% identity in the amino
acid sequence.’® In 1964, Chaiet and
Wolf ® published the first article about
this titled “The properties of Streptavidin,
a Biotin-Binding Protein Produced by

Streptomycetes”. This was the first time Figure 2.7: 3D structure of streptavidin,

that a biotin-binding protein was isolated acquired with x-ray diffraction methods.
from a microbial source and not from egg [Taken from ref (88)]

white. Streptavidin has its name from the

bacterial source of the protein, Streptomyces avidinii, and from egg white avidin.
It is a tetrameric protein that consists 254 amino acids with the size of
(46 x93 x104 A°)¥" and a molecular weight of about 60 kDa %.%The exceptionally
high binding affinity to biotin is in the same range as the binding affinity of
avidin-biotin (K4 ~10715mol/I).®® This is the highest known affinity without the
formation of covalent bonds.®® In order to understand these special properties and
be able to use them for biotechnologic application, many groups have investigated
the streptavidin-biotin system. The following section reviews the current state of
the research on ligand-receptor bonds. Commercial streptavidin-coupled
Dynabeads®®® 1.05um was used in this thesis for stimulating chemical oxidative
stress.””

2 Dalton - unit of the molecular weight: 1Da = 1, 66054 x10%g
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Chapter 3: Materials & Methodology

This chapter describes the materials, instruments and methods utilized for
various experiments on this work including: manipulation particle in the living
cell experiments (magnetic particles, holding capillary, ) Intracytoplasmic Sperm
Injection (ICSI) capillary, Barley cell and fabrication methods for electrodes),
heating experiments (glass capillary, preparation of the ThermoMicroCapillaries
and isolation of A.thalaina cell and loaded in DCFH-DA) and chemical oxidative
stress experiment (streptavidin magnetic particles, holding capillary, injection
capillary and mask preparation to create holes with SU8- 3025, isolating the
A.thalaina cell and A.thalaina vacuole fluid).

3.1 Materials
3.1.1 Particles

Two types of beads (Life Technologies)®were used in this thesis:
Hydrophilic Dynabeads, 1.05 um in diameter coated with carboxylic acid groups
used for manipulation experiments and Streptavidin-coupled Dynabeads (1.05 um
& 2.8 um) used in stimulation of the cell signals by chemical oxidative stress.

3.1.2 Glass capillary

Standard circular borosilicate glass capillaries without filament were used in
heating experiments with the inner diameter (ID) of 0.78 mm, the outer diameter
(OD) of 1 mm and total length of 70 mm. These capillaries were produced by
Hilgenberg Company.*

3.1.3 Holding and injecting ICSI capillary

Various types of holding and injection capillaries (produced by BioMedical
Instruments Company)® were tested in order to determine the most appropriate
type and size for our experiments with the best specifications required.

® Life Technologies GmbH, Frankfurter StraBe 129B, 64293 Darmstadt, Germany
* Hilgenberg GmbH ,Hilgenberg GmbH, Strauchgraben 2, 34323 Malsfeld, Germany

> BioMedical Instruments company Zur Schénen Aussicht 26, D-07551 ZéllInitz, Germany
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In order to optimize the parameters of the holding capillary and injecting ICSI
(Intracytoplasmic Sperm Injection) capillary for Barley cell, several experiments
were carried out using various experiment set up as follows:

— Injection ICSI capillary with spike with 4 um inner diameter (ID), 35°
bending angle (B.A), 500 pum bending length (B.L)

—Holding pipette with 6.5 um inner diameter (ID), 100 um outer diameters
(OD), 35° bending angle (B.A) and 500 um bending length (B.L).

3.1.4 Barley Mesophyll protoplast

“Barley (Hordeum vulgare)®® ecotype Franziska was seeded on MPI soil
(project 187509, Cologne) with one Lizetan pill and the nutrient Osmocote Start
(Scotts, USA). After 10 days in the climate chamber, a few Barley leaves were cut
and stripped. The lower epidermis was peeled off and the open sides of the leaves
placed in the enzyme solution®. After one and half hours being in 30 °C water bath,
the enzyme solution was moved away and the protoplasts were washed off with
sorbitol media. A gradient was prepared for separation of the mesophyll
protoplasts from the epidermis protoplasts. The mesophyll and epidermis
protoplasts in the sorbitol media were placed on top of percoll media and covered
by a layer of betaine’ media. After two consecutive centrifugation stages (5
minutes at 800 rpm followed by 10 minutes at 2400 rpm) the upper layer consist
of the epidermis protoplasts mixed with percoll media® was separated. This
mixture was transferred to a glass tube and covered with a layer of sorbitol media®
and then three layers of a sorbitol media and betaine media with different mixing
ratios (first layer ratio of (7:3), second layer ratio of (5:5) and next layer ratio of
(3:7)) was added. This procedure was followed by adding a layer of betaine media
as the top layer. Then this gradient was centrifuged for 15 minutes at 2300 rpm.
The epidermis protoplasts were removed from the gradient and kept in ice with
sorbitol media.®® The procedure is essentially in accordance with the method

® Enzyme Solution (1,5% Cellulase R10 + 0,4% Macerozyme R10 + 0,4 M Mannitol+ 20 mM KCI
+20 mM MES pH 5,7 + 10 mM CaCl2+ 0,1% BSA Fraction V)

" betain media (400 mM glycin-betain+ 30 mM K-gluconat+ 20 mM HEPES-KOH pH 8 +0.1 %
(w/v) BSA +1 mM DTT)

& Percoll media (Sorbit 450mM(4.099g/50 ml) +20mM MES(0.195g/50ml)+ 20mM
KCI(0.074g/50ml) + 3mM CaCl,(0.017/50ml))

% Sorbit media (Sorbit 450mM(20.49g/0.251) +20mM MES(0.976g/0.25l)+ 20mM
KCI(0.041g/0.25l) + 3mM CaCl»(0.083/0.25l))
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described by Kaiser and Heber (1983),"* see (Figure 3.1).”[Written by Miriam
Giesguth]

betaine ( \
mesophyll betaine Batley epidermis
c ¢ #* 377 protoplast
P

epidarmiz
protoplas

2 steps centrifugation
Smin, =t 800 rpm
10 min, at 2400 rpm

centrifugation
15 min.at 2300 1pm

Figure 3.1: The Barley mesophyll protoplasts isolation process*

3.1.5 A. thaliana mesophyll protoplasts with H,DCF-DA

“A. thaliana leaves were cut in stripes (0.5 mm) and vacuum infiltrated in
digestion medium for 3 minutes. After incubation at room temperature on a
platform, shaker at (40 rpm) for two and half hours the protoplasts were filtered
through nylon net with 100 wm mesh size. The suspension was centrifuged at
115xg ("g" is traditionally named "relative centrifugal force” (RCF)) for 4
minutes, the supernatant discarded and the pellet suspended in 4 mL W5-
solution*. After incubation on ice in a dark place for 60 minutes, the protoplasts
were centrifuged at 115xg for 1 minute, the supernatant was discarded again, and
the pellet suspended in 3 mL W5-solution with 2 uM, H,DCF-DA. The protoplasts
were loaded with the dye 2',7'-dichlorofluorescein for 10 minutes on ice in the
dark followed by washing by 4 mL W5-solution and sedimentation for 4 minutes
at 115xg. After incubation on ice in the dark for 45 minutes the protoplasts were
washed again and suspended in 4 mL W5-solution. Protoplasts must be kept at 4
°C in the dark for future experiments. See (Figure 3.2)”. [Written by Miriam
Giesguth]

*mixing ratio of sorbitol media and betaine media
W5 solution (154mM NaCl+ 125mM CaCl,+5mM KCl+2mM MES pH5.7)
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Figure 3.2; a) A. thaliana plant, b) A. thaliana protoplasts [Taken from ref (107)]

3.1.6 Vacuoles isolation from A. thaliana

“A. thaliana® protoplasts were suspended in 3 mL lysismedia'®. They were
incubated for 15-30 minutes at 38 °C in a water bath. Lysis of protoplasts was
controlled with a microscope to determine completeness. This was followed by
overlaying the lysismedia containing the vacuoles with a mixture between lysis
and betain media in a ratio of (1:3). This was then overlaid with betain-media.
(3mL Lysismedia with protoplasts, 2 mL mixture lysis media and betain media
with ratio of (1:3) and 2mL betain media), 3 phases for density gradient
centrifuged for 30 minutes at 200 g and 4 °C. After this step, vacuoles were in the
middle phase and they could be removed.”[Written by Miriam Giesguth]

3.1.7 Preparation of coupled particle with DAAO

In order to prepare coupled streptavidin beads with D-amino acid oxidase
(DAADO) used in chemical oxidative stress experiment, 20 pl of streptavidin beads
were mixed with 20 pl, 0.08 pg/ML DAAO and 10 pl Kpi buffer. This mixture
was kept in 4 °C temperature for 30 minutes and then centrifuged at 500 rpm for 2
minutes. The buffer on top of the particles was collected by a pipette in next step.
The coupled particles were then washed twice by 50 ul Kpi buffer by means of
centrifuging at 500 rpm for 2 minutes.

12| ysis media (200 mM sorbitol + 10 % (w/v) ficoll+ 20 mM HEPES-KOH pH 8+ 20 mM EDTA
pH 8 + 0.1 % (w/v) BSA+1 mM DTT)
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In a final step, the buffer on top of the particles was collected and then 40 pl
Kpi buffer was added. The suspension could be kept at -20 °C for 2 days. (Figure
3.3) shows the streptavidin-coupled particle with DAAO.

Figure 3.3: Streptavidin bead after coupling with DAAO enzyme. a) Polystyrene core, b) Iron
magnetite central layer, ¢) Outer hydrophilic polymer surface d) Streptavidin and €) DAAO

3.2 Methods
3.2.1 Methods for trapping the cells

Several methods for trapping the cells were implemented in this work to
discover the most appropriate solution. A brief description of each method is
provided in following sections.

— Trapping the cells in Agarose gel

In the first method, it was intended to hold the cells in Agarose gel. Injection
into the cells itself could be done by this method so this solution was used in
chemical oxidative stress experiment. For manipulation of particles in living cell
experiment, the cells had to be positioned exactly on top of the electrodes and
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since the cell’s location in Agarose gel was out of operator control, positioning
them with such accuracy was practically impossible; therefore this method could
not be used for this experiment.

— Micro fluidic channel

The other solution for trapping the cells is the micro fluidic channel method.
Several channel patterns were tried to find the best design for trapping a cell. This
method was also used to prepare the holes for simulation of the cell condition for
chemical oxidative stress experiment. Channel design was done by auto sketch
software and the mask for the channel was prepared by laser lithography. First
step in this process was cleaning the glass substrate with acetone and ethanol in
ultrasonic bath for 15 minutes, and then coating 5 nm Tantalum (Ta) and 200 nm
gold (Au) by DC magnetron sputtering. In the next step, positive resist AR-P 5350
was coated and baked at 90 °C for 30 minutes for laser lithography purposes.
After transferring the channel pattern onto the substrate by a laser beam, the
sample was developed in dilution of AR 300-35 and distilled water with a ratio of
(2:1) for 5-7 seconds. Finally, the sample was cleaned by distilled water and dried
by nitrogen gas. The sample shown in (Figure 3.4) was used as a mask to transfer
the channel pattern onto a (SU-8 3025)% substrate.

Figure 3.4: The mask designed for micro fluidic channel on a glass substrate, prepared by laser
lithography procedure.

In order to prepare the micro fluidic channel, after cleaning the glass slide with
acetone and ethanol in ultrasonic bath for 15 minutes, SU-8 3025 was coated on
the substrate by means of spin coating method. Three steps of SU-8 3025 baking
were required to create the channel. The first step was soft baking immediately
after coating the SU-8 3025 by spin coater at 3000 rpm. The channel pattern was
transferred by means of exposing the sample to UV light with optimized doses
and light intensity. The sample was then post-baked as next step followed by
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developing the sample by Dev 600 for 6 minutes, then washed with Isopropanol
and distilled water, and hard-baked as final step. See (Figure 3.5).

UV light

AT v v

olass Au glass Au  glass
EEsuee  [Eswee  [Zsuse
E Glass slide |£| Glass slide ‘

Figure 3.5: a) The mask on top of the sample (coated glass with SU-8 3025) is exposed to UV
light, b) channel or holes after developing dev 600 and washing by isopropanol.

Exposure dose, light intensity and the thickness of SU-8 3025 were optimized
for electrode surfaces (gold electrodes on glass substrate, covered by Ta,Os). The
important point in trapping the cell is that the trapping zone should be exactly
aligned on top of the electrodes. See (Figure 3.6).

L

Figure 3.6: a) Micro fluidic channel structure on SU-8 3025 with a glass substrate b) Big squares
and channels are suitable to lead the cells towards the trapping zones. The width of the narrow
channel is 20 um.
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— Holding pipette (capillary) method

Holding pipette method was another method tested for trapping the cells. Two
main parameters in trapping the cells by holding pipette are:

() The inner and outer diameter of the pipette
(b) The suction pressure.

Various holding pipette types were tested in order to find the optimum inner
and outer diameter of the holding pipette with appropriate suction pressure for
Barley cells. Schematic of the holding pipette is shown in (Figure 3.7).

Figure 3.7: Holding Capillary (pipette) details, A: Inner diameter, B: Outer diameter,
BA: Bending Angle, BL: Bending Length [Taken from ref (108)]

3.2.2 Chip fabrication

The construction of the electrodes is based on a chain of e-beam lithography,
ion beam etching, removing and coating techniques for protection layer. Graphical
schematics of these steps along with a brief description of relevant procedures are
provided in (Figure 3.8).

The first step in fabrication of the electrodes was physical vapor deposition of
metallic layer (10 nm Ta and 200 nm Au) on silica glass substrate utilizing a DC
magnetron sputtering in presence of argon plasma. Negative resist AR-N 7500/18
(AllResist) was coated on the sample at 6000 rpm and annealed at 85 °C for
2 minutes. The sample was exposed to a 20 kV e-beam gun in 15 mm working
distance of the Elphy Raith electron beam Lithography system (LEO Series 1530
Scanning Electron Microscope). ">

The structure of the electrodes was patterned using a 120 um aperture. The
exposure dose value was optimized to prevent over exposure of the electrodes’
structure. After developing the sample by developer AR 300-47 (AllResist) for 4
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minutes, it was cleaned by water and dried by nitrogen gas. Then the sample was
ready for the second lithography step followed by an ion beam etching procedure.
It was done at a base pressure of at least 2x10°° mbar and an argon pressure
during the etching of 8x10~* mbar. """’

The ion source operates at a discharge voltage of 50 V, beam voltage of 400 V,
accelerator voltage of 30 V and beam current of 6 mA. To ensure homogeneous
etching, the sample holder is tilted by 30° and rotates slowly. The next step was
removing the resist with the dilution of 1-Methyl-2-pyrrolidinone, Chromasolv
plus from Aldrich for 15 minutes in an ultrasonic bath at a temperature of 60-
80 °C and rinsed by ethanol. This was followed by sputtering 75 nm Ta,Os as a
protection layer using RF magnetron sputtering in combination of Oxygen and
Argon. The final step was installing the sample on a ceramic IC socket and
spraying a flexible, colorless and transparent resist (Schutzlack 70).”*">"

developing etching
l ll l le-bea_m exposurel l l l l
Negative Resist Negative Resist Negative Resist
Au(100nm) Au(100nm)
Ta(5nm) Ta(5nm)
Au(100nm) Au(100nm)

Ta(5nm) | Ta(5nm)

EI Glass slide EI Glass slide

Removing the resist

> Ta20s

Negative Resist Negative Resist Coating Ta20s

Au(100nm) Au(100nm) Au(100nm) Au(100nm)
Ta(5nm) Ta(5nm) Ta(5nm) Ta(5nm)
Au(100nm) Au(100nm) Au(100nm) Au(100am)
Ta(5am) Ta(5om)__ Ta(5nm) Ta(5nm)

Glass slide EI Glass slide

Figure 3.8: Lithography steps for preparation of electrodes

3.2.3 Preparation of ThermoMicroCapillary (TMC)
A standard circular glass capillary (borosilicate, 1 mm outer diameter, 70 mm

long produced by Hilgenberg Co., Germany) was cleaned by acetone and ethanol
and dried by nitrogen gas. It was then pulled into a capillary with 500 nm outer
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diameter and then two opposite sides of the capillary were Ta coated by means of
a mask. See (Figure 3.9).

mask

-~
Ta200nm

Figure 3.9: Coated capillary by 200nm Ta in two opposite sides as a heat generator

Since the capillary tip is very thin and sharp, Ta coating on both sides of the
capillary overlapped on the tip. This overlapped section acts as an electric
resistance resulting in heat generation on the capillary tip when an electric voltage
is applied to two sides of the capillary. After Ta coating, the capillary was
annealed in a computer programmable vacuum furnace at 300 °C temperature for
1 hour and then cooled for 30 minutes to provide more stable heat generation
(constant temperature) during the experiment.

A special holder was designed to hold the capillary with two small ports in the
body to insert Au wires (with Silver past) through the holder and connect them to
the capillary. Two small screws were used on the capillary holder body to keep
the capillary in place and tighten the Au wire joint to the capillary. (Figure 3.10)
shows the ThermoMicroCapillary holder assembly including the capillary, holder
& Au wires.

Figure 3.10: Special holder designed and fabricated for heat stress experiment to hold and apply
electric voltage to the ThermoMicroCapillary
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Chapter 4: Results

This chapter is presenting the detailed explanation of results of the three
experiments described in the previous chapters.

Results related to the manipulation of the particles into the living cell
experiment are listed in first part. Identifying the most appropriate system for
holding the cell, outcome of cell injection, manipulation of the particles outside
the cell, manipulation of particles into the living Barley cell and manipulation of
the particles into the vacuole fluid are located in this section. The second part
covers the experimental results of cell stimulation by heat stress in two sections;
calibration of capillary as a stabile heat generator and local heat stress stimuli in
A. thaliana cell. The final part is regarding the local cell stimulation by chemical
oxidative stress experiment, including local chemical oxidative stress experiment
out of the cell and local chemical oxidative stimulation inside the A. thaliana cell.

4.1 Manipulation of magnetic particle inside a single cell
4.1.1 Holding the protoplast

In order to study the cell it is required to sort or filter them first.
Miniaturization methods provide the capability of appropriate tool fabrication in
cellular dimension sizes such as holding pipettes used for trapping the cell. Their
featured capabilities and excellent performance in holding and positioning the
cells in any desired place on top of the electrodes make them the ideal solution
for trapping the cell during the experiment.

The inner diameter (ID) of the holding capillary and the vacuum (suction)
pressure are two critical parameters in cell trapping process. If the vacuum
pressure is too high, the cell will be drawn into the capillary and if it is too low,
the cell will not stick properly at the capillary tip. In the other hand, too large
holding capillary 1D causes the cell to be pushed into the holding capillary by
the injection capillary during injection process, whereas too small ID of that
does not provide sufficient contact surface (and therefore sufficient force) to
hold the cell in position for injection purposes. These parameters were optimized
at 100 um OD (outer diameter), 35° B.A (bending angle) and 500 um B.L.
(bending length) and 6.5 um ID (inner diameter) of holding pipette. (Figure 4.1)
shows a cell trapped by such capillary dimensions properly in a pre-defined
position without damaging the cell, while the vacuum (suction) and releasing
pressures were under control.
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Figure 4.1: The Barley epidermis protoplast trapped by a holing capillary. Yellow arrows indicate
the holding capillary ID and the red arrows represent the controlled pressure.

4.1.2 Injecting into a single cell

Three parameters play the major role for a successful cell injection: the
injection capillary type (straight or bended), the bending angle and the bending
length. Figure 4.2 shows both holding capillary (on the left hand side) and the
injection capillary (on the right hand side) during an injection experiment with the
similar 35° bending angle. An important point is that both the holding and
injection capillaries should be leveled during the injection process in order to find
the best injection point on the cell. The other point is that the inner diameter of the
injection capillary was optimized based on the cell and the particle sizes. If the
inner diameter of the injection capillary is too big, it will damage the cell
membrane and burst the cell eventually, and if it is too small, the particles could
not pass through the capillary into the cell. Optimized parameters for Barley cell
injection experiment were gained as 4 um inner diameter, 35° bending angle, and
500 um bending length with dilution (1:100,000) of 1.05 um dynabead. The final
point is controlling the applied pressure in order to control the number of the
particles being injected into the cell. Ideally, only one particle should be injected
into a single cell by means of controlling the compensated pressure (Pc) during
the injection. This pressure is depended on the density of the surrounding media
and the dilution of the particles, and has to be changed on a case by case basis.
Applied pressures during this work ranged from 143 hPa to 2000 hPa.
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Figure 4.2: a) Barley cell trapped by a holding capillary (6.5 um ID, left) and is being injected by
an injection capillary (4 um ID, right). b) Injection capillary inside the cell before injection. c)
Yellow arrows showing the particles inside the injection capillary or already injected. Dilution of
1:100,000 of 1.05 pm myone dynabead used for the injection.

4.1.3 Manipulation out of the cell

In this experiment, the manipulation of a magnetic particle in water
environment (outside of the cell) was carried out in order to a) Test the electrodes,
and b) measure the water viscosity for normalization. (Figure 4.3) shows the
actual electrodes after bonding on a ceramic IC socket and spraying resist (Plastik-
70 Schutzlack)® on the center of the IC socket.

13 Plastik-70 Schutzlack, Quick drying, colorless transparent insulating and protective coating
based on acrylic resins. Produced by CRC Industries Europe BVBA, KONTAKT CHEMIE
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Figure 4.3: Actual electrodes after bonding on the ceramic IC socket and spraying the resist on top

An electric voltage needs to be applied to the electrodes to run a current
through them for the creation of a magnetic field. The average resistance of the
electrodes in this case was 40 Q and the applied voltage was 1.2 V. Time-lapsed
(Figure 4.4) shows different stages of this experiment over a 0.27 s period. In the
first (Figure 4.4.a) an electric voltage was applied to one of the electrodes (1) to
create a magnetic field around this electrode and attract the magnetized particle to
that. Then the electric voltage was shifted to another electrode (Il), therefore a
new magnetic field was created and the magnetized particle was attracted and
moved towards this electrode (Figures 4.4.b-h). The movement of the particle
from electrode (I) towards electrode (1) was studied and the observations were
analyzed to obtain the viscosity of water.

Figure 4.4: a) One magnetized particle attracted to electrode (I) after applying 1.2 V DC to the
electrode. b-h) The electric voltage shifted to electrode (1), therefore the particle moved towards
new electrode in 0.27 s. The experiment was carried out by a normal optical camera and dilution of
100 pg/L 1.05 pm dynabeads particles and the Susceptibility of bead is 1.377.” The average
resistance of the electrodes was 40 Q.

To calculate the viscosity of water accurately, this experiment was repeated
four times. Results of these experiments are presented in (Figure 4.5) where the
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particles’ displacements on top of the electrodes versus time are shown by line
series representing individual experiments. The difference between the values on
displacement curves can be explained by the difference in distances between the
selected electrodes also the difference in passing current through the individual
electrodes because of their different resistance. These curves provide very useful
data from the surrounding media of the particles. The viscosity of the environment
can be obtained by calculating the velocity of the particle between two points and
considering the effect of the magnetic force at that points. All measurements in
this thesis are done with the GIMP software in pixel range and converted to pum by
considering an object of known size in the image.
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Figure 4.5: lines are showing the displacements of magnetic particles on top of the electrodes over
time in water environment step by step.

4.1.4 Manipulation inside the Barley

A barley cell was selected as the living cell for manipulation of the magnetic
particle due to its transparency (provides easier traceability of the particles inside
the cell) and soft cell membrane (for easier penetration of the injection capillary
into the cell).

(Figure 4.6) shows Barley protoplast held by a 6.5 pum inner diameter holding
capillary (left side) and the particles (10 ng/L dilution of 1.05 um dynabeads)
injected into the cell. The Barley cell containing particles is located on top of the
electrodes in (Figure 4.6.a). (Refer to (Figure 4.2) for information about particle
injection). The microscope was focused on the electrodes to detect the magnetic
particle movement. During the experiment, the magnetic particle was attracted to
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the electrode (I) after applying 2.1 V DC to obtain I= 0.07 A (Figure 4.6.b), then
the electric voltage was shifted to electrode (1) to change the magnetic field,
resulting in the particle movement towards this electrode which took place in
0.42 s. The displacement of the particle is captured in (Figures 4.6.c-h).

Figure 4.6: a) A Barley protoplast is positioned on top of the electrodes. Few particles (10 ng/L
dilution of 1.05 um dynabeads) are injected into the Barley epidermis protoplast while 754 hPa
pressure was applied to inject the particles inside the cell. b-h) Magnetic particle movement from
electrode (1) towards electrode Il in 0.42 s. Average resistance of the electrode was 30 Q.

The results of individual experiments with the above method are illustrated in
(Figure 4.7) as curves representing the particle displacement inside the Barley cell
with respect to time.
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Figure 4.7: Displacement of the magnetic particles during the movement inside the Barley vacuole
interior due to the magnetic field generated by the electrodes.

The results obtained from the displacement data, can be used to calculate the
velocity and acceleration of the particles movement point by point, also
determining the force acting on the bead along the movement path.

4.1.5 Manipulation in Vacuole fluid of barley cell

The manipulation of the magnetic particle was repeated in Vacuole fluid to
determine viscosity of the vacuole fluid and to compare it with results for the
Barley cell. Analyzing the results of these experiments assisted to study the effect
of the cell membrane on the movement of the magnetic particles inside the Barley
cell.

(Figure 4.8) shows a time-lapsed image from the movement of 1.05 um
magnetic particles in the vacuole fluid. To manipulate the particle, 2.1 V DC was
applied to the electrodes with average resistance of 50 Q. The magnetized particle
traveled the distance between two electrodes in 0.3 s. Results from several
experiments with vacuole fluid are presented in (Figure 4.9) as the displacement
of the particle versus time.
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Figure 4.8: Traveling of the magnetic particle on top of electrodes in vacuole fluid environment.
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Figure 4.9: Displacement of magnetic particle in vacuole fluid of Barley versus time

The magnetic force is calculated from the displacement data, and total force
acting on the particles is derived from the acceleration of the particle. From these
together, the Stokes force is obtained. Finally the viscosity of the media is
calculated from the velocity of the particle movement and the calculated Stokes
force.
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4.2 Cell stimulation by heat

4.2.1 Calibration

In order to perform the heating experiment in a single cell by TMC*, it should
be calibrated first to ensure steady state performance of the device as heat
generator during the experiment. Calibration is performed by means of an infrared
camera FLIR™.

Two opposite sides of a normal pulled capillary with 500 nm outer diameter
tip were coated by Ta (200 nm) by designed mask with narrow opening and then
annealed at 300 °C for 1 hour. Due to the sharp tip of the capillary, the Ta coating
of the capillary creates an overlapped area on the sharp tip of the capillary forming
a metal bridge between two sides of the capillary. According to Joule's laws, when
an electrical voltage is applied to both sides of this bridge, heat is generated due to
the resistance of the metal. The resistance of the capillaries made for this
experiment measured in the range of 3 £Q to 8.38 £Q.

To generate heat, 20 V DC was applied to both sides of the capillary by means
of Au wires connected to Ta coated sides. The temperature of the capillary tip
raised due to the generated heat as expected. (Figure 4.10) capillary resistance was
8.38 kQ. The first two images show the capillary before applying the electric
voltage at the initial temperature of 23.1 °C. After applying a 20V DC the
temperature of the capillary tip increased to a maximum of 46.6 °C during 20
minutes, indicating that the TMC could generate a temperature difference of
AT=23.5 °C. Once the electric voltage was terminated, the tip temperature rapidly
decreased to 23.7 °C.

Y ThermoMicroCapillary
> FLIR Systems GmbH, Berner Strasse 81 D-60437 Frankfurt am Main Germany
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R=8.38kOhm, Voltage=20V
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Figure 4.10: Time-lapsed image of heating capillary experiment with resistance of 8.38 kQ after
applying 20 V (DC).

To calibrate the TMC after annealing, three different electric voltages (10V,
15V and 20 V DC) were applied. The resistance of the TMC was TMC 3.2 £Q. On
each case, the heating capillary tip temperature was measured during the
experiment to monitor the tip temperature behavior as a function of the electric

voltage and time. (Figure 4.11) illustrates results of all three experiments
combined in one graph.
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Figure 4.11: The plots illustrating the temperature rise in the TMC tip with applying different
voltages over time. The resistance of the TMC was 3.2 £Q.

54|Page



Chapter 4: Results

4.2.2 Heat stress in A. thaliana
4.2.2.1 Negative control experiment

To study the heat stress, a negative control experiment was carried out. For
this experiment, protoplasts were incubated in 2',7'-dichlorofluorescein and a
500 nm tip size TMC coated by 200 nm Ta inserted into an A. thaliana cell
without applying any voltage, and then emission of fluorescence was monitored
by fluorescence microscopy. The main purpose of the control experiment at room
temperature was to study the reaction of the cell against the mechanical stress due
to penetration of the capillary without applying any voltage. As it is shown in
(Figure 4.12), no stress was detected by inserting the TMC into the cell during 25
minutes of experiment duration. The exposure time was kept constant for taking
all images during the experiment.

Figure 4.12: TMC inserted into an A. thaliana cell incubated with 2’,7'-dichlorofluorescein
fluorescence at room temperature. No voltage was applied to the TMC. During 25 minutes of
experiment period, no stress detected in the cell.

The relative intensity of the protoplast was obtained by converting the
fluorescence intensity into a grey scale and integrating the whole image area of
the protoplast with a graphic program (GIMP 2.6).

Heat stress initiates reactions inside the cell, which results in ROS production.
Changes in DCF fluorescence were measured. (Figure 4.13) indicating the
fluorescence intensity of the cell for negative control experiment.
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Figure 4.13: Data points corresponding to the negative control experiment show negligible
changes in DCF florescence intensity as a repost of heat stress.

4.2.2.2 Heat stress in A. thaliana cell

The main experiment performed by penetrating the TMC into an A. thaliana
cell incubated with 2',7'-dichlorofluorescein fluorescent dye is described here.

(Figure 4.14) shows a TMC with 3 £Q inserted into an A. thaliana cell. Just a
few seconds after applying a voltage to the TMC, the tip temperature started to
rise. Initial temperature of the tip was measured at 27.7 °C and it rapidly raised to
44.8 °C in 26 seconds after applying 20 V DC.

SFLIR + 27.7°C
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Figure 4.14: Heat stress experiment after inserting TMC into the cell and applying 20 V (DC).

The electric voltage was applied to the TMC for 10 minutes and during this
period, the ROS content of indicating fluorescence reached its maximum. The
intensity of the ROS over time decreased after stopping the electric voltage.
(Figure 4.15) shows snapshots of the heat shock response experiment of A.
thaliana protoplasts visualized as oxidative stress-induced green fluorescence
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emitted from 2’,7’-dichlorofluorescein in 70 minutes. Heat stress response
experiment was repeated for three times in three days.

Figure 4.15: Time-lapse images of a single A. thaliana protoplast in presence of the heat stress
produced by TMC (R=3 kQ).

The heat shock response in cells was studied in dependence of the orthogonal
distance from the heat source. (Figure 4.16) shows the measured value of ROS-
indicating fluorescence for three cells in three different positions.
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Figure 4.16: Relative intensity measured for three cells in different positions respect to the

orthogonal distance from the TMC

4.3 Local stimulation by chemical oxidative stress
4.3.1 Local stimulation outside the cell

To simulate the cell condition, several holes with 100 um and 300 um
diameter were prepared from SU-8 3025 on a glass substrate, by means of UV
lithography as it is shown in (Figure 4.17).

Figure 4.17: SU-8 3025 hole created by UV lithography method.
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Several pre-tests were carried out in order to study the chemical oxidative
stress out of the cell in these holes in addition to positive and negative control
experiments to validate the experimental results.

The chemical oxidative stress experiment was performed in a micro hole (100
um in diameter). A (2:1) ratio mixture of 10 mM D-alanine and 2 uM H,DCF-DA
was added and followed by addition of 2.8 um streptavidin beads coupled with
0.08 pg/ml D-amino acid oxidase (DAAO) into the hole. The formation of H,0,
as a result of reactions between DAAO and 10 mM D-alanine was monitored by
camera. Time lapsed images in (Figure 4.18) show the results of this experiment.

Figure 4.18: Generation of H,0, around the bead surface of a 2.8 um functionalized particle as a
result of reactions between DAAO and D-alanine

4.3.2 Local stimulation in A. thaliana vacuole fluid

The next step was to repeat the experiment described above using A. thaliana
vacuole fluid. Two positive control experiments were carried out in this stage.

4.3.2.1 Positive control experiments

— First positive control was carried out in a 100 um diameter hole containing
2 ul mixture of A. thaliana vacuole fluid, 2 uM H,DCF-DA and
10 mM D-alanine with a ratio of (2:1:1). See figure (Figures 4.19 .a). Then
2 pl of 50 mM H,0, was added to the assay mixture inside the hole. 5
minutes later, reactive oxygen species (ROS) formed due to oxidative stress
were detectable by DCF fluorescence. (Figures 4.19 .b-f) indicate the whole
experiment period including the initiation of the reaction, maximum
exposure and termination of the reactions.
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Figure 4.19: Positive control experiment performed by adding 50 mM H,0, to the mixture of A.
thaliana, H,DCF-DA and D-alanine. Intensity of light emitting increased because of creating DCF
inside the hole, (b) after 5 minutes and decay during the time (f).

— The next positive control experiment was accomplished by adding 1 ul
DAAO 0.08 pug/ml to the suspension of A. thaliana vacuole fluid with
2 UM H,DCF-DA and 10 mM D-alanine in the 100 pm hole. As it is shown
on (Figure 4.20), it took 10 minutes to observe initiation of H,O, formation
detectable by changing the intensity of DCF fluorescence due to reaction
between DAAO and D-alanine.
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Figure 4.20: Positive control experiment to detect the reaction between DAAO and D-alanine.as it
shown in the pictures after 10 minutes (c) DCF light emitting started because of ROS generation
and decay during the time (f).

4.3.2.2 Local stimulation on vacuole fluid of A. thaliana

The final test was to exert the functionalized particle with 0.08 uM/ml
DAAO to stimuli local chemical oxidative stress in a hole. A 1.05 um
streptavidin particle with dilution of (1:100) was coupled with 0.08 pg/ml
DAAO. A 100 um diameter hole was filled by 1 pl mixture of A. thaliana
vacuole fluid, 2 uM H,DCF-DA and 10 mM D-alanine at a ratio of (2:1:1)
and then the coupled particles were added to the mixture inside the hole.
According to the time lapsed images in (Figure 4.21), the fluorescence was
observed 15 minutes after adding the coupled particle inside the hole.
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Figure 4.21: Local oxidative stress generated around the bead surface in A. thaliana vacuole fluid
environment after 15 minutes (d) . (1.05um streptavidin functionalized particle used to detect the
ROS generation)

4.3.3 Local stimulation inside the cell

Local chemical oxidative stress was studied in A. thaliana cells with 1.05 um
streptavidin  functionalized particle. Two positive and negative control
experiments were carried out.

4.3.3.1 Positive control experiments

— As the positive control experiment, a 300 um diameter hole was designed to
trap a few cells immersed in W5 buffer solution. A. thaliana cells were
preloaded in 2 uM H,DCF-DA and trapped in a 300 um diameter holes.
1 pL of 50 mM H,0, was added to top of the trapped protoplasts in the hole
carefully (because they can easily escape from the hole). Time-lapsed
images of the process are presented in (Figure 4.22) illustrating that
immediately after adding H,O,, ROS generation started because of
oxidative stress in the cells (follow the same color rows during the time
which are showing the changing the intensity of DCF fluorescence as a
result of ROS generation).
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Figure 4.22: H,0, added on top of the cells reloaded in H,DCF-DA as a positive control
experiment to detect the DCF emitting light. Same color of arrows shows the changing the
intensity emitted from the cell during the time

— The second positive control experiment was carried out by injecting DAAO
into the cell. For this experiment, A. thaliana cells were incubated with
2 UM H,DCF-DA and 10 mM D-alanine and then embedded in Agarose gel.
A dilution (1:10,000) of 0.08 pg/ml DAAO and Kpi was injected into the
cell by the injection capillary ID:1.47 um. The reaction between DAAO and
D-alanine after injection of DAAO was monitored which is shown in
(Figure 4.23. a-h) as the changes in DCF fluorescence represent the
oxidative stress.

Figure 4.23: Injection of DAAO inside the cell reloaded in H,DCF-DA and D-alanine as positive
control experiment. As it shown in the pictures (a-h) the intensity of light changes because of the
reaction of DAAO and D-alanine inside the cell and decay during the time.
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4.3.3.2 Negative control experiment

—As a negative control experiment, pre-loaded A. thaliana cells in
2 UM H,DCF-DA were monitored for a period of 20 minutes to detect any
reaction due to oxidative stress in room temperature, but as it is clear in
(Figure 4.24) no stress was detected.

Figure 4.24: Negative control experiment to detect the environment stress. No signal detected

during the 20 minutes.

—The second negative control experiment was performed by injecting a
dilution of (1:100,000) 1.05 um uncoupled streptavidin particles into A.
thaliana cells which were incubated with 2 uM H,DCF-DA and 10 mM
D-alanine and then embedded in Agarose gel. The purpose of this test was
to detect any toxicology stress due to either injection of the particles into
the cells or any chemical reaction of the bead inside the cell or mechanical
stress due to penetration of the injection capillary. (Figure 4.25) shows the
time-lapsed images of the cell during the experiment, indicating that no
stress was observed after injecting uncoupled particle inside the cell.

Figure 4.25: Injection of 1.05 um uncoupled particle inside the cell to detect the light emitting
because of oxidative stress as a negative control. No signal detected after injecting the particle
inside the cell reloaded in H,DCF-DA and D-alanine.
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4.3.3.3 Local chemical oxidative stress into the cell

Upon completion of the positive and negative control experiments, the final
step was injecting the functionalized particles into the cell to induce chemical
oxidative stress locally. This step was designed in the two different following
methods.

— Holding the cells by Agarose gel

1.05 pm particles coupled with 0.08 pg/mL DAAO in (100,000) dilution were
filled in a 1.47 um injection capillary and injected into A. thaliana cells by
applying 456 hPa pressure. The cells were incubated with 2 uM H,DCF-DA and
10 mM D-alanine, and then embedded in Agarose gel. The enzyme activity started
in the surrounding area of the particle as a signal of ROS generation.

— Holding the cells by holding capillary

A. thaliana cell were incubated with H,DCF-DA and then immersed in W5
solution. The cells were trapped by a holding pipette with 6.5 um inner
diameter.1.05 um particles coupled with 0.08 ug/mL DAAO in (1000, 000)
dilution were filled into the injection ICSI capillary with 4.5 um inner diameter.
Then the functionalized particles were injected into the cell and then 10 mM
D-alanine was added to the top of the cell. After diffusing D-alanine into the cell,
ROS formation started at the surface of the particle as a result of chemical
oxidative stress. All these process are shown in (Figure 4.26) during the
experiment period. Local oxidative stress of A. thaliana protoplasts visualized as
oxidative stress induced green fluorescence emitted from 2’,7'-dichloro-
fluorescein (DCF).

65|Page



Chapter 4: Results

Figure 4.26: Local chemical oxidative stress induce into the A. thaliana cell by means of injection
of the functionalized particles. Detecting the chemical oxidative stress (ROS) appears as ring
around the particles.
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Chapter 5: Discussions

This chapter covers the discussions about the various methods utilized for
different experiments during the research work. It also highlights special features
of various experiments performed during this work compared to other works in
this area.

5.1 Manipulation of particles
5.1.1 Holding the protoplast

Three different methods were implemented for trapping various cells in this
work. Due to special needs of each experiment, any of these trapping methods
would have their own list of benefits and limitations for that specific application
making them more appropriate for one specific application while the same method
may not be suitable for other experiments.

As an example from the previous paragraph, trapping the cells in Agarose gel
was the most appropriate solution for the chemical oxidative stress experiment,
since the target cell could be easily selected, the experiment devices such as
microscope could be easily focused on the target and the functionalized particle
could be injected into the cells in any direction, in addition to providing the
possibility of repeating the experiment several times in the same Petri dish
containing target cells. The same advantages are valid for Agarose gel cell
trapping method in heat stress experiment as well in addition to providing
flexibility in inserting the TMC into the cells in any direction.

Against the heat stress and chemical oxidative experiments, cell trapping by
Agarose gel did not quite fit the manipulation of the particle experiments because
in this case the cells must have been located on top of the electrodes exactly. In
Agarose the operator had no control on the cell positions and the probability of the
cell being exactly on top of electrodes is too low. Note that in this method, the cell
suspension is dropped onto the electrodes and then Agarose gel is added on top,
which minimizes probability of the cell being exactly on top of the electrodes.
Even if one cell (in the whole drop) could be trapped, since the other cells are not
in desired position, the whole experiment set-up had to be changed in order to
repeat the experiment.

Trapping the cells by a micro fluidic channel was not as satisfactory as
expected. As it is shown in (Figure 5.1), although the channel width was 2-3 times
smaller than the cell diameter (channel width of 20 um versus cell diameter of
50-100 um), the cells could still not be positioned on top of electrodes mainly due
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to flexibility of the cell membranes causing them to escape from the trapping
zone.

A

Figure 5.1: a) An A. thaliana epidermis protoplast in a micro fluidic channel moving to the
trapping zone, b) The cell escaped from the channel due to the flexibility of the cell membrane

Eventually, the holding capillary turned out as the most appropriate method
for manipulation experiment, which provided an easy solution for taking the cells
and moving them to the top of the electrodes.

Utilizing the holding capillary method enabled us to easily select any cell on
top of the electrodes and then drive the trapped cell into the desired location on
top of the electrodes in all three dimensions. Another significant advantage of this
method compared to the Agarose gel trapping method was the possibility of
repeating the experiment several times without changing the experimental set-up.

An important factor in utilizing the holding capillary method is the
optimization of the parameters (such as inner and outer diameter, bending angle
and bending length of capillary, suction pressure etc.) according to the cell sizes.
Refer to images in (Figure 5.2), too large holding capillary size (Figure 5.2.a) or
high suction pressure inside the holding capillary sucks the cells into the capillary
while too small size (Figure 5.2.b) or too low suction pressure results in
inappropriate trapping and holding feature required for the injection purposes.
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Figure 5.2: a) Inappropriate capillary size for holding the cells: due to large inner diameter and
applying high suction pressure some of the cells are sucked into the pipette. b) Capillary with
small inner diameter is blocked as soon as entering to suspension ¢) Appropriate capillary size
with sufficient suction pressure. Parameter of holding capillary were optimized as
(BA=35", ID=6.5 um, B=0.5 mm, BL=500 pm)

5.1.2 Injection into the cell

An ordinary pulled capillary is not suitable for injecting the particles into the
Barley cells for manipulation experiment. As it is shown in (Figure 5.3.a) if a
normal capillary was used for injection, the cell could easily escape firstly because
of the injection axis (which is not in the same axis of holding capillary) and
therefore any mechanical forces coming from the injection capillary would push
the cell away from the holding capillary and secondly because of the round shape
of the injection capillary tip. In order to overcome these issues, a bent capillary
with a spike should be used and positioned at the same level and axis of the
holding capillary (Figure 5.3.b). This requires the bending angle of injecting and
holding capillaries to be the same. Additionally, the tip size of the injection
capillary should be optimized. In one hand, it should be large enough to
accommodate and carry the particle from the capillary to the cell and on the other
hand, it should not be too large. Otherwise, it would burst the cell membrane
during penetration. (Figure 5.3.b) represents the optimized solution, which is a
capillary with an opening diameter of 4 um with spike and positioned in the same
level and axis of the holding capillary.

B B~

Figure 5.3: a) Normal injection capillary b) Proper situation for injection experiment using a bend
capillary with spike ID: 4 um and BA: 35°. [Taken from ref (109)]
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Injection into the A. thaliana cell embedded in Agarose gel for generating
chemical oxidative stress done by normal pulled capillary (ID: 1.43 pum) while the
cell was fixed in position and stabilized in all sides by Agarose gel.

One of advantages of this method is the capability of controlling the number
of injected particles into the cell by means of the ICSI capillary and of optimizing
the Pc pressure to inject only one particle (Figure 5.4). Other methods such as
spraying and bombardment do not offer such a useful feature in controlling the
number of the injected particles in addition to other limitations such as very long
duration (in some case 30 minutes to 2 days) for the particle injection process
method.

inside the cell like phagocytoses™®

Figure 5.4: Injection of a 1.05 um particle into the cell

5.1.3 Electrical isolating layer to protect the electrodes

Electrodes are prepared by an e-beam lithography process. The cell suspension
will be dropped on top of the electrodes and the holding and injection capillaries
will move around the electrodes during the experiment. The electrodes should be
fabricated with a strong protection against water environment in addition to their
resistance to scratching. Initially Ta,Os was sputtered as the top layer of the
electrodes acting as electrical isolation layer but during the experiment, it was
discovered that as soon as the electrical voltage is applied this resist would
decompose; and also the upper layer would be scratched by the capillaries. See
(Figure 5.5)
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Figure 5.5: Sputtering Ta,Os as electrical isolation layer was not good enough to protect the
electrodes. a) Decomposition of the isolating layer after applying voltage to the electrodes
b) Boiling water around the electrodes c) protection layer scratched by a movement of the capillary
on top of the electrodes

These issues were resolved by spraying a special type of plastic resist'® into
the mid-section of the sample after bonding on an IC socket in addition to Ta,Os
sputtering. The resist is a colorless, flexible and transparent media.

5.1.4 Determination of Viscosity

To determine the viscosity of a medium we need to analyze the movement of a
bead in a surrounding media. (All manipulation experiments to determine the
viscosity of fluid were done in a controlled room temperature 23°C, with 2 °C
temperature tolerance. Also a control experiment was Sset up to ensure temperature
of the fluid does not change considerably during the experiment. For further
information, refer to Appendix 2), (Figure 5.6) represents a schematic of the
sample set-up and the forces acting on the particle. The total force acting on the
particle is derived from the relative velocity of the particle during the movement
point by point, considering the particle mass.*®

18 plastik-70 Schutzlack, Quick drying, colorless transparent insulating and protective coating
based on acrylic resins. Produced by CRC Industries Europe BVBA, KONTAKT CHEMIE
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Figure 5.6: Schematic of forces acting on a bead in the magnetic field

The magnetic force for straight electrodes has been calculated by the
Whiteside group in 2007.% This equation (eqn (7)) needs a constant coefficient to
match to V type electrodes which was found by geometrical consideration
(egn (8)) (C=0.21).

Using this magnetic force from (eqn (9)) and Stokes force from (egn (11)),
the viscosity of water®” was determined but the result was not in accordance with
the literature value (Figure 5.7). To resolve this issue (egn (11)) and (eqn (9))
were introduced into (egn (10)) to obtain (eqn (12)) as below: (by rearranging the
equation as X and X and considering the constant coefficients of X and X in
equations as K;, K, K3)

m—=x—2+x—+K3— (12)

Solving (eqn (12)) by a finite differential method®® resulted in (egn (13))
considering the step size of (h=0.03s). h is the time step for imaging during the
experiment. (For more details see appendix. 3)

Ky , K2 2m K3 m_
x(t+h) = x2(0) X3 (37-T2)x (@ —zx(t-h)

(ﬁ_ﬂ)
hZ h

The series of data points achieved with this equation gives us a curve which
helps us to optimize the C value for resolving the issue. Two data series are
represented in (Figure 5.7); the dotted values represent the experimental data for
the displacement of the particles versus time and the solid line represents the x

(13)
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values calculated by the numerical method (egn (13)) with a constant coefficient
of C=0.21. It is clear that the fit is not representing the experimental data.

Water

T T T T T .I T
s m  experimental data |
numerical data
=8.89x107 Pa.s

6 Mwater

Displacement [um]
N

4 L L L
0.00 0.05 0.10 0.15 0.20 0.25 0.30

time [s]

Figure 5.7: Experimental data and numerical calculation for displacement of a particle in water
environment by considering the viscosity of water as known value according to the literature.

One explanation for the difference between these two graphs is the calculation
of the constant coefficient C. The magnetic field and therefore the magnetic forces
generated around the V type electrode are not only function of the wire geometries
(C) but also the current density passing through the wire. As such, magnetic
forces around the electrodes could not be determined accurately based on
geometrical consideration.

Several C values were introduced to (egn (13)) to find the best fit considering
the standard value for water viscosity. The best value for C was found as C=0.19
(Figure 5.8). (The water viscosity is 8.9x10™ Pa.s at 25 °C and 1x107 Pa.s at

20 QC)98

0l ™ experimental data

Displacement [um]
N
T

numerical data (C=0.15)
~— numerical data (C=0.19)

~— numerical data (C=0.21)

numerical data (C=0.23)
! ! !

0.00 0.05 0.10 0.15 0.20 0.25 0.30
time [s]

Figure 5.8: Optimization of C value for the best fit between numerical and experimental data
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Additionally, the viscosity of Barley vacuole interior and Vacuole fluid of

Barley cell were calculated assuming C=0.19. (Figure 5.9) shows the finding

procedure using the numerical method and the experimental data points to
determine the viscosity of Barley and Vacuole fluid.

Vacuole Fluid of Barley
T T

T
18 | E
16 i
14 -
12+ E
10 |- E
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Figure 5.9: Finding the best fit using the numerical method (egn (13)) and the experimental data to

Barley vacuole interior
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determine the viscosity of Barley and Vacuole fluid (C=0.19).

The experiment was repeated several times for Barley, Vacuole fluid and
water, and the average value of the viscosity for each fluid was determined as it is

shown in (Figure 5.10).

20

Displacment [um]

Myater= 8-79%10

T
TNacuole fluig= 1-45%10°” £ 1.22x10* Pa.s

5 ] '

Figure 5.10: Calculated average viscosity of various fluids by numerical method modified by
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Also the average viscosity value for Barley, water and Vacuole fluid calculated
from the experimental data for the first few points of displacement curves are
presented in (Figure 5.11). The viscosity of water determined by our experimental
(77 =8.78x10*+3.07x10° Pa.s) was very close to the literature value
n =8.89x107* Pa.s. It was assumed that because of the cell membrane effect the

viscosity of Barely is larger than the vacuole fluid.

40 : : . . ,
35| Ngariey= 3-55%10° £ 1.41x10 ‘Pas #
30} ]

'w.' L

©

§ 2sp ]

2 0l = 1.41x10 >+ 3.65x10*P -

@ 20 Mvacuole fluid™ +-4+% * 2.00x% as E

s

S 15F b
of ]

Nwater= 8.79x10 4 8.1x10 %Pas
0.5 ' : ' . .
Water vacuole fluid Barley

Figure 5.11: Comparison of viscosity values for Barley, Vacuole fluid and water

This means that movement of the particle in a Barley cell is slower than in
Vacuole fluid due to the cell conditions and the effect of the cell membrane
pressure on molecules and particle inside. Calculations and experimental data
verify this statement. Comparison of the results from these two methods is
presented in (Table 5.1).These results indicates reasonable agreement between
numerical method and experimental methods.

Table 5.1: Comparison of the calculated viscosity values for different fluids by means of
numerical and experimental method

: Numerical method Experimental method
Medium
(Pa.s) (Pa.s)
Water 8.89x10™ 8.79x10"+ 8.1x10°
Vacuole liquid 1.45x10°+ 1.22x10™* 1.41x10°+ 3.65x10™
Barley 3.5x107°+ 1.36x10™ 3.55x10°+ 1.41x10"*
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Also diffusion constants (eqn (14)) could be calculated using the viscosity
values obtained for various molecules with different molar masses. (See table 5.2)

D=2 (14)

"~ 6mnRy

Where k (m? kg. s K?) is the Boltzman constant, T (K) is the absolute
temperature, n_ (Pa.s) is the viscosity of the environment and r (m) is the radius of
bead.

Also characteristic diffusion time can be determined by (egn (15)).

< x?>=2Dt (15)

< x2 > (m?) is the average square of the distance traveled by the bead, D
(m”.s™) is the diffusion coefficient and t (s) is the time.

Table 5.2 presents the calculated diffusion time for the interior vacuole of
Barley.

Table 5.2: Diffusion constants and diffusion times calculated for various molecules in
the interior vacuole of Barley.
Molar Hydrodynamic Diffusion Diffusions
mass Density Radius constant time
[a/mol] [g/cm®] [m]x107%° [m?s?]x10™° [s]
Ca* 40.078 1.54 2.18 3.14 1.43
Malic
acid 134.09 1.6 3.21 2.13 2.11
10kDa 10000 1.2 1.49 4.6 9.7
20kDa 20000 1.2 1.88 3.65 12.33
50kDa 50000 1.2 25.5 0.26 16.74
100kDa 100000 1.2 32.1 0.21 21.1

The local active forces produced by an electrode on a 1.05 um bead varies
from 2 nN at the center of the V type electrode to 0.5 pN at 20 um distance from
the center which is the farthest distance the particle could be manipulated by
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electrodes. The calculation of the magnetic force generated by the electrodes in
this thesis was much stronger than that used in other works.>’ As an example
compared to magnetic tweezers (permanent magnet) that generate 150 pN* or
900 pN? or 12 pN* to move a 1.05 pm bead.

The distance of the particle movement to a predefined position achieved in this
work, ranged at least four times to forty times longer than that of previous works
many other methods do not provide the capability of fixing the particles in a
position which enable the researcher to fix the particles at desired position. The
other advantage of this work is offering multiple positioning points for fixing and
trapping the particles inside the cell, due to 12 electrodes provided on the IC
socket. In addition, particles could be manipulated at a speed of 3.03x107 (m s
between two electrodes which is 100 times faster than other literature values.”

The main advantages of the methods used here compared to previous works
are a cell manipulation with wide flexibility in selecting various cell types,
holding the cells in any desirable position, controlling the number of the injected
particles in a short time, generating strong forces by means of current carrying
wires, possibility of fixing the particles in multiple positions for analysis and
triggering local effects into the living cell.

5.2 Heating experiment
5.2.1 Calibration of the thermo capillary

The stability of TMCs for local heating of single cells to elicit molecular
responses was studied. For heating experiment, Joule heating was selected.

After coating two opposite sides of a pulled capillary by 200 nm Ta, different
voltages were applied to them in order to study the heat generation behavior of the
capillary. Resistance of capillary was 3.2 £Q. The results in (Figure 5.12), suggest
a linear relationship between the maximum temperature difference generated by
TMC and the applied voltage.
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Resistance of capillary = 3.2 k@2

ATK]
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Figure 5.12: Calibration of TMC by applying different voltages (polynomial fit function used to
find the best fit because of relation of temperature and voltage ( T = T, +o<; V+o, V2))

In order to calibrate the TMC as a stable heat generator, the mass of the
capillary can be calculated by two different methods. The first method is
calculating the mass by the generated thermal energy in the TMC and in the
second method mass the capillary mass is calculated based on its geometry and
the properties of glass.

The generated thermal energy in TMC by applying 20 V DC is calculated by
(egn (16)) as below where ATT is the slope of the TMC (R= 3.2 kQ) temperature
rise curve per time (Figure 4.11).

CymAT = Vit (16)
AT _ VI
t B Cvm

Where C, is the heat capacity of glass (kJ kg™ ‘C™?), m is the mass of the TMC
(kg), V is the electrical voltage (V), I is the electric current (A) and t is the time (s)

3 20%kg
M= 733%x32x10° x8

=2.109 x 10" 5 kg

The mass of the TMC by this total thermal energy method is calculated as:

m = 2.109 x 1075 kg.

78|Page



Chapter 5: Discussions

To implement the second method, the density of glass
p=2.65 X 103 (kg m~3) multiplied by the volume of the capillary calculated from
the length of capillary coated by Ta (L=26 mm), the inner diameter of
ID=0.78 mm and outer an diameter of OD=1 mm is introduced in (eqn (17))

m = pV = F”T(l‘OD2 - rIDZ)L (17)

m = 2.119 X 10~ kg

The mass value calculated by first method is much less than the second
method, indicating that the heat generation is mostly limited to the TMC tip not
the whole TMC body.

A critical point in fabricating a proper TMC is the Ta coating on two opposite
sides of the TMC with sharp edges and making an appropriate connection the
between Au wires and the Ta coat on the TMC. Another point is measuring the
high resistance of the Ta coating in the range of megaohm (M) due to oxidation
of Ta on TMC after annealing. This issue was resolved by scratching the Ta
coated surface in order to remove Ta,O from the surface before connecting the Au
wires.

5.2.2 Heat stress detection

In order to study the heat stress inside the cells, the formation of Reactive
Oxygen Species (ROS) was detected. To monitor the heat stress induced ROS
generation the cells were incubated in membrane permeable dye dichloro
fluoresceindiacetate (DCF-DA). ROS oxidized DCF-DA to the highly fluorescent
2',7"-dichlorofluorescein (DCF). Consequently, the ROS production because of
heat stress stimulated metabolic disorder in the plant cell system was indicated by
appearance of green fluorescence inside the cells. This result confirmed that DCF-
DA could be readily used to study the increase of ROS in heated protoplasts.

In addition, TMCs allow measuring energy requirements and thresholds for
triggering heat stress signaling in a single cell and studying the propagation of
heat stress signaling from the effect site to the site of response.

20V DC was applied to a TMC inserted into the A. thaliana cell for
10 minutes. During this period, the ROS indicating fluorescence reached its
highest intensity. A control experiment was done with the same cell and the same
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conditions but without applying an electrical voltage to TMC. The control
experiment indicate only small rise in fluorescence during 25 minutes of the
monitoring period.

In (Figure 5.13) green dots represent the light intensity detected during the
control experiment. It can be concluded that the intensity of florescent light due
to heat stress is insignificant and therefore there is no ROS generation. The black
dots denote the cell’s response during a 70 minutes experiment period after
inserting the TMC and applying electric voltage. ROS indicating fluorescence
increased over time, reached its maximum, and then reduced after terminating the
electric voltage.
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Figure 5.13: Black dots indicate the light intensity, due to ROS generation in A. thaliana cell after
applying heat stress and the green dots correspond to the control experiment, which shows slow

increasing in fluorescence within 25 minutes.

Two aspects were studied in the heat stress cell signaling experiment: first the
effect of orthogonal distance of the TMC from the cell on the heat shock response
and, second the effect of the heat value generated by the TMC which depends on
the TMC resistance.

Regarding the heat shock response, several experiments were carried out by
TMCs with various resistances to study the heat shock response of the cell against
the heat in different orthogonal distances from capillary. (Figure 5.14) shows the
results of heating experiment. These points are related to the highest intensity of
each cell in presence the TMC curve and normalized (Figure 4.16). According to
these data, lower resistance capillaries generate higher temperatures resulting in
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maximum intensity of the heat shock response. Highest ROS formation was
achieved by a capillary with a resistance of R=3 kQ.
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Figure 5.14: Normalized fluorescent intensity of ROS generation versus orthogonal distances of
TMCs from A. thaliana cell

5.3 Oxidative stress

To investigate the chemical oxidative stress in A. thaliana cells, several
control experiments carried out. The results of chemical oxidative stress in
different experiments were indicated by ROS generation. This reaction is
measured by light intensity of the DCF fluorescent emission.

As it is shown in (Figure 5.15) the highest ROS intensity generation is related
to the first positive experiment by adding the H,O, on top of the cell suspension,
and controlling the cell in room temperature to study the environmental stress had
lowest intensity. The second positive control experiment does not have such high
intensity compared to the chemical oxidative stress experiment because inside the
cell the reaction of DAAO and D- alanine only occurs around the particles,
therefore the ROS generation is limited to this spot whereas in the main
experiment, the reaction (and therefore ROS generation) is spread throughout the
hole. Overall, in the positive experiments have higher intensity compared to
negative control experiment which proves cell reaction because of chemical
oxidative stress (ROS generation around the particle). The exposure time was kept
constant for all experiment.
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Figure 5.15: Intensity measurements due to chemical oxidative stress around the particle in the cell

A few coupled particles with DAAO were injected into a cell that was
incubated in 2 uM H,DCF-DA and 1 mM D-alanine are shown in (Figure 5.16).
Due to the reaction of D-alanine with D-amino acid oxidase, a bright ring around
the particles was observed.

Figure 5.16: ROS formation around the particle because of DAAO and D-alanine reaction. Small
red circle shows the boundary of particle and the big red circle shows the ring (chemical oxidative
stress boundary around the particle).
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This phenomenon explains the fact that ROS formation and therefore
florescent light emitting (DCF), continues as long as
D-alanine exists inside the cell. To validate this
statement, the maximum number of DAAO
molecules surrounding a streptavidin particle ﬂg\\/
1.05 um was calculated by dividing the surface area
of the streptavidin particle by the cross section area
of DAAO molecules (egn (18)) as follows: T 0525m |

I'oano = 2.25nm

Area,grticle = 4mr? = 4 x 3.14 x (0.525 x
107°)2 m? = 3.46 x 10~ ?m? (18)

Figure 5.17: Calculating
number of DAAO molecules
surrounding the 1.05 um
streptavidin bead

The cross sectional area of each DAAO molecule
was calculated as Apaao=16 nm?, considering the
DAAO molecule volume of Vpaao=48nm 3100101
Therefore approximately 200,000 DAAO molecules

can be coupled to each particle (Figure 5.17).

The amount of D-alanine= 8x10° molecules that react with DAAO per minute
in a cell were estimated by considering the turnover rate of D-alanine'® with one
DAAO molecules per minute (Kc=43,000 /min). The total amount of 10 mM
D-alanine molecules in a 50 um cell was calculated as following (egn (19)):

Amount of D — alanine moleclules inside the 50 um cell

mol

=10x 1073 ;

1 l 4
X 6.022 x 1022 — x 1000 — X = X 7w X (25 x 107¢)3
mol m3 3

= 4 x 10'° molecules (19)

So the amount of D-alanine in a cell will be consumed in five minute for one
particle. In our experiment, we have more than ten particles so in few second the
D-alanine will be consumed.

The discussion above describes the reason for the appearance of a bright ring
around the particles for a short period. According to (Figure 5.18) bright rings,
around six different particles were monitored and the ring radius (R) (see (Figure
5.16)) of them was measured over time. See (Figure 4.26)
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Figure 5.18: Bright ring radius measurements around 6 different particles inside the cell. All
particles’ ring radius changed similarly as the limited amount of D-alanine molecules inside the
cell was equally disturbed between the particles.

Additionally, the diffusion constant D could be calculated by fitting the
(egn (15)) to the first part of experimental data till reaching the maximum
intensity from chemical oxidative stress. Figure 5.19 illustrates the increase of the
ring radius related to ROS formation around the particle over time. Data from the
fit function of the curve could be used to determine the diffusion characteristic for
A. thaliana cell.

m  experimental data
fit function . 7

(%))

Radius [pum]

0.0 0.5 1.0 15 2.0
time [s]

Figure 5.19: Increasing radius of bright ring around the particle because of ROS generation.

Diffusion time determined considering the fit function (egn (15)) to experimental data
as: D=7.96x10™" (m?s™)
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Summary

Manipulation experiments led us to calculate the diffusion constant in the
interior of a Barley vacuole which can be attributed to the diffusivity in membrane
adjacent fluids or dissolved carbohydrates. The calculated diffusion constants are
important since by means of this parameter, the travel time of a particle with a
certain molecular mass inside the cell can be determined.

Direct injection of single magnetic particles into the cells by microinjection
rather than endocytosis allows for particle functionalization with antibodies,
enzymes or specific surface groups and their site-specific placement inside the
cell. It also provides the possibility of particle injection into other cell types, such
as flexible fungus cells or into stiffer protoplasts containing chloroplasts in an
easier and better controlled manner instead of the injection by particle a gun, there
is no danger of bursting or damaging the cells.

In addition, direct injection of a single magnetic particle into a cell offers new
opportunities for better understanding of the cell processes in signaling, toxicity,
binding or catalysis. As an example, chemical oxidative stress induced by
injecting the functionalized particle inside the cell gives the possibility to find the
diffusion coefficient in the vacuole interior of an A. thaliana cell. A further
achievement is the positioning the functionalized particle in a desired position and
inducing the chemical oxidative stress inside the cell.

Another main issue of the present work is generating cell signals via
generating heat stress locally inside the cell by TMCs in a controlled manner in
order to find the heat stress signaling initiation point and studying the heat
distribution inside the cell. These features make TMCs ideal for various cell or
tissue studies such as heat capacity and heat transfer in a specific cell
environment. TMCs are also used for monitoring temperature in optically dense
soft materials. This experiment will be further developed by generating the heat
stress by injecting the magnetic particles and attracting them with electrodes and
heating with additional of electrodes at specific point inside the cell.

The summary of whole work in three different parts represented:
Manipulation of the magnetic particles inside a living cell

A silica glass slide was cleaned by acetone and ethanol and used as a substrate
for the preparation of the electrodes. A metallic coat (Ta 10 nm & Au 200 nm)
was deposited on the substrate by means of the Physical VVapor Deposition (PVD)
method utilizing a DC magnetron sputtering in presence of Argon plasma and then
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negative resist AR-N 7500/18 (ALLResist) was coated for e-Beam lithography.
The sample was exposed to a 20 kV e-beam gun in the working distance of 15 mm
from an Elphy Raith electron beam Lithography system (LEO Series 1530
Scanning Electron Microscope).

The structures of the electrodes were patterned with a 120 um aperture. The
exposure dose was optimized to prevent over-exposure of the electrodes’
structure. After developing the sample by developer AR 300-47 (ALLResist) for 4
minutes, it was cleaned in water and dried by nitrogen gas. Then the second
lithography step was applied followed by an ion beam etching procedure. The ion
source operates at a discharge voltage of 50V, beam voltage of 400V, an
accelerator voltage of 30V and a beam current of 6 mA. Next the resist was
removed by a dilution of 1-Methyl-2-pyrrolidinone, Chromasolv plus from
Aldrich Co. in an ultrasonic bath at a temperature of 60 °C to 80 °C for 15 minutes
and then rinsing by ethanol. Then 75 nm of Ta,Os was sputtered as a protection
layer by means of RF magnetron sputtering in combination of oxygen and argon.
Finally the sample was installed on a ceramic IC socket and a flexible, colorless
and transparent resist (Schutzlack 70) was sprayed on top to provide further
protection for the electrodes.

For testing the sample, water environment was selected to manipulate 1.05 pm
myone magnetic particles. The movement of the particle was studied and the
results analyzed. For normalization, the viscosity of water was calculated by this
experiment as 7., =8.79x10™ +8.1x10° Pa.s and then compared to standard

value of water viscosity in other literatures,,.... =8.89x10~* Pa.s .

For manipulation experiments in Barley cells, a holding pipette was used to
trap the cell on top of electrodes. The optimized parameters for the holding pipette
to hold the Barley cell were found as ID: 6.5 um, OD: 100 pum, bending length:
500 pm and bending angle: 35°. The injection ICSI (Intracytoplasmic sperm
injection) capillary used to inject 1.05 um particles into the Barley cells. The
parameters of the injecting capillary were optimized as I1D: 4 um, bending angle:
35°and bending length 500 um. For manipulation purposes, a dilution (1:100,000)
used to inject the particle into the cell while applying 143 hPa pressure.

Manipulation in the Barley cells carried out and the movement of particles
studied and the viscosity of the Barley determined
=3.55x10° +1.41x10+ Pa.sas a result. Also a characteristic diffusion time

UBarley

was calculated for various molecules.
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Manipulation experiment repeated in vacuole fluid to study the effect of cell
membrane on movement of the particle inside the living cell. Viscosity of vacuole
fluid, calculated as 7, e =1.41%10° £3.65x10* Pa.s

Heat stress

For heating experiment, a standard borosilicate glass capillary (without
filament) was utilized with inner diameter of ID: 0.78 mm, outer diameter of
OD: 1 mm and a total length of 70 mm. To prepare the Thermo Micro Capillary
(TMC), they should be cleaned with acetone, ethanol and dried with nitrogen gas
and then pulled to reach 500 nm outer diameter. Capillaries coated by a thin layer
(200 nm) of Ta on two opposite sides with an overlapped area on the capillary tip,
which acts as an electrical resistance so that it generates heat when an electrical
voltage is applied. After coating, the capillary was annealed in 300 °C for 1 hour to
provide more stability during the heating experiment. The resistance of the
capillaries used in this thesis ranged from 3 k< to 8.38 Q.

Different voltages (10V, 15V & 20 V DC) were applied to the capillary and the
tip temperature was monitored to calibrate the TMC. A maximum temperature
difference generated by capillary was observed as AT=23.5 °C.

Stimulating cell signals by heat stress was performed by penetrating the TMC
into an A. thaliana cell which was incubated in 2',7'-dichlorofluorescein
fluorescent dye. With TMC resistance of 3 £Q and an applied voltage of 20V DC,
heat shock response of A. thaliana protoplasts visualized as oxidative stress
induced green fluorescence emitted from 2',7'-dichlorofluorescein during 70
minutes. The relative intensity of the protoplast was obtained by converting
fluorescence intensity into a grey scale and integrating the whole imaging area of
the protoplast. As a negative control experiment, these steps were repeated
without applying a electric voltage to the TMC. No signal was detected for the
negative control experiment.

Chemical oxidative stress

To stimulate cell signals by oxidative stress, experiments were carried out in
three steps. The first was simulating the cell condition to oxidative stress in a hole
that contains 2 uM DCF-DA and a dilution of 2.8 um coupled streptavidin
particles with 0.08 pg/ml DAAO and the detecting the oxidation stress by adding
10 mM D-alanine which initiates the reaction after 10 minutes.
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Summary

1.05 um streptavidin particles were used in the second step in a dilution of
(1:100) coupled with DAAO (0.08ug/ml). 1 pL D-alanine was added to the
composition and after 15 minutes the coupled particles inside the hole started to
glow because of H,O, formation around the particles. The intensity of light
around the particle decreased over time.

The last step of the experiment was detecting the local ROS formation inside
the A. thaliana cell. Preloaded A. thaliana cells in 2 uM H,DCF-DA were used in
this test. After injecting the (1:10,000) dilution of coupled streptavidin particles
with 0.08 pug/ml DAAO into the cell, 10 mM D-alanine was added to top of the
cell. After defusing the D-alanine into the cell and chemical reaction generated
H,0, around the particles. The intensity of light increased because of oxidative
stress up to a maximum value and then decreased again.
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Future plans

Future plans

The aim of this thesis is activating cell signals locally by means of heat or
chemical stress using a magnetic or functionalized particle or TMC’s. The results
can be used to determine the viscosity of the vacuole interior and to deduce
characteristic diffusion constants through a vacuole for various molecules and
proteins.

Positioning the 1.05 um magnetic particle in a specific location inside the
living cell was done by means of special designed microelectrodes. Future plans
for this part are using nano-particles for the experiment with a narrow ICSI
capillary to minimize the damage to the cells during the experiment and to provide
an injection that is more accurate and more information from the cells. As it is
shown in Figure 1, the manipulation was done by 100 nm fluorescent particle on
top of electrodes.

Figure 1: Manipulation 100 nm red florescent particles on top of electrodes

The stimulation of cells to obtain the heat stress signals was performed by
heating a TMC. The next step to develop this experiment is generating cell signals
locally using a magnetic particle, which is positioned and heated by magnetic
electrodes to induce the heat inside the cell in a specific location. Another
development is using the specific design for electrodes with Ni-Cr to generate heat
and position the cell on top of the electrodes using a holding capillary to get the
signals.
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Future plans

Chemical oxidative stress of A. thaliana cell was studied by injecting coupled
streptavidin particle with DAAO into the cell and adding D-alanine on top. A
further development is anticipated to localize chemical oxidative stress inside the
cells by positioning the functionalized magnetic particles in specific locations by
means of magnetic electrodes and then adding D-alanine to initiate the reaction.

Figure 2: Injection of 1 um particles inside three different cells immobilized in Agarose. No.1 is
Barley epidermis protoplast (Hordeum vulgare), No.2 is Fungus (Mucor mucedo) and No.3 is
Mesophyll protoplast

Figure 2 shows the injection of 1.05 um magnetic particles into three different
cells (Fungus, A. thaliana epidermis protoplast and Mesophyll protoplast of
Barley). However due to flexibility of the methods presented in this thesis, further
development plans can be designed and executed with various types of cells other
than those presented here. Certainly manipulation experiment by magnetic
electrodes can be performed for these systems as well. Additionally, viscosity and
characteristic diffusion times for such systems can be determined or the reaction
of these cells against chemical and heat stresses can be studied.
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Appendix 1

Appendices

Appendix1: C factor in the force equation (egn (1))

Straight wire
5 V shaped wire

Fig. 1: Position of the magnetic particle in relation to the electrode

Fmag v shaped
c = B ApeC (1)
Fmag. straight

According to (Fig 1.a and b) the relation between X and ¢ is calculated by

basic trigonometric equations, egn (2) to egn (5).

sin(¢) == )
cos(¢) = =2 (3)
sin(30° — ) = 3 (4)
cos(30° — @) = % ®)

Using previous equations, X1, X, and X3 are calculated as follows:

X,= a-cos (30—)sin () and X3: a

sin (30—¢@) cos®

X1 =a-cos(p) ,
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Appendix 1

Replacing X1, Xz and Xzin (eqn (1)), results an estimate value for C:

T
z 1
60— —
c = Fmag Vshaped 2 fo (xq + X2)3((p) de
- Fmag. stright shaped B u 1
A ey om 1
0 x33(p)
T
3 1
2 (¢ do
0 a - cos(30 — @) - sin(¢)\’
(a cos(®) + @0 - ¢) ) ()
€= 0 = 0.2145

221 4o
' (@)

Above C value was used in finite differential equation (numerical method) to
calculate x value point by point, but the curve resulted by these points did not fit
the experimental data point. C value then was modified to find the best fit
matching both the numerical method data and experimental data. As it shown in
(Fig 5.8) best value for C is (C=0.19).
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Appendix 2

Appendix 2: Control experiment for fluid temperature monitoring

during the experiments

Temperature is one of the important factors having direct effect on the
viscosity. Viscosity of a fluid reduces dramatically as the temperature rises. As an

example, the viscosity of water at different temperatures is represented in (Fig 2).

Dynamic Viscosity of Water
4—MeltingPoint © & T

T
1 ' ] 1 '

i Bt D I B [y I i e R e
1 1 1 1 1 1 1 1 1 1

------------------------------------------------

-------------------------------------------------

Dynamic Viscosity [ImPa-s]

250 300 350 400 450 500 550 600 650 700 750 800
Temperature [K]

Fig .2: Dynamic Viscosity of Water. [Experimental data are taken from Dortmund Data Bank]

To ensure temperature of media does not change due to the microscope light
or other heat sources during manipulation experiment, and hence to guarantee the
accuracy of the measurements for viscosity calculations, a control experiment set
up to monitor the temperature of media during manipulation, in presence of

microscope light and room condition. A NiCr-Ni thermo-element was utilized to
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Appendix 2

measure the temperature difference. One side of the micro capillary was coated
with NiCr and the other side with Ni. These two coatings were connected to a
Nano-voltmeter measuring the potential difference during the control experiment.
Although the duration of the manipulation test is less than one minute, fluid

temperature in control experiment monitored for 14 minutes. (See Fig 3)

863.5 T T T T T T T T T T T T

863.0

862.5

862.0

861.5

Vuv]

861.0

860.5

860.0 T T T T T T T T T T T T
0 2 4 6 8 10 12 14

time [min]

Fig 3: Output voltage of a thermocouple NiCr-Ni versus time

Using the control experiment data (Fig. 3) and considering the Seebeck
coefficient of NiCr-Ni, S= 40uV temperature rise of the media calculated as
below (egn (6)):

s==2 (6)

AT
2uv
AT
AT = 0.05°C

40uV K-t =

According to this experiment, no significant temperature rise observed during
14 minutes experiment period. This proves that the temperature of the media
during manipulation experiment and therefore the viscosity of the media are

constant during the manipulation experiment.
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Appendix 3

Appendix 3: Finite differential method:

Assuming the function whose derivatives are to be approximated is properly-
behaved, by Taylor's theorem,

f(Xo) .f.(Xo)

f(xo + h) = f(x,) + T h+ 5 h? + -+ R,(%)

Where n! denotes the factorial of n and Rn (x) is a remainder term, denoting
the difference between the Taylor polynomial of degree n and the original
function. Again using the first derivative of the function f as an example, by

Taylor's theorem,
f(to + h) = f(ty) + f(to)h + Ry ()
Setting, tp=a and (t-a) =h we have,
f(t + h) = f(t) + f(Oh + R, ()
Dividing across by h gives:

f(t+h) ()
h ~ h

R (1)

+ f(t) + -

Solving for f'(a)

f(t+h) — () Ry(D)

f(v) = - -

So that for R, (t)sufficiently small

f(t + h) — f(t)

f(t) ~ o
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Appendix 3

Consequently by using this method f(x,) will be found as below:

f(t —h) — 2f(t) + f(t + h)

f(t) = 2

By replacing the f(t) and f(t) in (eqn (12)),
K, KZ .
mf(t) = —2 = + K;f(t)
(egn (13)) obtained as below:

K Ky _(Zm Ks),
x(t+ 1) = O M0
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