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Abstract
The mechanical properties and the deformation behavior of biological cells are
mainly determined by the cytoskeleton. These properties are closely linked to
many biophysical and physiological events of the cells, and may thus be exploited
as potent biomarkers.
In this thesis we propose a new, advantageous approach to characterize cellular
mechanical properties: Through the application of dielectrophoretic forces, dif-
ferent types of cells are stretched between microelectrodes.
The investigations are divided into four parts.
The first part deals with the comparative application of our newly developed di-
electrophoretic stretcher to cell lines that have been derived from malignant and
non-malignant tissues. Small numbers of human cells of cancerous origin (MCF-
7) and from related non-cancerous tissue (MCF-10A) were sufficient to obtain
data that allowed to unambiguously distinguish these cells. By applying our tech-
nique to malignant (L-929) and non-malignant (3T3) mouse fibroblast cells, we
observed a deformation response to the electric field that confirmed the results
obtained from the human cells. In both cases, nonmalignant cells turned out to
be softer than their malignant counterparts. A detailed analysis of the dielectric
properties of the human cells using dielectrophoretic spectroscopy showed that the
differences in the stretching response are due to cell-specific mechanical proper-
ties and do not originate from differences in the polarizability. In order to deduce
which parts of the cytoskeleton of the two cell types are mainly responsible for
the different stretching behavior, an actin- and a microtubule-specific toxin were
added to the cancerous and non-cancerous cells. Specific microtubular structures
of the two cell types were identified as the major cause for the behavior observed.
The second part of the investigation focuses on the influence of aging culture
medium on the mechanical properties of suspension cells HL-60. Our experi-
ments clearly showed that the cellular stiffness is influenced by the cultivation
duration. The results suggested that the changes in the stiffness of the HL-60 cells
were primarily attributable to nutrient depletion of the culture medium over time.
In contrast, the influence of changing pH value could be excluded as a potential
factor responsible for the different deformation.
The third part of this work concerns the analysis of the chip heating induced by
the electric field. The temperature distribution on the chip measured by using in-
frared thermography and a subsequent numerical calculation showed that our sys-
tem produces a negligible temperature increment in the voltage and buffer electric
conductivity range chosen for the experiments. The technique is thus suitable for
working with biological cells.
In the last part, the investigation deals with the visualization of cytoskeleton struc-
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tures during stretching by the electric field. We employed fluorescent labeling of
the cells through GFP transfection. The results of these experiments demonstrated
that our technique is compatible with optical investigation of internal structures of
the cell. This allows studying the behavior of the cytoskeleton during mechanical
deformation without causing damage to the cells.
Finally, the integration of our dielectrophoretic stretcher into a microfluidic sys-
tem was realized and is described in this thesis.
Our approach shows enormous potential for parallelization and automation and,
hence, should be suited to achieve throughputs that make it attractive for numer-
ous biomedical diagnostic purposes.
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Zusammenfassung
Die mechanischen Eigenschaften und das Deformationsverhalten biologischer Zel-
len werden hauptsächlich durch das Zytoskelett bestimmt. Diese Eigenschaften
sind eng mit vielen biophysischen und physiologischen Ereignissen der Zelle ver-
bunden und könnten deshalb als mächtiger Biomarker dienen.
In dieser Arbeit stellen wir einen neuen, vorteilhaften Technick vor, um die mech-
anischen Eigenschaften von Zellen zu charakterisieren: Durch die Anwendung
dielektrophoretischer Kräfte werden verschiedene Typen von Zellen zwischen
Mikroelektroden gedehnt.
Die Untersuchungen sind in vier Teile gegliedert:
Der erste Teil behandelt die komparative Anwendung unseres neu entwickelten
dielektrophoretischen stretchers an Zellinien, die aus bösartigen und gutartigen
Gewebe gewonnen wurden. Geringe Mengen menschlicher Zellen krebsartigen
Ursprungs (MCF-7) und aus verwandtem nicht krebsartigen Gewebe (MCF-10A)
reichten aus, um Ergebnisse zu erhalten, die eine eindeutige Unterscheidung dieser
Zellen erlaubten.
Bei der Anwendung unserer Technik auf bösartige (L-929) und gutartige (3T3)
Zellen aus Mausfibroblasten beobachteten wir eine Deformationsreaktion auf das
elektrischen Feld, die die an den menschlichen Zellen beobachteten Ergebnisse
bestätigten. In beiden Fällen stellten sich gutartige Zellen als im Vergleich zu
ihrem bösatigen Pendant weicher heraus. Eine detaillierte Analyse der dielek-
trischen Eigenschaften der menschlichen Zellen durch Anwendung der dielek-
trophoretischen Spektroskopie zeigte, dass die Unterschiede bei der Dehnung
durch zellspezifische mechanische Eigenschaften und nicht durch unterschiedliche
Polarisierung verursacht werden.
Um aufzuklären welche Teile des Zytoskeletts der beiden Zelltypen hauptsächlich
für das unterschiedliche Dehnverhalten verantwortlich sind, wurden den bösarti-
gen und den gutartigen Zellen ein aktin- und ein mikrotubuli-spezifisches Toxin
hinzugefügt. Spezifische Mikrotubulistrukturen beider Zelltypen wurden als Haup-
tursache für ihr Verhalten beobachtet.
Der zweite Teil der Untersuchungen konzentrierte sich auf den Einfluss alterndes
Kulturmediums auf die mechanischen Eigenschaften der Suspensionszellen HL-
60. Unsere Experimente zeigten eindeutig, dass die Festigkeit der Zellen durch
die Dauer der Kultivierung beeinflusst wird. Die Ergebnisse deuteten darauf hin,
dass Veränderung der Festigkeit der HL-60 Zellen primär auf den Nährstoffab-
bau im Kulturmedium über die Zeit zurückzuführen waren. Im Gegensatz dazu
konnte der Einfluss eines veränderten pH-Wertes als potentiell verantwortlicher
Faktor für eine veränderte Deformation ausgeschlossen werden.
Der dritte Teil der Arbeit befasst sich mit der Analyse der durch das elektrische
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Feld verursachten Erwärmung des Chips. Der Temperaturverteilung auf dem
Chip, gemessen durch Infrarotthermographie und eine anschließende Berechnung
des Temperaturverlaufs zeigte, dass unser System unbedeutende Temperaturerhö-
hungen in dem für die Experimente gewählten Spannungsbereich sowie dem elek-
trischen Leitfähigkeitsbereichs des Puffers, erzeugt. Die Technik ist demnach
geeignet, um mit biologischen Zellen zu arbeiten.
Im letzten Teil beschäftigen sich unsere Untersuchungen mit der Visualisierung
der Zytoskelettstruktur während der Dehnung im elektrischen Feld. Wir benutzen
eine Fluorenzenzmarkierung der Zellen durch GFP-Transfektion. Die Ergebnisse
dieser Experimente demonstrieren, dass unsere Technik mit optischen Untersu-
chungen der internen Strukturen der Zelle voll kompatibel ist. Dies könnte die
Erforschung des Verhaltens des Zytoskeletts während mechanischer Deformatio-
nen erlauben, ohne die Zelle dabei zu beschädigen.
Schließlich wurde die Integration unseres dielektrophoretischen stretchers in ein
Mikrofluidiksystem realisiert und in dieser Arbeit beschrieben. Unsere Technik
zeigt enormes Potential für die Parallelisierung und Automatisierung und sollte
sich demzufolge für hohe Durchsätze eignen, die sie für zahlreiche biomedizinis-
che Diagnosen attraktiv machen.
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C H A P T E R 1

Introduction

With the advent of the evidence-based medicine the importance of biomarkers has
been steadily growing during the past years.
The term biomarker was defined by the National Institute of Health (NIH) as “a
characteristic that is objectively measured and evaluated as an indicator of nor-
mal biological processes, pathogenic processes, or pharmacological responses to
a therapeutic intervention.”
Some of these biomarkers have the potential to speed up the process of diagnosis,
others to provide a means of monitoring the state of progression of common dis-
eases (e.g. cancer, heart disease and infection) and the effectiveness of therapeutic
measures.
The pharmaceutical companies have also become increasingly interested in bio-
markers and in the significant role that they play in pharmaceutical research and
drug development processes.
Because of considerable disease heterogeneity, interpatient variation and other
irrelevant sources of biological variability, biomarker discovery is extremely chal-
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lenging.
Biomarkers can be specific cells, molecules, genes, gene products, enzymes, or
hormones, or other indicators of the physiologic state and also of change during a
disease process.
At protein level, distinct changes occur during the transformation of a healthy
cell into a diseased cell, including altered expression, differential protein modi-
fication, changes in specific activity, and aberrant localization. In recent years,
proteomic technologies allowed for the relatively accurate identification of these
protein changes caused by the disease process and, thus, set the pace for biomarker
discovery.

In biology and medicine, we tend to focus on the importance of genes and
chemical factors for control of tissue physiology and the development of disease,
whereas we commonly disregard physical factors. On the other side, biologists
have recently come to recognize that the viscoelastic properties and deforma-
tion behavior of cells play important roles in many biophysical and biological
responses [1, 2], and that they are equally potent as chemical cues [3]. Thus, the
identification of mechanical biomarkers that can be used as surrogate measures of
cell phenotype in different states of a disease, transformation, or differentiation
has earned interest.

The link between biomechanics and human diseases has been the subject of
considerable scientific research effort for a number of decades. The application
of traditional solid and fluid mechanics concepts from physics and engineering to
the study of biological and physiological problems has provided valuable insights
into the mechanics of organ function and of processes associated with blood flow
through the vasculature, the mechanical response of tissue, joints and articulating
surfaces. Consequently, such approaches have also been adapted, with appropriate
modifications, to model mechanical deformations of biological cells and subcel-
lular components such as the cytoskeleton.
In the light of these trends and developments, the study of the cellular, subcel-
lular, and molecular mechanics in human disease, including cancer, has emerged
as a topic of rapidly expanding scientific interest in recent years. A particular fo-
cus of research in this area is to explore the connections among cellular state and
cytoskeletal properties, biological function, and human health/disease state. Eu-
karyotic cells generally contain three types of polymer biomolecules as structural
elements in the cytoskeleton: actin microfilaments, intermediate filaments and
microtubules. This internal scaffolding determines the shape and the mechanical
characteristics of the cell [2, 4]. The structure of the cytoskeleton was demon-
strated to be transformed, for instance, by cancer [5]. Thus, altered protein struc-
tures also change the ability of cancer cells to contract or stretch. This can explain
the existing link between cell deformability and cellular state. Consequently, pa-
rameters of the mechanical properties of cells could be used as indicators of their
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biological state. An example of systematic studies about the influence of the dis-
ease state on single-cell and cell-population biomechanics is found in the in vitro
study of the effects of the malaria-inducing Plasmodium falciparum on the de-
formability of human red blood cells (RBC) [6, 7]. Another target of this research
field are the biomechanics and biophysics of cancer cells in order to establish a
link between the deformability of cancer cells and cell signaling, cytoadherence,
migration, invasion, and metastatic potential.

Figure 1.1: . a) Atomic force microscopy, b) microplate stretcher, c) micropipette aspira-
tion and c) laser/optical tweezers. This figure is adapted from [6].

A variety of experimental methods has been used to extract the mechanical
properties of healthy cells and their diseased counterparts. Figure 1.1 provides a
schematic description of the main experimental techniques for living cells. In Fig-
ure 1.1-a, atomic force microscopy (AFM) is shown. In AFM, local deformation
is induced on a cell surface through physical contact with the sharp tip at the free
end of a cantilever [8, 9]. Figure 1.1-b-c-d show mechanical microplate stretcher
(MS), micropipette aspiration (MA) [10, 11] and optical tweezers (OT) [7, 12],
respectively. With these methods, forces can be induced on the whole cell while
the submicrometer deformation is monitored optically.
In the particular case of the mechanics of cancer cells, noteworthy examples are
the microplate stretcher to deform human pancreatic epithelial cells [13, 14] and
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Figure 1.2: Schematic representation of the optical stretcher. A. The cells flowing in the
channel are trapped by the two divergent laser beams. B. When the cell is centered, a
higher laser power is employed to stretch it. This figure is taken from [16].

the optical stretcher that was employed for deforming nonmalignant and malig-
nant human breast cells [15]. The microplate stretcher relies on a proper adher-
ence of the cells to the plates, whose displacements impose the stretching. On
the contrary, for the characterization of the cells using the optical stretcher, ad-
herent cells are trypsinized and used in spherical form. Then the cells flow in a
microchannel where they are trapped and stretched by two laser beams (Fig. 1.2).
This method has been demonstrated to provide data on the viscoelastic properties
of cells at a considerable processing speed. The information obtained can be used
to distinguish cells according to several biomedically relevant criteria [16].

In this thesis, we propose a new approach to characterize the mechanical prop-
erties of cells. Our newly developed dielectrophoretic stretcher analyzes cells by
deforming them using dielectrophoresis, i.e. by exerting electric forces between
two electrodes.
The term dielectrophoresis (DEP) was first introduced by Pohl [17] to describe
the translational motion of particles due to a force exerted on them when they are
subjected to a non-uniform electric field. This motion is determined by the mag-
nitude and polarity of the charges induced in a particle by the electric field [18].
After the pioneering work on the viscoelastic properties of erythrocytes in the
group of Sackmann [19], dielectrophoresis has mainly been applied on microchip
dimensions to position, direct and separate a variety of biological cells including
bacteria, yeast and mammalian cells [18, 20].

In this thesis, we determine the stiffness difference between different cell types
through dielectrophoresis.
In the gap between two electrodes, the cells undergo an elongation through the in-
teraction of charges at the interface between cell and buffer with the electric field.



Introduction 15

As already mentioned above, it is well-known that the cellular deformability de-
pends on the cell type and on several parameters that reflect the cell state. After
establishing our method through the analysis of well-characterized cell lines, we
aim at using it for the evaluation of unknown cell samples for diagnostic purpose.
We applied our technique to cell lines that have been derived from malignant and
nonmalignant cells of both human breast cells and animal fibroblast cells. Mes-
enchymal cells and senescent suspension cells were also analyzed by this method.
In order to perform single-cell analysis in micrometer format, we have designed
a microchip in which a single cell from a given population can be brought and
stably trapped into a position where the analysis is then carried out.
The cell lines of malignant and non malignant human cells used in our experi-
ments were two well-known and widely used, closely related cell lines: MCF-
10A, a non-tumorigenic epithelial cell line derived from benign breast tissue with
fibricystic disease, and MCF-7, a corresponding line of human cancer cells, namely
adenocarcinoma. Their mechanical deformability was studied in order to estab-
lish whether it is possible to distinguish between these two cell types according to
their malignancy degree.
The extent of deformation of the cells by the electric field is attributable to the
mechanical properties of the cellular internal structure as well as to their dielec-
tric properties, i.e. internal and membrane electric conductivity and permittivity.
Therefore, both factors were analyzed separately. In order to analyze the dielectric
properties of the cells we used the dielectrophoretic spectroscopy analysis, as de-
scribed in [21, 22]. By chemical modification of the cytoskeleton, we analyzed the
individual contributions to the deformability of actin filaments and microtubules
and identified which component is responsible for the differences in deformability
between malignant and nonmalignant cells. Additionally, we used our stretcher
to characterize two fibroblast cell lines: 3T3 and L-929 cells. It is known that
these two fibroblast cell lines show different tumorigenic behavior, namely 3T3
cells can be considered nonmalignant and the L-929 malignant [23–25]. The aim
of these experiments was to observe whether the fibroblast cells showed similar
malignant-nonmalignant feature to the human breast cell lines when they were
stretched by an electric field.

Suspension cells were also investigated. The suspension cell lines that we
used in our experiments were HL-60, U937 and Jurkat cells, which are myeloid
leukemia, histiocytic lymphoma and T lymphocyte cell leukemia, respectively. By
applying our novel technique, we demonstrated that their mechanical properties
are related to the aging of their culture medium. These three cell lines showed
different degrees of stiffness when deformed by the electric field, but all showed
a sensitivity to the depleted medium. A complete analysis of the HL-60 cells was
performed to determine whether shifts in the pH value or nutrient depletion was
responsible for the change of the mechanical properties of the cells over time.
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The visualization of the mechanical structures inside living cells and of the
influence that the electric field has on them was also one of our targets. We trans-
fected the cells using tubulin-GFP in order to visualize the microtubules. Then we
stretched the cells, while monitoring the behavior of these cytoskeletal structures.

The detailed analysis of the dielectrophoretic stretcher, presented in this thesis,
is motivated by a number of advantageous features such as:

• it can be easily combined with dielectrophoretic units for aligning, sorting
and positioning single cells so that entire single-cell processing lines can be
established in a chip format

• the dielectrophoretic approach is well-suited for miniaturization because of
the relative ease of microscale generation and structuring of electric fields
on microchips

• microelectrodes can now easily be processed in microfluidic environment
at comparably low cost. Together with the low energy demands for driving
electrodes, this feature enables highly parallel processing. This aspect is
facilitated through the progress that has recently been achieved with respect
to the integration of electrodes into microsystems such as lab-on-chips [26].

• by reducing the scale of the electrode size, a strong reduction of the operat-
ing voltage to produce the same DEP force on a particle is obtained. Since
the DEP force is proportional to the spatial gradient of the squared electric
field ∇E2, an n-fold change in electrode scale results in an operating volt-
age change of n3/2. For 100-fold reduction of electrode size, a 1000-fold
reduction of operating voltage will therefore produce the same DEP force
on the cells [26]. The practical advantage is a significant reduction in elec-
tric heating and electrochemical effects. The electrode design determines
the surface to volume ratio of DEP elements and, thus, its efficiency of heat
dissipation, which is, according to the Fourier’s law, inversely proportional
to the electrode size [27].

• the label-free characterization offers the advantage of minimal interference
with the natural state of the cells and reduces the number of necessary steps
in the process, like washing, blocking etc, thus, opening up the potential for
high cell troughput

• the simple set-up permits easy access of optical detection schemes

• the analysis is accomplished at a single cell level, ensuring that the en-
tire information content can potentially be obtained. Studies made at the
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single-cell level are not affected by the averaging effects characteristic of
bulk-phase population-scale methods. Thus, they offer a level of discrete
observation that is unavailable with traditional methods, in which the infor-
mation of the individual cellular response is lost in the bulk average (Fig.
1.3).

Figure 1.3: Example of misleading results
obtained when analyzing blended responses
of a bulk cell population due to its heterogene-
ity. Bulk measurements only provide average
values of the population and are not suitable
for determining the contribution of individual
cell species.

These considerations lead us to assess that our dielectrophoretic stretcher can
be a suitable and favorable technique to analyze the mechanical properties of cells.
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Theoretical background

Dielectrophoresis exploits the dynamic effects of non-uniform electric fields on
dielectric, i.e. poorly conductive, and in most cases uncharged objects. It should
not be confused with electrophoresis which is the motion of an electrically charged
particle induced in an electric field. The applied field can be direct current (DC) or
alternating current (AC). For technical as well as biological reasons, AC electric
fields are usually preferred [28].
In this chapter the basic parameters and equations are considered in order to de-
scribe the dielectrophoretic behavior of a biological cell in an AC electric field.

2.1 Dielectric properties of cells
One of the important subjects of the biophysics is the investigation of the dielec-
tric properties of cells and the structural part of them (membrane, cytoplasm, etc.).
These properties can provide valuable information about the cellular architecture,
its functions, and metabolic mechanisms. For the analysis of the dielectric prop-
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erties of cells several classical models are usually used. On the one hand, the cell
model has to be simple enough to permit the calculation of the electric field dis-
tribution in the cell and in the surrounding medium. On the other hand, it should
reflect the basic electric properties of the cell that determine its specific polariza-
tion processes. In the simplest case, the model consists of a homogeneous conduc-
tive sphere (cytoplasm), surrounded by a thin homogeneous shell (cell membrane)
having a small conductance. This so called single-shell model correctly describes
the main polarization processes occurring at the boundaries between the cell mem-
brane and the internal and external media [18]. According to this model, the cell
can be described by two parameters - permittivity and conductivity.

Whereas the conductivity σ is a measure of the ease with which mobile charges
can move through the material under the influence of the electric field, the permit-
tivity ε reflects the extent to which immobile charge distributions can be polarized
under the influence of the electric field.
The permittivity can be expressed as a complex function in the form:

ε∗ = ε
′ − jε

′′
(2.1)

in which the imaginary factor may be defined in terms of a frequency-dependent
conductivity as

ε
′′

=
σ(ω)

ωε0

thus, ε∗ = ε − j
σ(ω)

ωε0

. (2.2)

The factor ε0 is the dielectric permittivity of free space and has the value 8.854 x
1012 Fm−1.
Up to the Mhz range, the permittivity ε of biological particles is relatively high
and then typically decreases with increasing frequency in three major steps (i.e.
dispersions) which are designated as α-, β-, and γ-dispersions (Fig. 2.1). The
β-dispersion is the most relevant in our experiments and it can be interpreted as
interfacial polarization. Its physical basics will be detailed in the next section. The
two other dispersions are associated with other effects, which are not of interest
in this context and will not be dealt with in this thesis.

2.1.1 Single cells in an external electric field
The passive electric properties of a spherical cell in a liquid medium can be de-
scribed by a simplified electric circuit (Fig. 2.2). The membrane is represented by
a capacitor (Cm) in parallel with a resistor (Rm) that simulate the membrane con-
ductivity (Gm). In DC fields and low frequency AC fields the conductivities of the
external and internal media can be described by simple resistors (Rex1, Rex2, Rin).
Rm is by orders of magnitude higher than Rex and Rin. Therefore, a low fre-
quency current does not flow through the cell, but around it [29]. Thus, because
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Figure 2.1: Schematic illustration of the three frequency-dependent regions of α-, β-, and
γ-dispersion [29].

Figure 2.2: Simplified analog circuit demonstrating current ways through and around a
spherical cell. Rex1 Rex2 are the resistances of the external medium. Rin is the resistance
of the cytoplasm and Rm, Cm the resistance and the capacity of the membrane, respec-
tively. This figure is adapted from [29].

of the high membrane resistance, in DC fields and extremely low frequency AC
fields, the resistance of the cell membrane insulates the cell interior (cytoplasm)
from the external electrical field and no current is induced within the cell inte-
rior. The external field becomes deformed (Fig. 2.3). When the frequency of the
external field increases, the membrane capacitor becomes short-circuited and this
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allows the electric field to penetrate into the cell. Thus the effective permittivity
and conductivity of a cell will respectively fall and rise with increasing frequency,
leading to the existence of a dielectric dispersion, the β-dispersion (see Fig. 2.1).
If there is no large difference in the permittivities between the medium and the
cytoplasm, the amount of field penetrating the cell depends only on the relation of
the inside-outside electric conductivities.

Figure 2.3: Field lines for a spherical cell in an electric AC field. A. The cell in a low
frequency range. B. The cell in an AC field of intermediate megahertz frequencies. The
conductivity of the external medium is lower than that of the internal one. C. The cell in
a high-frequency range (f >100 MHz). The polarization of the cell is negligible when the
permittivities of the internal and external space are the same. The figure is adapted from
[29].

2.1.2 Dielectrophoretic force

Figure 2.4: Schematic represen-
tation of the polarization of a cell
in an electric field. If the electric
field is homogeneous two forces
act on the charges that cause a
stretching of the cells in the field
direction.

Pohl was the first to use the term dielectrophoresis. He demonstrated that
when an AC electric field acts on a dielectric particle (e.g. a biological cell),
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a dipole moment is induced within the particle. The dipole moment m induced
in the cell can be represented by the generation of equal and opposite charges
(+q and -q) at the particle boundary. If the field is inhomogeneous the induced
charges of the dipole are located at different positions and the local electric field,
and its resulting strength, is shown to vary. Thus, the polarized particle experi-
ences a translational force, known as dielectrophoretic force, the magnitude and
direction of which depends on the electrical properties of the particle and its sur-
rounding medium [17]. Thus, depending on the relative polarizability of the cell
with respect to the surrounding medium, it moves either towards the high-electric
field region (positive dielectrophoresis, pDEP) or towards the region where the
field is weaker (negative dielectrophoresis, nDEP). This force also depends on the
magnitude and frequency of the applied electric field. For spherical particles, the
time-average dielectrophoresis (DEP) force is

FDEP = 2πr3ε0εmRe[K(ω)]∇ |Erms|2 (2.3)

[29] where r is the particle radius, ε0 is the permittivity of the free space, εm is the
real part of the permittivity of the surrounding medium, and Erms is the root mean-
square electric field. The factor K(ω) (the Clausius-Mossotti factor) depends on
the complex permittivity of both the particle and the medium and is a measure
of the effective polarizability of the particle. In the presence of high-frequency
(kHz-MHz) electric fields, the polarizability of a cell is a complex function of the
field frequency [30]. In the case of spherical particles, this factor is given by

K(ω) =
σ∗

p − σ∗
m

σ∗
p + 2σ∗

m

, σ∗
i,i=p,m = σi + jωε0εi (2.4)

[29] where the indexes p and m refer to the particle and the medium, respec-
tively. The parameters ε and σ are, respectively, the permittivity and the conduc-
tivity of the dielectric, ω is the angular frequency of the applied field (ω = 2πf),
and j =

√−1. The DEP force is proportional to the square of the applied field
strength. This results from the double role of the electric field: on the one hand it
induces the dipole, on the other hand, it drives the particle. As already mentioned
above, particles can experience two dielectrophoretic effects.
Positive dielectrophoresis: Re[K(ω)] >0 (or σp >σm). Particles are attracted to
electric field intensity maxima and repelled from minima.
Negative dielectrophoresis: Re[K(ω)] <0 (or σp <σm). Particles are attracted to
electric field intensity minima and repelled from maxima [31]. For spherical par-
ticles, -0.5 <Re[K(ω)] <1.
If the electric field is homogeneous and σp >σm the dipole, the forces �Fx = +q �Erms

and in the negative x-direction �F−x = −q �Erms act on the charges. The two forces
cause a stretching of the cells along the field direction (Fig. 2.4) [32–34].
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2.1.3 Crossover frequencies

Figure 2.5: Typical dielectrophoretic spectrum for a single-shell model. Five character-
istic points of the spectrum are defined.

As explained above, the dielectrophoretic force is proportional to the real part
of the dimensionless parameter K (eqn. 2.4). An exemplary dielectrophoretic
spectrum is shown in Figure 2.5. Each spectrum has five characteristic parts:
three different plateaus of the force (F1, F2 and F3) acting on the particle in dif-
ferent ranges and two critical frequencies (f1, f2) called crossover frequencies. At
these frequencies the dielectrophoretic force ceases to exist [18]. The first critical
frequency f1, at which DEP turns positive, is governed by the dielectric param-
eters of the cell membrane, i.e the area-specific membrane capacitance Cm and
the area-specific membrane conductivity Gm. The second cross-over frequency f2
defines the second transition and mainly depends on the dielectric parameters of
cytoplasm, i.e. εin and σin.

2.2 The cytoskeleton
Cells have to organize themselves in space and interact mechanically with their en-
vironment. They have to be correctly positioned, physically robust, and properly
structured internally. They have to be able to rearrange their internal components
as they grow, divide, and adapt to changing circumstances. Many of them also
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have to be able to change their shape and migrate. All these organizations are de-
veloped to a very high degree in eukaryotic cells and they depend on a remarkable
system of filaments called the cytoskeleton [35]. The self-organization of three
protein classes into specific filaments provides the structural and functional basis
of the cytoskeleton. Each type of filament has distinct mechanical properties and
dynamics, but certain fundamental principles are common to all of them.

Figure 2.6: Schematic representation of the
cytoskeletal filaments of an adherent cell.
The actin filaments are arranged into paral-
lel bundles and as a network under the cel-
lular membrane (green filaments). The mi-
crotubules in most cells extend outward from
a microtubule-organizing center, the centro-
some, positioned near the nucleus (red fila-
ments). The intermediate filaments are scat-
tered throughout the cytoplasm and concen-
trated around the nucleus (blue filaments).

• Actin filaments are thin flexible protein filaments with a diameter of about
8 nm and composed of the protein actin. They are cross-linked into a dense
three-dimensional meshwork beneath the plasma membrane, or they can be
more regularly arranged into parallel bundles. Actin filaments determine
the shape of the cell’s surface and are necessary for whole-cell locomotion.
They provide the highest resistance to deformation up to a certain critical
value of local strain [35].

• Microtubules are long strands of the protein tubulin, they are relatively thick
and inflexible. They have a hollow cylindrical form with an outer diameter
of 25 nm and a lumen diameter of 10 nm and they are the most distinctive
cytoskeletal components in the central region of the cytoplasm. The micro-
tubules determine the positions of membrane-enclosed organelles and direct
intracellular transport. As to their mechanical properties, microtubules do
not have sufficient tensile or shear stiffness to significantly impart integrity
to the cytoskeleton. Individual microtubules have been considered resistant
to large scale compression.
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• Intermediate filaments often have a similar distribution in the cell to mi-
crotubules, but are readily distinguishable from the latter by their smaller
diameter, which is close to 10 nm. They are irregular flexible ropes of pro-
tein and composed of a large family of proteins. They terminate on the
matrix of the proteins embedded in the nuclear envelope and radiate out
from there into the surrounding cytoplasm. They are sufficiently compli-
ant to allow moderate deformation, and yet they maintain their resistance to
shear deformation at large local strains [36, 37].

The shape of the cell and its ability to move depend on a large retinue of accessory
proteins that form the links between the principal filaments and the other struc-
tural elements. These accessory proteins contribute significantly to the strength of
a cytoskeleton. The structural architecture of the cytoskeleton is the basis for the
mechanical properties of cells, exhibiting passive and active responses to defor-
mations.

2.3 Relevant viscoelastic models
The concept of stress is related to the strength of the material. If the cross-
sectional area of the object is A and the force acting in the object is F, the ratio

σ =
F

A
(2.5)

is the stress in the object. The basic unit of stress in the International System of
Units (SI units) is newton per square meter (N/m2) or pascal (Pa).
The deformation of a body that can be related to stresses is described by strain. In
this thesis the dimensionless ratio

ε =
l − l0

l0
=

∆l

l0
(2.6)

will provide a measure of the deformation.

Classical models. Figure 2.7 shows three mechanical models, the Maxwell
model, the Voigt model and the Kelvin model. All of these are composed of com-
binations of linear springs and dashpots. A linear spring is supposed to produce
an instantaneous deformation proportional to the load. A dashpot produces a ve-
locity proportional to the load at any instant. For the Maxwell body, the sudden
application of a load induces an immediate strain by the elastic spring, followed
by creep of the dashpot,that is the body continues to deform. The same reaction is
reflected also in the unloading process. For the Voigt model, a sudden application
of force produces no immediate deflection, because the dashpot, in parallel with
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Figure 2.7: Three models of viscoelastic ma-
terials. (a) A Maxwell body, (b) a Voigt,
and (c) a Kelvin body (standard linear solid).
Maxwell introduced his model, implying that
all fluids are elastic to some extent. Kelvin
showed the inadequacy of the Maxwell and
Voigt models in accounting for the rate of en-
ergy dissipation in various materials subjected
to cyclic loading. Kelvin’s model is com-
monly called the standard linear model be-
cause it is the most general relationship.

the spring, does not move instantaneously. Instead, as can be seen in Figure 2.8
a deformation is gradually built up, while the spring takes a greater and greater
share of the load. In the unloading process the dashpot displacement relaxes ex-
ponentially. The Kelvin model has simultaneously the properties of elastic body
and viscous fluid. It has the properties of the sudden change of strain, the residual
strain and the creep.
If the body is subjected to a cyclic loading, the stress-strain relationship in the
loading process is different from that in the unloading process, and the phe-
nomenon is called hysteresis [38].

Stress-strain test. The stress-strain curve is an extremely important graphical
representation of a material’s mechanical properties. At low strain, many ma-
terials show elastic behavior, so the stress is proportional to strain. As strain is
increased, many materials eventually deviate from the linear proportionality. This
non-linearity is usually associated with stress-induced “plastic” flow in the spec-
imen. Here the material is undergoing a rearrangement of its internal molecular
or microscopic structure, in which molecules are being moved to new equilibrium
positions. These microstructural rearrangements due to plastic flow are usually
not reversed when the load is removed, in other words the material exceeds the
elastic limit. Elasticity implies the complete and immediate recovery from an im-
posed displacement on the release of the load, and the elastic limit is the value of
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Figure 2.8: Creep function of (a) a Maxwell, (b) a Voigt, and (c) a Kelvin model.

stress at which the material experiences a permanent residual strain that is main-
tained upon unloading. A closely related term is the yield stress Gp. This is the
stress needed to induce plastic deformation in the specimen.

Figure 2.9: Structure of the model that satisfies the
essential features of the cellular response in the ex-
periments. The model consists of a parallel vis-
coplastic element (on the top) in series with a paral-
lel viscoelastic element (on the bottom). Gp = yield
stress; ηp = viscosity in parallel with Gp; Ge = elas-
tic modulus; ηe = viscosity in parallel with Ge. The
deformation ε is the sum of deformations of the vis-
coplastic element ϕ and of the viscoelastic element
�.

Viscoplastic model. During the application of a force, the deformation of a
biological cell is dependent on a combination of the cell’s intrinsic elastic, vis-
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cous and plastic properties. Simple considerations suffice to eliminate all classes
of models with viscous and elastic elements, that have been proposed in section
2.3. The Kelvin model is widely used to represent the viscoelasticity of a body,
but it always shows a full recovery and, thus, it cannot explain the deformation
behavior of a cell. To qualitatively explain the behavior of the cells in response
to the applied electric force, the mechanical model proposed by Butler and Kelly
[39] is helpful. This mechanical arrangement is shown in Figure 2.9. Let l be a
displacement of one of these elements. The deformation ε, when applied to these
elements, satisfies the following relations:

• for the viscous elements σv = η
dε

dt

• for the elastic element σe = Geε

• for the plastic element
dε

dt
= 0, for |σp| < |Gp| and as long as |σp|

does not exceed the yield stress Gp

Ge is the elastic modulus, η is the viscosity and Gp the yield stress. The plastic
element is rigid for deformations smaller than the yield stress, and cannot sustain
any deformation greater than the yield stress. We will not go into more details
of this model, since it was only intended to serve as a qualitative model of the
response of cells subject to a deformation force and to provide an explanation of
the deviation of their behavior from the classical models detailed in Figure 2.8.
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Materials and Methods

3.1 Cell cultures
In this study suspension and adherent cell lines were used.

3.1.1 Suspension cells
Human acute myeloid leukemia HL-60, human histiocytic lymphoma U-937 and
human T cell leukemia Jurkat cell lines were obtained from the German Collection
of Microorganisms and Cell Cultures (DSMZ, Germany). Standard procedures
were followed for the cell cultures. The medium used for regular culture was 90%
RPMI 1640 (with 2.0 g/l NaHCO, 25 mM HEPES, 5.5 g/l NaCl, 5 mg/l phenol red,
and stable glutamine) supplemented with 10% fetal bovine serum (FBS). Cells
were maintained in 25-cm2 plastic flasks filled with medium under a 5% CO2 :
95% air atmosphere at 37 ◦C in a humidified incubator. The appropriate amount
of medium for covering the surface was ∼ 200 µl/cm2. Every 2-3 days cells were



3.1 Cell cultures 30

split: A fraction of the cell suspension (5 x 104 cells/ml) was introduced in a new
flask with fresh culture medium. All cell culture reagents were from Biochrom
AG (Berlin, Germany).

3.1.2 Adherent cells
MCF-7 human cells were kindly donated by Robert Clarke, University of Manch-
ester, UK. MCF-10A human cells were obtained from American Type Culture
Collection (Rockville,MD). 3T3 and L-929 mouse fibroblasts were obtained from
DSMZ. Mesenchymal cells were kindly donated by Hagen Thielecke, Fraunhofer
IBMT, St. Ingbert, Germany.
Cells were grown adhering on the bottom of 25-cm2 culture flasks filled with
medium and maintained under a 5% CO2 : 95% air atmosphere at 37 ◦C in a
humidified incubator.

MCF-7 and MCF-10A cell lines. MCF-7 is a human breast adenocarcinoma
cell line. They were cultured in standard glucose Dulbecco’s Modified Eagle’s
Medium (DMEM) (Gibco Invitrogen, Carlsbad, CA, USA), with 10% fetal bovine
serum (FBS) (Biochrom AG, Berlin, Germany). Every 3-4 days cells were split.
The culture medium was removed from the flask, cells were washed with Ca2+,
Mg2+ - free phosphate-buffered saline (PBS) in order to remove non-adherent
cells and all traces of serum which contained trypsin inhibitor. This protocol was
employed for splitting all adherent cell lines used in this work. 0.5 ml trypsin
solution (Trypsin / EDTA 0,25% / 0,02%) was added and left for 13 minutes to
detach cells. 3 x 105 cells in suspension were introduced in a new flask with fresh
culture medium.

MCF-10A is a human non-tumorigenic epithelial cell line derived from benign
breast tissue with fibrocystic disease. These cells are immortal, non-cancerous
mammary epithelial cells. They were cultured in DMEM/F12 supplemented with
5% horse serum, 0.5 µg/ml hydrocortisone, 10 µg/ml insulin, 20 ng/ml EGF, 0.1
µg/ml cholera toxin, 2 mM glutamine and 1% Penicillin-Streptomycin [40–42].
After having applied the split protocol as above described, 1 ml trypsin solution
(Trypsin / EDTA 0,05% / 0,02%) was introduced and left for 10 minutes to detach
the cells. To neutralize trypsin 3 ml medium supplemented with FBS were added.
1 x 105 cells in suspension were centrifuged, the medium was removed and the
cell pellet resuspended with fresh culture medium and introduced into a new flask.
All cell culture reagents were from Gibco Invitrogen (Carlsbad, CA, USA).

3T3 and L-929 cell lines. 3T3 is a fibroblast cell line established from disag-
gregated Swiss albino mouse embryos. The cells were cultured in standard glu-
cose Dulbecco’s MEM with 10% FBS. The split protocol was applied as described
above. 0.5 ml trypsin solution (Trypsin / EDTA 0,25% / 0,02%) was introduced
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and left for 5 minutes to detach the cells.
L-929 are connective tissue fibroblast cells established from the subcutaneous

areolar and adipose tissue of a mouse. They were cultured in standard RPMI 1640
medium with 10% FBS. The cells were splitted according the protocol described
above. 1 ml trypsin solution (Trypsin / EDTA 0,05% / 0,02%) was added and after
having wetted the whole surface, 0.8 ml were removed and the rest remained for
5 minutes to detach the cells.

3 x 105 cells of both 3T3 and L-929 cells in suspension were introduced in
their respective new flask with fresh culture medium.

Mesenchymal cells. Mesenchymal stem cells are multipotent adult stem cells
that can differentiate into a variety of cell types. These cells were directly ob-
tained from biopsy samples from human knee tissue. They were cultured in Al-
pha MEM (with GlutarMAX, without ribonucleosides and deoxyribonucleosides)
with 15 % FCS and 1 % Penicillin-Streptomycin. Every 3-4 days cells were sup-
plied with fresh medium. Cells were split every 2-3 weeks, as they grow compar-
atively slowly. The culture medium was removed from the flask and the cells were
washed with Ca2+, Mg2+ -free PBS. Then 1 ml trypsin solution (Trypsin / EDTA
0,05% / 0,02%) was introduced and left for 3 minutes to detach the cells. 1 x 105

cells in suspension are introduced in a new flask with fresh culture medium. All
cell culture reagents were from Sigma-Aldrich (US).

Use of the cells in the experiments. Before the experiments, the adherent cells
were trypsinized in order to obtain a suspension of cells with spherical shape. The
required aliquot of suspension cells was removed from the flask without any pre-
vious treatment. The appropriate quantity of cell suspension (∼ 1 x 105 cells) was
centrifuged and then re-suspended in an isotonic buffer. The buffer is a mixture of
0.3 M inositol solution with PBS and a 0.5 weight-% of a soluble polymer that ef-
fectively reduces non specific sticking of the cells to the microchip surfaces. The
buffer components are from Evotec Technologies, Hamburg. The measured elec-
tric conductivity of the buffer was 5.5 mS/m (Conducting meter, Knick, Berlin).

3.2 Fluorescent staining procedures
Actin filaments of MCF-7 and MCF-10A cells were stained using Alexa Fluor
Phalloidin 488 (Invitrogen, Germany). It binds to actin, preventing its depoly-
merization, and it is poisoning the cell. For staining of the cellular nucleus, we
used DAPI (Sigma-Aldrich, US). In order to visualize the microtubules, the cells
were transfected with pTagGFP-tubulin (BioCat, Germany), using FUGENE HD
Transfection Reagent (Roche, Germany). The staining and the transfection were
done according to the manufactures’ instructions.
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Figure 3.1: Microchip used for the experiments. Two different planar arrangements were
designed. The arrangement A possesses three different gaps on the same structure. B.
This arrangement was used for most experiments.

3.3 Microchip
The microchips used in the experiments consisted of two different planar arrange-
ments of microelectrodes. The arrangement in Figure 3.1-A was used to test the
feasibility of the technique. Afterwards, we only used the arrangement with par-
allel microelectrodes 20 µm apart. Both arrangements were made of indium tin
oxide - a transparent conductive material - that was plated on glass slides (20 mm
x 20 mm, Schott, Gruenenplan, Germany). All structures were prepared by UV
laser ablation. The laser-ablation equipment is based on a system produced by Ex-
itech. A KrF excimer laser (Lextra 100, Lambda-Physik Goettingen, Germany)
produces a UV beam (248 nm) with a constant pulse duration of 10 ns. The struc-
tured glass slide was glued on a microscope slide in order to simplify handling
for optical microscopy. The electric connectors were fixed on the microchip using
an electrically conductive adhesive. To reduce buffer evaporation effects, silicone
troughs with a volume of roughly 200 µl were mounted on the slides.

3.4 Modeling.
For the finite element simulation (Fig. 4.1), we used the Quasi-Statics Electric
package from the Electromagneties Module of Comsol Multiphysics 3.2 (Comsol,
Stockholm, Sweden). For this, the medium relative permittivity was set to 78.69
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Figure 3.2: Experimental set-up used for the experiments

and its electric conductivity to 5 mS / m. The dielectrophoretic spectroscopy
analysis simulation (Fig. 4.5) was performed using Mathematica 7.0.0 (Wolfram
Research).

3.5 Experimental setup
3.5.1 Stretching experiments

Due to the simple construction of the microchip almost any optical method can
be applied to investigate the cell stretching. The general experimental setup is
sketched in Figure 3.2. Optical microscopy was performed using an Olympus
BX40 microscope with a 20 x / 0.35 objective (Olympus, Hamburg). For record-
ing the experiments a computer-controlled CCD camera (Orca ER, Hamamatsu
Photonics Deutschland) was plugged to the microscope. The camera was con-
trolled by the program Simple-PCI provided by the camera manufacturer. The
chip electrodes were connected to a function generator that produced a 15 MHz
signal and a square waveform (33120A, Agilent). The applied voltages were 4
Vrms for the experiments with suspension cells and of 6 Vrms with adherent cells
(unless otherwise indicated below).
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Image Processing The CCD camera provided a frame rate of nine digitized
frames per second with 640x512 pixels2. The images were converted to 8-bit
resolution. The resolution of the stored images was 0.3 µm/pixel. The transient
deformation amplitude of the cells was measured manually with the help of the
software Image-ProPlus (Media Cybernetics, Inc.) usually every 2 seconds in the
first 10 seconds of recording and then every 5 seconds after that for a total period
of one minute.

3.5.2 Dielectrophoretic Spectroscopy
Dielectrophoretic spectroscopy was performed at different buffer conductivities.
The chips used - as described above but made of platinum-plated glass and with
a gap of 200 µm - were connected to a purpose-built high-frequency generator
(Elektronik-Manufaktur Mahlsdorf EMM, Germany), which supplied frequency
signals between 16 MHz and 400 MHz. Signals between 15 MHz and 20 kHz
were produced by the function generator that we used for the stretching experi-
ments (see above). The experimental set up, the data acquisition and the image
processing were identical to what has been described under 3.5.1. Measurements
were made at medium conductivities in the range from 0.001 to 0.9 S / m and
crossover frequencies for at least six cells were determined for each conductivity.
The different buffer conductivities were obtained mixing different ratios of the
inositol solution and PBS.

Table 3.1: Parameters of heating analysis

Voltage Buffer Conductivity Gap width
0 V 5.5 mS/m 20 µm
1 V 0.3 S/m 35 µm
2 V 1.4 S/m
3 V
4 V
5 V

3.5.3 Chip heating
Evaluation of chip heating during the experiments was accomplished using an in-
frared camera PYROVIEW 3802 compact (DIAS Infrared GmbH, Dresden, Ger-
many), that offers non-contact temperature measurements. Heating of the chips
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with parallel microelectrodes was measured by positioning the chips under the
infrared camera and monitoring the temperature distribution on the chip. The
analysis was performed for different gap widths, different voltages and different
buffer conductivities (listed in table 3.1). The two different electrode structures
that were analyzed had a gap width of 20 µm and 35 µm. Each chip structure was
immersed into a buffer with electric conductivity of 0.0055, 0.3 and 1.4 S / m, re-
spectively, and connected to a generator that provided voltages between 0 and 5 V
with intervals of one volt. For each parameter combination a thermal image was
obtained, which was processed with Mathematica to obtain the maximum of the
spatial temperature distribution. The measurements were accomplished at room
temperature.
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Results and discussion

In this chapter we first describe our initial experiments, that we carried out to
test the feasibility of the technique and to optimize the experimental arrangement.
The main part of the chapter presents the results obtained from the electrically
induced stretching of adherent and suspension cell lines. We address possible
reasons underlying the observed differences in the stretching. We first analyzed
the dielectric properties of adherent cells and secondly their cytoskeleton. Further,
we investigated the influence of medium consumption on the cellular stiffness
of suspension cells. Finally, we describe the visualization of the cytoskeleton
structure of living cells during stretching. The last part of this chapter deals with
the analysis of chip heating.

4.1 Dielectrophoresis in the microchip
After the application of the cell suspension to the silicon trough on the chip, the
cells move randomly through the bulk liquid by convection. When they approach
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the gap between the microelectrodes, the dielectrophoretic force attracts them to-
wards the nearest electrode edge, where they come to a rest. The electric field
between the electrodes induces the cell stretching [30, 32]. In Figure 4.1 a fi-
nite element simulation of the electric field acting on the cell is depicted. Figure
4.1-A shows the direction of the dielectrophoretic force towards the microelec-
trodes along the gradient of the electric field (eqn. 2.3 ). In Figure 4.1-B the
electric field is visualized that stretches the cell along the electric field lines. The
elongation is quantified in the following as the strain ε, i.e. the change in cell
length ∆l along the field direction normalized by the initial length l0, according
to eqn. 2.6

ε =
∆l

l0
. (4.1)

Figure 4.1: Finite element simulation of the electric field in the microchip. The electrodes
are depicted by the black bars at the bottom of the drawings. A. The arrows indicate the
direction of the dielectrophoretic force which transports the cells to the nearest electrode
edge. The colors in the background indicate the electric field strength (bright colors, high
field). B. The arrows show the direction of the electric field lines, along which a cell
deforms (white dashed circle) at the right electrode. For a cell at the left electrode, the
direction is exactly opposite. The background coloring codes the electric potential.
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Figure 4.2: Qualitative feasibility test of the technique. Human leukaemia cells HL-60
were stretched for 12 min, yielding an elongation of more than 100%. This large elonga-
tion damaged many cells. Therefore, in the following experiments, either the gap between
the electrodes or the exposure time were reduced (see page 38).

4.2 Validation of cell compatibility
The first part of this thesis deals with qualitative experiments to define an ap-
propriate experimental set-up and a microchip design in order to obtain a suitable
system for dielectrophoretic experiments and an easy monitoring of them. We first
designed the chip with step-structure microelectrodes illustrated in chapter 3 (Fig.
3.1-A). The presence of three different gap widths was convenient for concur-
rently testing alternative electrode gaps. These tests were carried out with human
leukaemia HL-60 cells. The cells were trapped at microelectrode edges with dif-
ferent gap widths and remained there for observation. In Figure 4.2 the resulting
stretching is shown. With this experiment we verified that with our system it is
possible to deform cells in an electric field and that the elongation is visible and
measurable. The elongation increased further over time. After 12 min in the elec-
tric field, the cell vitality was tested by using trypan blue, a dye used to selectively
stain dead cells blue. This test showed that the cells were vital after the electric
stretching.
In order to optimize our experimental procedure, we were aming for (I) a high
throughput of the cell analysis and (II) a reduction of potential side effects of the
voltage used while maintaining an appropriate force to stretch the cells. The for-
mer could be achieved by minimizing positioning and stretching time. We believe
that by reducing the gap width, the application of lower voltages is sufficient to
obtain a high electric field to stretch the cells and it simultaneously limits the heat-
ing of the chip structure. Thus, for the experiments presented below we continued
to use the microelectrode structure with parallel edges 20 µm apart (Fig. 3.1-B).
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4.3 Stretching of adherent cell lines
4.3.1 Analysis of epithelial breast cells

To elucidate the relationship between the cellular state and the electric deforma-
tion, we investigated the well-defined cell lines MCF-7 and MCF-10A. They are
widely used in breast cancer research, since MCF-7 cells provide an excellent
in vitro model system to study human breast cancer and MCF-10A cells are fre-
quently used as noncancerous control [43–45]. We have used MCF-10A cells
instead of the widely used MCF-10F cells as MCF-10A is an adherent cell line. It
represents the “natural” corresponding cell line to MCF-7.
The cell suspension was placed in the trough on the chip, which was connected to
the generator. The generator was set to 2 V, which did not induce any measurable
deformation, but served to attract the cells dielectrophoretically and to keep them
in place. When the cell reached the gap between the two microelectrodes, the
voltage was switched to 6 V for 60 s to stretch it. Each freshly prepared sample of
cell suspension was used for the experiments at most for 20 min, in order to avoid
anomalies of the cells caused by a deteroration of the culture conditions.
The elongation of the cancerous and the noncancerous cells during the application
of the electric field for one minute is shown in Figure 4.3. The difference in the re-
sponse of MCF-7 and MCF-10A cells is clearly visible in the comparison of their
respective electric deformation. The MCF-10A cells emerge to be significantly
softer than their cancerous counterparts. The two cell types are distinguishable
already after few seconds and the difference in the electric deformability is signif-
icant after analyzing 25 cells. In order to obtain cell type characteristic parame-
ters and to relate our response curves to previous work in the literature, fits to the
experimental data obtained during force application have been performed. As a
fitting function

ε(t) = p(1 − e−
t
τ ) + qt (4.2)

has been chosen, since it is equivalent to solutions [46] of the constitutive equation
used in [47]. The results of our experiments are represented in Figure 4.3-B and
they were the following: The response time τ is similar for both cell types while

Cell line τ p q

MCF-10A (6 ± 1) s (8.0 ± 0.7) x 10−2 (1.2 ± 0.2) x 10−3

MCF-7 (5.3 ± 0.8) s (2.4 ± 0.3) x 10−2 (0.5 ± 0.1) x 10−3

p and q differ considerably. Our system proved to be a reliable method to dis-
tinguish between cancerous cells and their healthy counterparts. The experiments
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Figure 4.3: A. MCF-10A (top) and MCF-7 (bottom) cells during elongation due to elec-
tric field. The different stretching after one minute is clearly visible. Scale bar: 10 µm.
B. Temporal evolution of the stretching of MCF-7 (open circles) and MCF-10A (solid
squares) cells. The stretching behaviors are clearly different even in the first seconds (AC
electric field amplitude 6V, frequency 15 MHz). The symbols and bars indicate average
values and standard error obtained from at least 25 cells per cell type. The experimental
data were fitted to the function 4.2
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yielded reproducible results, that univocally showed the difference between the
two cell lines.
To obtain an explanation of this phenomenon the determination of possible biolog-
ical or physical reasons that could explain the difference in the electric elongation
were addressed. The deformability of the cells in our system mainly depends on
the two following factors:

• the stretching force that is determined by the dielectric properties, i.e. in-
ternal and membrane electric conductivity and permittivity as well as cell
size

• the mechanical properties of the cell determined by the cytoskeleton struc-
ture

Both factors were individually analyzed to identify their respective contributions.

Analysis of dielectric properties. The idea of identifying cancer cells by their
electrical properties is not new. In fact, it was first proposed by Fricke and Morse
in 1926. It is well known that tumor tissues have significantly higher water content
than their normal counterpart. For example, the water content of normal epidermis
by weight is 60.9%, while that of carcinoma of the skin is 81.7%. Therefore, it is
expected that tumor tissues exhibit somewhat larger permittivity and conductivity
values than their homologous normal tissues [48]. On the other hand, the electrical
conductivity and permittivity of biological materials will vary characteristically
depending on the frequency applied.

Figure 4.4: Dielectrophoretic force dependence on the external electric conductivity (σex)
for a model cell. The crossover frequencies f1 and f2 are depicted at different σex, marked
in the figure. (For the other parameters, see page 44)
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We examined the dielectric properties of the MCF-10A and MCF-7 cells in
a frequency window between 20 kHz and 400 MHz in order to check whether it
is possible to distinguish them using their peculiar properties. For this purpose,
we used dielectrophoretic single-particle spectroscopy, a non-invasive technique
based on measuring the frequency dependence of the differences in electric po-
larizability between a cell and the surrounding liquid [49, 50]. Dielectrophoretic
spectroscopy is a well-proven method, which is widely used to distinguish be-
tween cells or to detect cellular anomalies caused by a disease [18, 20, 51, 52].

Figure 4.5: Dielectrophoretic single-particle spectroscopy of a model cell. The graphs
show the external conductivity dependence of the crossover frequencies f1 and f2 (see
fig 4.6-A). The high-frequency crossover f2 is particularly sensitive to the dielectric pa-
rameters of the cytoplasm, while the lower frequency f1 reflects the membrane polariza-
tion parameters. Variation of each cellular dielectric parameter (the internal permittivity
εin, the internal conductivity σin, the membrane area specific electric conductivity Gm

and the membrane area specific electric capacitance Cm) cause characteristic curve shifts.
The values of the dielectric parameters used for the calculation are shown in the graphs.
(For the other parameters, see pag. 44)

Under the influence of positive or negative DEP cells exhibit motion towards
or away from electrodes edges. The DEP force turns from positive to negative or
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vice versa at the crossover frequencies, defined as those frequencies at which cells
experience zero DEP force. The values of the crossover frequencies depend on the
medium conductivity and on the dielectric properties of the cells. Thus, measur-
ing the crossover frequencies under varying external conductivity provides infor-
mation on the cellular properties. As already mentioned in chapter 2, the lower
frequency is primarily determined by the dielectric properties of the cell mem-
brane (its electric conductivity and electric capacitance). The higher crossover
frequency mainly depends on the dielectric parameters of the cytoplasm. In Fig-
ure 4.4 the crossover frequencies of a model cell with internal conductivity σin are
depicted for different external conductivity values. The trend of these crossover
frequencies gives information about the internal conductivity σin.
In the experiments that we carried out, the crossover frequencies were determined
at different external conductivities by varying the frequency of the electric field
and monitoring those frequencies at which the dielectrophoretic force vanished
and the cell movement ceased. The experimentally obtained crossover frequen-

Figure 4.6: Experimental crossover frequencies of MCF-7 and MCF-10A cells as a func-
tion of the external conductivity. The two curves are highly similar without any signif-
icant difference between them. Thus, the differences in stretching (Fig. 4.3) cannot be
explained by the dielectric properties of the two cell lines.

cies of the MCF-7 and the MCF-10A cells are plotted in Figure 4.6. The two
branches that describe the lower (f1) and the upper (f2) crossover frequency are
in very good agreement for MCF-7 and MCF-10A cells. Small deviations be-
tween the two cell types can be recognized at rather low conductivities, at around
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100 kHz and at 100 MHz. The one at the higher frequency may be an artefact, al-
though various measurements confirmed this sudden drop of f2 for the MCF-10A.
In order to evaluate the experimental data, simulations were carried out (Fig. 4.5)
using a spherical body (cytoplasm) that is coated with a thin membrane as a model
cell. The crossover frequencies were plotted as a function of the electric conduc-
tivities of the cytoplasm (σin) and the membrane (Gm), the permittivity of the
cytoplasm (εin) and the capacitance of the membrane (Cm). In each case, all other
parameters were held constant at the following values: cell radius 8 µm, specific
membrane capacitance 0.01 F / m2, medium relative permittivity 78.69, cytoplasm
electric conductivity 0.5 S / m, cytoplasm relative permittivity 70, area-specific
membrane electric conductivity 100 S / m2. The simulations show that varying
σin and εin has pronounced effects on the shape of the graphs, whereas changing
the parameters associated with the membrane does not have a strong impact on
the curve. Above a threshold external electric conductivity, only nDEP occurs.
So, no crossover is detectable beyond this threshold.
The upper branch that represents f2 which is rather close to fexp = 15 MHz, the
frequency used in the stretching experiments, does not change upon reasonable
variation of the electrical membrane parameters. Comparing the two graphs in
Figure 4.5-A-B with the simulations suggests that for both cell types the conduc-
tivity of the cytoplasm σin is approximately 1 S/m and the permittivity εin should
be below 60. In this context, the dip of f2 measured in the MCF-10A cells at
low electric conductivity of the medium σex should be inspected, since it occurs
at values that are relatively close to the ones used for the stretching experiments
(electric conductivity of the medium of σex = 5 mS/m, and frequency of the elec-
tric field of fexp = 15 MHz). According to the simulations, the dip should indicate
a considerable change of σin and / or εin with decreasing σex. We consider such a
change implausible. In case the dip of the upper transition frequency f2 of MCF-
10A cells is actual fact, then f2 would closely approach fexp, resulting in a decrease
of the Maxwell tension acting on MCF-10A cells. Hence, the contrast of stretch-
ing response between the two cell lines normalized to the force applied would be
even stronger.

In conclusion, the two cell types are indistinguishable by this method, because
both cell lines showed highly similar values of the crossover frequencies.

A further analysis was carried out in order to exclude the possibility that the
dielectric properties are the determining factor for the stretching: the analysis of
the cell velocity. When a cell is positioned in an electric field, the dielectrophoretic
force of attraction to the electrodes is not the only force that is exerted on the cell.
It is necessary to take into account the drag force FF , which in our system is given
by the Stokes law:

FF = −6πηrv (4.3)
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where η is the viscosity of the fluid and v is the velocity of the cell with radius
r relative to the surrounding fluid. Thus, the movement of the cell in a fluid is
governed by:

FDEP + FF = mv̇ = FDEP − 6πηrv (4.4)

Integration of the equation 4.4 yields

v(t) = v∞(1 − e−
t

τa ) (4.5)

where v∞ = v(t → ∞) is the terminal velocity for the steady state. The charac-
teristic time of acceleration τa is usually much smaller than the typical time of
observation (∼ 1 s). For a spherical particle of mass density ρ

τa =
2r2ρ

9η
(4.6)

which is smaller than 10−6 s for cells and sub-micrometer particles. Therefore,
the particle can be considered to move at its terminal velocity, given by

v∞ = v(t → ∞) =
FDEP

6πηr
(4.7)

This means that any measurement of particle velocity is a direct measure of the

Figure 4.7: Analysis of cell velocity. Starting from a fixed distance, the time needed
by MCF-7 and MCF-10A to reach the electrode structure (black edge) was measured and
then compared to each other in order to achieve information about the dielectric properties
of the cells.

velocity induced by the force acting on the particle,
FDEP

6πηr
. In the light of the latter

consideration, we measured the time that the MCF-7 and MCF-10A cells needed
to travel a given distance (depicted with dashed lines in Figure 4.7) in order to
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obtain their velocity. The dielectrophoretic force is the only variable parameter
that can influence the terminal velocity in equation 4.7, because of its dependence
on the permittivity and electric conductivity of the cells (see Clausius-Mossotti
factor). Thus, different velocities would demonstrate that the cells have different
dielectric properties. We measured the velocity of eight cells per type. Then we
obtained the mean value (Fig. 4.8). Based on a Student’s t-test, the two population

Figure 4.8: in the microchip for MCF-
7 and MCF-10A.

are indistinguishable with 95% confidence. Therefore, the dielectric properties of
the two cell types can be assumed to be similar to each other. Thus, in the fre-
quency range observed, the differences in cell deformation are most probably not
caused by the dielectric properties of cytoplasm.

Analytical calculation of the DEP force. In order to complete our analysis
of the dielectric properties of the cells, we calculated the DEP force exerted by
the electric field on the MCF-7 and MCF-10A cells by using data from literature
[53]. The two decisive factors for the dielectrophoretic force are the real part of
the Clausius-Mossotti factor Re[fCM ], determined by the inherent electric proper-
ties of the cells, the applied frequency, and the size of the cell. In fact, the DEP
force is proportional to r3 (eqn. 2.3), where r is the cell radius. Thus, r3Re[fCM ]
determines the DEP force. It is the crucial factor to distinguish cells according
to their dielectric properties. In Figure 4.9 this factor is plotted for the two cell
lines. The values of the electric conductivity of the cells are 0.3 S / m and 0.23 S
/ m for MCF-10A and MCF-7, respectively. The permittivity used in the calcula-
tion was 50 [54]. At high frequencies the force exerted on the MCF-10A cells is
higher than the force on the MCF-7 cells, because the electric conductivity of the
MCF-10A is greater than that of the MCF-7 cells. The higher electric conductivity
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Figure 4.9: Calculation of the dielectrophoretic force acting on the two cell types.

of the MCF-10A cells continues to be the decisive factor down to frequencies of
about 20 MHz. In this frequency range the MCF-10A cells are more polarizable
than their diseased counterparts. At lower frequencies, however, the contribution
through cell size dominates over the electric conductivity and MCF-7 cells ex-
perience a higher DEP force in comparison with MCF-10A cells, as the MCF-7
cells are bigger than the MCF-10A. Therefore, a certain frequency value exists
where the curves intersect one another and at frequencies lower than this value
the DEP force exerted on MCF-7 cells is decisively higher than that on MCF-10A
cells. This behavior is strongly influenced by the cell size, which dominates the
DEP force at low frequencies. The calculation shows that slightly above 15 MHz,
which is the frequency value used in our experiments, the difference between the
DEP force exerted on the two cell types is close to zero. Note, that 15 MHz was
the maximum frequency provided by our generator. The factor r3Re[fCM ] calcu-
lated for MCF-10A cells is 227.2 fl and that of MCF-7 cells is 242 fl. Thus, at
15 MHz the force acting on the MCF-7 cells is 6.5% higher than the force on the
MCF-10A cells. This result confirms those of the other experiments described
above, that were carried out in order to analyze the dielectric properties of the
cells: Also in this simulation the difference in the polarizability between the two
cell lines is not significant. In fact, in our experiments MCF-7 and MCF-10A de-
formed 6.2% and 14.3%, respectively, and, therefore, the effect of the DEP force
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exerted on MCF-10A is 130% stronger than that on the MCF-7. This is a fur-
ther indication that the difference in the deformation between the two cell lines is
rather due to their different mechanical properties. This topic will be addressed in
the next section.

Figure 4.10: Elongation vs. field strength. A. Stress-strain curve with constant voltage
for load and unload phase (6 V and 2 V respectively) for one minute per phase. The
graphs resemble a spring-dashpot characteristic, refer to Figure 2.8. B. Stepwise increase
of the voltage every 10 s to 6 V and analogous decrease to 2 V. The arrows indicate the
step direction. In both cases, plastic and elastic deformation are observed.

Analysis of the cytoskeleton structure. The experiments described above in-
dicated that the difference in deformation between the two cell types is not caused
by the dielectric properties. The next step of our analysis was to investigate pos-
sible differences in the mechanical properties of the cytoskeleton. To characterize
the behavior of MCF-7 and MCF-10A cells, stress-strain experiments were per-
formed in two different modes: (I) a voltage of 6 V was applied for one minute,
followed by 2 V for one minute. The latter voltage was again chosen to keep the
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cells dielectrophoretically in place while it is too low to induce any measurable
deformation. (II) The second mode utilizes a stepwise operation: the load is in-
creased from 2 V to 6 V in steps of 10 seconds and 1 V each, followed by an
analogous unload phase (Fig. 4.10).
The response of the cells indicates a damping that is caused by the structure of
the cytoskeleton. This process was demonstrated by Wang [55] to be dependent
on the mechanical interactions among all three filament systems. Wang also sug-
gested that the permanent deformation might depend on chemical remodelling
due to small cytoskeletal severing, and cross-linking and bundling of proteins, all
processes associated with microfilament structures.
Both stress-strain experiments showed that the two epithelial cell lines differ in
their mechanical response to the same applied stress. The two response curves
in Figure 4.10 confirm what was already deduced from the stretching experiment
(Fig. 4.3), namely that the strain response of the MCF-10A cell is approximately
two and half times stronger than that of the MCF-7. Both cell types underwent a
partially plastic deformation in the observation time. In both experimental modes,
the relaxation part of the curves shows that 50 % of the strain relaxes in the case of
MCF-10A cells, and approximately 70 % in the case of MCF-7 cells. The differ-
ences in the deformation response of the two cell types are thought to be caused by
differences in the structure of the cytoskeletons. Consider Figure 4.10-B: During
loading, the area under the stress-strain curve represents the strain energy per unit
volume absorbed by the cell. Conversely, the area under the unloading curve is the
energy released by the cell. In the elastic range, these areas are equal and no net
energy is absorbed. But if the cell, as in this case, deforms plastically, the energy
absorbed is higher than that released. This difference is a measure of the deviation
from the elastic regime. Hence, it is clearly visible that the energy absorbed by
the MCF-7 cells is less than that absorbed by MCF-10A cells, in accordance with
the finding that they are stiffer than these nonmalignant ones.

Drugs-induced perturbations of the cytoskeleton. By the experiments de-
scribed above, it was ascertained that the difference in the deformation response
between the cancerous and noncancerous cells are caused by the differences of
the architecture of the cytoskeleton. To gain insight into how the biopolymer fil-
aments of the cytoskeleton contribute to the physical response of the cells, we
performed stretching experiments in the presence of cytoskeleton-active toxins.
Both cell lines were treated with either latrunculin A or colchicine, inhibitors of
actin and microtubule polymerization, respectively [56–58]. The experimental
data were fitted using the function in equation 4.2. These results are shown in
Figure 4.11 and the fit parameters were:
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Figure 4.11: Drug-induced changes in the stretching behavior of MCF cells. (Top) Effect
of latrunculin treatment (1 µM for 1 h). Both MCF-7 and MCF-10A cells became softer
after the treatment and their respective maximum strain increases by about 110% for the
MCF-7 cells and by 65% for the MCF-10A in comparison with that measured in the
absence of the drug (dashed curves). Nonetheless, MCF-7 cells remain to be stiffer than
MCF-10A cells without drug. (Bottom) Effect of colchicine treatment (2.5 µM for 2 h).
The difference between the two cell types vanishes. This indicates a strong involvement
of microtubules in causing a different response of the cells.
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Latrunculin
Cell line τ p q

MCF-10A (5 ± 1) s (9 ± 1) x 10−2 (2.6 ± 0.2) x 10−3

MCF-7 (8.7 ± 1.7) s (9.7 ± 1.2) x 10−2 (0.5 ± 0.2) x 10−3

Colchicine
MCF-10A (7 ± 2) s (16.6 ± 1.8) x 10−2 (1.7 ± 0.4) x 10−3

MCF-7 (7.7 ± 1.1) s (16.1 ± 1.4) x 10−2 (2.0 ± 0.3) x 10−3

As Figure 4.11 exhibits, after the latrunculin A treatment both MCF-7 and MCF-
10A cells appeared considerably softer, i.e. the strain increased. Although the
strain of MCF-7 cells increased by approximately 110 % and that of MCF-10A
by 65 %, the MCF-7 cells remained stiffer than the MCF-10A cells, so that the
difference in deformation was maintained. This experiment demonstrates that
actin influences the response to mechanical deformation, but it is not the crucial
component that determines the difference between the deformation of the two cell
types in our system. In contrast, the colchicine treatment resulted in a softening of
both cell lines such that the response of MCF-7 and MCF-10A cells to stretching
became indistinguishable. These results indicate that in our case primarily micro-
tubules are responsible for the differences in electric deformation.
Our analysis of the mechanical properties of MCF-7 and MCF-10A are in accor-
dance with results reported in literature. Janmey [37] asserts that when the de-
formation of cytoskeletal microfilaments is measured under constant stress shear,
F-actin can maintain an approximately constant strain for a long time in the pres-
ence of a relatively large stress shear. When the stress is relieved, F-actin recovers
to very near by its prestress conformation. In contrast, microtubules were highly
strained by a low stress, and the deformation increased significantly and contin-
uously with time. Moreover, when the stress is removed, microtubules do not
recover their prestrain shape, but rather exhibit unrecoverable strain characteris-
tic of a viscous fluid. In the light of these considerations, it is safe to assume
that the stretching in the MCF-7 and MCF-10A cells is mainly determined by the
microtubules.
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Figure 4.12: Mean value of the stretching of L-929 and 3T3 fibroblast cells.

4.3.2 Analysis of fibroblast cells
For further validation of our newly developed device, the response to electric de-
formation was also analyzed by means of the dielectrophoretic stretcher in an-
other pair of adherently growing, nonmalignant and malignant cell lines. Using
the same set-up 3T3 and L-929 fibroblast cell lines were stretched and their re-
spective elongation was measured. It is known that these two fibroblast cell lines
show different tumorigenic behavior - 3T3 cells can be considered nonmalignant
while the L-929 are malignant cells [23–25]. They showed different reactions
when they were stretched by the electric field (Fig. 4.12). However, by averaging
over all data from measured cells, valuable information is lost which is possible
to retrieve from the analysis of the individual cells. Therefore, a cell by cell as-
sessment was chosen to elucidate the particular behavior of the L-929 cells in the
electric field. In Figures 4.13 and 4.14 the reactions of eight single cells per cell
type are depicted.
In contrast with 3T3 cells that undergo a continuous deformation over the observa-
tion time, L-929 cells show a reaction to the electric force that is composed of an
initial lag phase without any visible reaction followed by a step deformation after
varying times and of different durations. This feature allows to clearly distinguish
between the two fibroblast types. The deformation of the L-929 cells during the
time of exposure to the electric field is always smaller than that of the 3T3 cells.
The mean values of the deformation of the two cell lines shown in Figure 4.12



4.3 Stretching of adherent cell lines 53

Figure 4.13: Stretching of single 3T3 fibroblast cells.
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Figure 4.14: Stretching of single L-929 fibroblast cells. The cells do not deform continu-
ously over the time, but show a behavior in the electric field that is clearly different from
that of 3T3 fibroblasts (see Fig. 4.13).
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provide a helpful overview of the cellular stiffness. The L-929 cells turned out to
be stiffer than the 3T3 cells. Again, as in the case of the MCF cell lines detailed
above, the nonmalignant cells are considerably softer than the malignant cells
when they are deformed by an electric field. These experiments are an additional
confirmation that our technique can be used to characterize different cell lines for
distinguishing between cancerous cells and their nonmalignant counterparts.

4.3.3 Mesenchymal cells
As a third cellular test system of adherent cells, we analyzed mesenchymal cells
with our technique. These cells were directly obtained from biopsy samples from
human knee tissue. This tissue is assumed to contain stem cells while the majority
of cells is of fibroblastic type. The idea, therefore, was to investigate whether the
stem cells could be identified by potential differences in their stretching response
as compared to the fibroblasts and other cell types. No significant electric elon-
gation was visible with applied voltages of up to 6 V. Further variations in the
electric force exerted only led to membrane breakdown and subsequent bleb for-
mation. Later analysis of the samples by conventional techniques indicated that
they actually did not contain stem cells.

4.4 Stretching of suspension cell lines
In the following chapter we turn from employing the dielectrophoretic stretcher
for characterization of adherent cells to that of suspension cell lines. Here, our
main aim was to investigate the influence aging culture medium has on the me-
chanical properties of the cells. The standard cell culture procedure is to split cells
in culture every three days, i.e., the cells are usually supplied with fresh medium in
this interval. For our analysis, we compared cultivation durations without splitting
for up to five days. In order to investigate the influence of the cultivation duration
on the viscoelasticity of the cells, we dielectrophoretically stretched samples of
cells for 90 s on the days two to five. Since suspension cells exhibited a greater
electric sensitivity in comparison with adherent cell lines, the voltage applied in
these experiments was 4 V instead of 6 V. Three different cell lines served as
model systems for the examination of the response to the dielectrophoretic defor-
mation: HL-60, U-937 and Jurkat cells.
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4.4.1 Analysis of HL-60 model system
In order to gain a better insight into the influence of the cultivation duration on
the viscoelasticity of the cells, we analyzed the dielectrophoretic stretching on a
single-cell level as a measure of the mechanical properties of HL-60 cells. The
experiments showed that the cellular stiffness effectively depends on the cultiva-
tion duration: The longer the cells were cultivated without splitting, the softer they
appeared in the electric field (Fig. 4.15). The next step was to prove that the dif-

Figure 4.15: Deformation vs. time of HL-60 cells at different cultivation days. The
concomitant loss in cellular rigidity is clearly visible.

ferences in the stretching response were due to changes in the medium occurring
over time. For this approach, we transferred the “used-up” medium of cells that
had been in culture for four days to “fresh” cells that had been cultivated for only
one day. In a separate second assay, four-days-old cells were supplied with fresh
medium. In both cases, the stretching was measured 24 h later. We found that the
five-days-old cells in fresh medium were stiffer than control cells that had been
without fresh medium for five days (Fig. 4.16-B). Conversely, two-days-old cells
in “old” medium appeared softer to the electric deformation than control cells in
two-days-old medium (Fig. 4.16-A). The purpose of medium change in cell cul-
ture is to maintain the correct pH value and to replenish nutrients. Therefore, these
two factors were separately investigated next to determine which of them causes
the change in the cellular stiffness of HL-60 cells.
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Figure 4.16: Change in the stretching behavior of HL-60 cells in the course of several
cultivation days is due to effects of altering medium composition. A. Experimental data of
cells stretched on the second cultivation day. These two-days-old cells were either grown
in fresh (2d-old) medium or in five-days-old (i.e. depleted) medium. The latter exhibit
a clearly reduced cellular rigidity, in particular in the first 40 s of the stretching. B. Cell
stretching on the fifth cultivation day. These cells had either been exposed to the same
medium for five days without exchange (“old medium”) or they had been supplied with
fresh medium 24 h before the measurements (“fresh medium”). A tendency towards an
increased stiffness is visible in the experiments employing the cells supplied with fresh
medium. This is interpreted as a recovery from the effect of old medium.

Influence of the pH value. The pH value of the cell culture medium was
measured daily for five cultivation days. The values decreased from 7.6 to 7.1
(Fig. 4.17). This gradual shift in the pH value was simulated in fresh medium by
adding hydrochloric acid (HCl). Thus, fresh medium was obtained with the same
pH value as that of the five-days-old medium (7.1). In this case, one-day-old and
four-days-old cells were cultivated for 24 h. Subsequently, they were stretched
and the results compared with the corresponding data shown in Figure 4.16. From
these experiments, the two following conclusions could be drawn: as depicted in
Figure 4.18-A, two-days-old cells in fresh medium with the pH value of five-days-
old medium were stiffer than two-days-old cells that had been cultivated for 24 h
in five-days-old medium (with the corresponding pH value of 7.1). Conversely,
five-days-old cells in fresh medium (pH 7.6) and in fresh medium with the pH
value of five-days-old medium (pH 7.1) showed comparable results, although in
both cases the cells were in fresh medium (Fig. 4.18-B). These results show that,
in the range investigated, the pH value was not the factor responsible for varia-
tions of cellular rigidity. Instead, the rigidity was apparently influenced primarily
by whether the medium was fresh or not, irrespective of its pH value. Therefore,
other parameters of the medium that change over time had to be tested next.
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Figure 4.17: The pH value of cell culture medium measured during cultivation for five
days without intermittent cell splitting. A continuous acidification becomes apparent.

Figure 4.18: A. HL-60 cells on the second cultivation day in either five-days-old medium
(open circles) or in pH-reduced fresh medium (full triangles) respectively. The two media
had the same pH value, but different effects on the cellular stiffness. The fresh medium
was the decisive factor in the HL-60 cell rigidity, as shown in B. Here, the two five-days-
old HL-60 populations exhibited the same dielectrophoretic deformation, although the pH
values of the media were different. Both cell samples were cultivated for 24 hours in fresh
medium.
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Figure 4.19: The continuous fresh medium supply leads to constant cellular mechanical
properties. For comparison, the loss in the rigidity of the HL-60 cells after cultivation for
two days without medium exchange is also shown (Old 2nd Cd). Error bars omitted for
clarity.

Influence of nutrient depletion. The next step was to investigate whether the
differences in the stretching behavior of HL-60 cells were caused by nutrient de-
pletion of the medium. For this purpose, we daily removed the old medium on five
consecutive cultivation days and supplied the cells with fresh medium. This was
achieved using microtiter plates and well-inserts with 1 µm pore size. Every 24 h,
a sample of the cells was stretched. No difference was observed in the resulting
deformation curves (Fig. 4.19). This in turn strongly suggests that the change in
viscoelasticity of the HL-60 cells in our experiments is primarily determined by
nutrient depletion.
We now corroborate these findings in HL-60 cells by extending our analysis to
other suspension cell lines.

4.4.2 Analysis of further suspension cell lines
In order to strengthen our analysis of the change of cellular properties due to
aging medium, we carried out stretching experiments with two other cell lines:
U937 and Jurkat cells. Again we investigated the influence of the cultivation day
on the viscoelasticity of the cells. Figure 4.20 shows the results of the stretching
of these cell lines. It is clearly visible that the aging medium has not the same
effect on these cell types as on HL-60 cells. The mechanical properties of the
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Figure 4.20: Deformation response for U937 and Jurkat cells. It is clearly visible that the
aging medium has not the same effect on these cell types as on HL-60 cells.

Jurkat cells fluctuate between maximal and minimal deformation values over the
time. It was not possible to stretch these cells on the fifth cultivation day because
of breakdown of their cellular membrane. Probably this was due to weakening
of the cells caused by aged medium. U937 cells presented only little variation
of their mechanical properties over the five cultivation days (see Fig. 4.20). The
greatest difference occurred on the third and on the fifth cultivation day.

These additional experiments show that the influence of the aging medium on
cells also depends on the cell type. HL-60 cells are leukocytes, Jurkat cells are
lymphocytes and U937 are cells of lymphoid tissue. In conclusion, the results
presented in this paragraph underline that extensive care has to be taken in cell
culture in order to guarantee reproducible outcomes. The important lesson to be
learned from this section is, that it is significant to maintain absolutely constant
conditions in cell culture in order to obtain reproducible and reliable data.

4.5 Analysis of chip heating
The application of electric fields as described implies that Ohm’s heating is in-
duced in the fluid and in the cells and that the temperature might markedly rise in
a small sample volume. An appropriate evaluation is very important for experi-
ments with biological systems, because a temperature rise could lead, for example,
to denaturation of material components or to the induction of heat-related stress
proteins, like HSP and other chaperons.
In order to estimate the increase in temperature ∆T in our system caused by the
electric field, we employed infrared (IR) thermography to analyze the temperature
distribution on the chip. In our view, this choice is more appropriate than using,
for example, a resistance temperature sensor. Its introduction into the fluid in the
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Figure 4.21: Top view of an infrared photograph. It was obtained for a 20 µm gap width.
The electric conductivity of the buffer was 1.4 S / m.

silicone trough could itself influence the measurements. We filled the trough on
the chip with buffer and carried out the temperature measurements as described in
chapter 3. Multiple measurements were taken, systematically varying the values
of the following parameters: the voltage, the gap width between the electrodes
and the buffer conductivity.
Figure 4.21 shows a typical image as obtained from the entire chip area, which

measures less than one square centimeter. The electrode edges were depicted by
the dashed lines. As expected, the temperature reaches its maximum value be-
tween the microelectrodes. The maximum temperature value Tmax of each ther-
mal map was extracted. Then the resulting data were fitted to

T = T0 + ∆T with ∆T = kσU2 (4.8)

where T0 is the ambient temperature. k depends on the geometry and on the
medium thermal conductivity. Through the fitting, the values of k for the two
given geometries were derived :

• k20 = (0.65 ± 0.09) °C m / W

• k35 = (0.89 ± 0.09) °C m / W.

By means of these parameters values and using the eqn. 4.8, the temperature that
has to be expected can be estimated for any given voltage and fluid electric con-
ductivity. Concluding from the two k-values found, the increase in temperature in
the 35 µm structure is clearly greater than that in the 20 µm structure under other-
wise equal conditions. The reason is that the same amount of thermal energy fed
into a smaller system is much better dissipated due to its high surface to volume



4.5 Analysis of chip heating 62

Figure 4.22: Plot of the isotherm of 37 °C for the case of the 20 µm gap width according
to eqn. 4.8. The dashed lines indicate the buffer electric conductivity used in our experi-
ments (0.005 S / m, green) and the voltage of 6 V that was mainly employed (blue). Our
observations of cell stretching were made far in an uncritical region of T < 37 °C.

ratio. This relationship is described by Fourier’s law of heat conduction:

Q = λ · S

d
· ∆T (4.9)

where λ denotes the thermal conductivity. At a distance d from the surface S,
a temperature rise of ∆T relative to the environment occurs inside the heated
volume. Thus, reducing the dimensions of the system results in a lower temper-
ature increment. This is an additional argument for our choice of a gap width
of 20 µm. Employing the characteristic k value, the eq. 4.8 was used to plot
σ(U) for the 20 µm gap and for T = 37 °C constant (Fig. 4.22). This isotherm
is depicted in the graph. It divides the plane into two temperature areas: one of
T < 37 °C, at low voltages and electric conductivities and vice versa. The first
of these two covers a suitable parameter space when working with live cells. In
order to remain within the safe temperature zone based on this calculation, 6 V,
i.e. the voltage used during the stretching experiments, allows for a maximum of
the electric buffer conductivity σ = 0.25 S / m, marked in the graph by the blue
dashed line. This value is 45-fold higher than that of the buffer that we used in
our experiments. The graph can also be interpreted for a given electric conductiv-
ity of 0.0055 S/m (marked in the graph by a green dashed line). In this case, the
voltage that can safely be applied without probable thermal damage to the cells
far exceeds that used in our experiments. For instance, much higher electric field
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Figure 4.23: Staining of actin and cell nucleus of MCF-10A (A) and MCF-7 (B) by
means of phalloidin (red) and DAPI (magenta) respectively. The scale bar is 10 µm.

strengths could be applied without cell damage. So, our newly developed dielec-
trophoretic stretcher works in an ample parameter space that is safe to use also
with other cell lines.
The measurements of the temperature distribution on the surface of our chip and
the isotherms calculation showed that in the voltage and the buffer electric con-
ductivity range that we used, our system produces only a small temperature incre-
ment. The parameter set selected ensures that the heating is far from harmful to
mammalian cells, i.e. beyond the 37 °C limit, and, therefore, negligible.

4.6 Visualization of cytoskeleton structures
during stretching

The final section of this chapter focuses on the visualization of cytoskeletal fila-
ments during the stretching in the electric field.
Convenient methods were developed to stain cytoskeletal structures in fixed and

living cultured cells. We employed different staining procedures for the actin fil-
aments and the microtubules of MCF-10A and MCF-7 cells. In Figure 4.23 the
results of the fluorescence staining of cellular nucleus and actin filaments are seen
for MCF-10A cells, on the left, and MCF-7 cells, on the right. According to the
corresponding protocols, the cells were fixed and then stained using Phalloidin
for the actin filaments and DAPI for the nucleus. As is visible in the figure, the
F-actin filaments in both cell types extend through the whole cell.
In order to visualize microtubules, we labelled the cell lines by transfecting them

with α-tubulin-GFP-construct. Together with β-tubulin, α-tubulin is the subunit
that forms tubulin dimers, the basic structural units of microtubules.
GFP is a fluorescent protein tag, that can be linked to almost any protein including
cytoskeletal proteins. It serves as a visual reporter of dynamic events occurring
in living cells. On the contrary, labeling cytoskeleton with fluorophores such as
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Figure 4.24: Visualization of microtubules of GFP-transfected MCF-10A (A) and MCF-7
(B). The scale bar is 10 µm.

rhodamine needs fixed cells, i.e. dead cells. Cells transfected with GFP were pre-
viously reported to display viscoelastic properties identical to nontransfected cells
[59].
Five days after the transfection, an optimal visualization of the tagged protein was
obtained. In Figure 4.24 GFP-transfected MCF-10A and MCF-7 cells are shown.
The images were collected using a confocal laser scanning microscope (clsm).
The differences in microtubule distribution in the two cell types is clearly visi-
ble: in the MCF-7 cells microtubules were spooled around the cellular nucleus,
whereas in the MCF-10A they stretched through the whole extent of the cell as
they were positioned parallel to each other.
We stretched the fluorescent cells while recording the experiments. For the exper-

iments, we used a high resolution microscope objective (100 X water immersion
objective).
Figure 4.25 shows the microtubules of a transfected MCF-7 cell, which were vis-
ible during the stretching by the electric field. In comparison with the micro-
tubules organization of the adherent MCF-7 cell showed in Figure 4.24-B, the
microtubules of the MCF-7 cell in suspension appeared as an irregular filamen-
tous network rearranged in the volume.

MCF-10A cells were also stretched in the electric field after being transfected.
In this case, it was not possible to recognize the microtubules as a group of individ-
ual filaments as in the case of the MCF-7 cell. During the stretching of MCF-10A
cells the interior of the cell was visible as a homogeneous fluorescent volume. It
could depend (I) on the different microtubules organization of the MCF-10A cells
in comparison with MCF-7 cells and (II) on nonoptimal observation condition.
(I) Referring to Figure 4.24, we suppose that after cell trypsinization, the paral-
lel organization that the microtubules have in MCF-10A cells can not take place
and the microtubules collect them in a compact mass. On the contrary, the micro-
tubules of the MCF-7 probably maintain a spool form.
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Figure 4.25: Visualization of GFP-transfected microtubules in a MCF-7 cell during
stretching in the electric field E, the direction of which is depicted in the figure. The
microstructures are already visible at the beginning of the experiment. After 60 s it is still
possible to observe the filaments.

(II) The images of Figure 4.24 were collected using a confocal microscope, which
has the advantage to collect light from a narrower z-section (along the optical
axis) in comparison with a convectional microscope. This is achieved by exclud-
ing most of the light from the specimen apart from the microscope’s focal plane,
obtaining a better contrast. On the contrary, the convectional microscope, like the
one we used, detects both focused and unfocused image components. This could
be the explanation for the fluorescent haze visible in the interior of MCF-10A cell
and that probably made microtubules invisible. It was not possible to carry out the
stretching experiments using the confocal microscope, because the set-up of our
chip was not suitable for inverted microscope.

After 60 s that the cell was stretched in the electric field, no modifications of
the distribution of the microtubules were visible. We assume, that both the polar-
ization of the cell interior due to the electric field and the mechanical deformation



4.7 Integration into a microsystem 66

did not cause large changes in the structural organization of the analyzed cell,
when it is stretched up to 10% of its size. In the light of this result, our new tech-
nique results to be noninvasive, preserving the integrity of the cellular structures.

The result obtained with these experiments shows that combining GFP-trans-
fection with the dielectrophoretic stretching various molecular events in living
cells can be visualized. This allows the study, for instance, the effects of drugs
on the structure of the cytoskeleton as well as on other cellular components. Such
studies can be helpful to verify the effectiveness of specific treatments.
The dielectrophoretic stretcher can be considered a technique compatible with op-
tical investigation for studying the behavior of a cell’s internal components during
mechanical deformation, without damaging the analyzed cell.

4.7 Integration into a microsystem
The last important step of our work described in this thesis is the integration of
the dielectrophoretic stretcher into a microfluidic system (Fig. 4.26).
The microfluidic device shown in Figure 4.26-A was manufactured as follows:

Figure 4.26: Integration of the dielectrophoretic stretcher into a microfluidic device. A.
The microchip basically consists of a glass plate equipped with microelectrodes (visible
in the figure). The glass plate adheres to a polymer structure that forms the channel. The
microelectrodes are connected with the generator via the green circuit board. B. Integrated
dielectrophoretic stretcher elements. Four electrode pairs with different gap widths were
processed. Other manipulation units are also visible in the figure. The triple branched
outlet is ideal for a sorting operation.

The electrodes were processed on a glass slide by photolitography. The chan-
nel was moulded on a polydimethylsiloxane (PDMS) slide, which is a biocompat-
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ible material. These two slides were sandwiched and mounted on a Polymethyl-
methacrylate (PMMA) carrier in order to obtain a stable structure. The PMMA
carrier also serves as support for the fluidic connection, e.g for standard HPLC-
tubes, and for the green circuit board, which is the interface between the external
generator and the microelectrodes.
Figure 4.26-B shows an enlarged view of the flow channel with the electrode
structures of the dielectrophoretic stretcher. The electrode arrangement and the
channel geometry were designed with the help of a CAD software (AutoCAD,
Autodesk, Inc.). Different electrode gap widths, e.g. for different cell types, were
processed in the chip. The electrode structures positioned between the inlet and
the stretchers are dielectrophoretic units useful for hydrodynamic pumping, align-
ing and positioning of cells. The triple branched microfluid channel provides three
outlets. By positioning electrode pairs at the branching point, it is possible to sort
cells by deflecting them towards the outlet of interest. Into the microsystem de-
scribed here, which was the first one to be technically realized, the outgoing de-
flector electrode pairs were not processed, because of a communication problem.
Lacking the sorting unit, the device did not allow to carry out experiments. The
design was suitable for stretching in a microfluidic device, but it needed techni-
cal correction in the processing procedure to permit an optimal combination of
the novel stretcher with dielectrophoretic manipulation units for aligning, sorting
and positioning of cells. Because of the time required to provide a new processed
structure, it was not possible for us to make the correction.

The realization of this microsystem device shows that the entire cell process-
ing lines can be established in a chip format.
Nowadays substantial progress has been achieved in processing microelectrodes
into microsystem. This allows the integration of the dielectrophoretic stretcher
into a microfluidic device by using inexpensive methods.
The design optimization of chips like our stretcher with a simple set-up and a
considerable throughput is the logical next step forward.
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Conclusions

Non-uniform electric fields applied to a cell suspension give rise to polarization
effects of the charges in the cells that induce translational motion of these cells.
This phenomenon is called dielectrophoresis and can be exploited to guide cells
towards the region of interest. Related to this effect is the dielectrophoretic elon-
gation of cells between two microelectrodes which generate the electric field.
By using the dielectrophoretic force induced on the cells by the electric field,
we developed a technique to characterize the mechanical properties of different
cell types and to distinguish them according to their stiffness. The main results
obtained by the experiments that we carried out and described in this thesis are
highlighted in the following. They can be summarized in four major points:

• by stretching a relatively small number of cells from two pairs of adher-
ent cell lines, each with malignant-nonmalignant feature, reliable data were
obtained that allowed unambiguous distinguishing between cancerous and
noncancerous cells (section 4.3)

• by stretching suspension cells cultivated for different durations, it was shown



Conclusions 69

that a relation between the cellular stiffness and the aging of the culture
medium existed (section 4.4)

• the analysis of the chip heating by using infrared thermography proved the
suitability of this technique for working with biological cells (section 4.5)

• the visualization of the microtubules of the cells during the stretching in the
electric field demonstrated that the dielectrophoretic stretcher is compatible
with optical investigation of the effect of the mechanical deformation on the
internal structures of the cell (section 4.6)

• the integration of the dielectrophoretic stretcher into a microfluidic system.

In the following, the main conclusions from each of these points will be summed
up

In section 4.3 we describe the application of the dielectrophoretic stretcher
to four cell lines of two different types. We analyzed a pair of human cell lines,
one of cancerous origin (MCF-7) and the other one derived from related non-
cancerous tissue (MCF-10A), as well as a pair of animal cell lines, one of ma-
lignant origin (L-929) and the other one of nonmalignant origin (3T3). Based on
a relatively small number of cells, reliable data were obtained that allowed un-
ambiguous distinguishing cells of each pair. In both cases, nonmalignant cells
turned out to be softer than their malignant counterparts. A detailed analysis of
the dielectric properties of the human cells using dielectrophoretic spectroscopy
showed that the differences in the stretching response are not the result of differ-
ences of the polarizability of the two cell types. Instead, the stretching response
appears to be mainly determined by cell-specific mechanical properties. In or-
der to deduce which parts of the cytoskeleton of the two cell types are mainly
responsible for the different stretching behavior, two cytoskeleton-specific toxins
were applied to the human cells during the measurements. Addition of latrunculin
A, which inhibits actin polymerization, leads to comparable relative changes of
the deformation response of both cell types. The use of colchicine, which blocks
microtubule polymerization, softened both cell types, so that they exhibited ap-
proximately identical absolute strain values. This indicates that differences of the
microtubule structures of the two types are the cause for their different response
to dielectrophoretic stretching.

Section 4.4 focuses on investigating the influence of aging culture medium on
the mechanical properties of suspension cells. Three different cell lines served
as model systems for the examination of the response to the electric deformation:
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HL-60, U-937 and Jurkat cells. Comparing the response to stretching after culti-
vation durations without splitting the cells of up to five days, we obtained data that
clearly showed that the cellular stiffness effectively depends on the cultivation du-
ration. The pH value and the culture medium depletion were identified as potential
factors responsible for the different deformation over time. A detailed analysis of
the influence of the pH value on the mechanical properties of HL-60 cells was
carried out. These results showed that the rigidity was primarily influenced by
whether the medium was fresh or not, irrespective of its pH value. Thus, in the
investigated range, the pH value has not any influence on the cellular rigidity. In
order to verify this result, we analyzed the response to stretching of cells, which
were continuously supplied with fresh culture medium for the entire cultivation
duration. The results of this last experiment strongly suggest that the changes in
the stiffness of the HL-60 cells in our experiments were primarily attributable to
nutrient depletion.

Section 4.5 describes the analysis of Ohm’s heating induced in the sample
volume and the possible temperature rise in the small volume of sample. In order
to estimate the increase in temperature ∆T in our system caused by the electric
field, we employed infrared (IR) thermography to analyze the temperature distri-
bution on the chip. Multiple measurements were taken, systematically varying
the values of the following three parameters: the voltage, the gap width between
the electrodes and the buffer conductivity. The measurements of the temperature
distribution on the surface of our chip and the subsequent isotherms calculation
showed that our system produces only a neglegible temperature increment in the
voltage and buffer electric conductivity range chosen for the stretching experi-
ments. The parameter set selected for our experiments ensures that the heating is
far from being harmful to mammalian cells, i.e. it is well within the 37 °C limit.

The section 4.6 focuses on visualizing cytoskeleton structures during stretch-
ing by the electric field. We used fluorescent labeling of the cells by GFP trans-
fection. Then we applied our dielectrophoretic stretcher to the cells as detailed
before, and this allowed the visualization of the microtubules of the cells. No vari-
ations of the structures were observed during the stretching. This result demon-
strates the noninvasiveness of our technique. By using GFP to visualize various
molecular events in living cells, the dielectrophoretic stretcher can be considered
a suitable technique for allowing simultaneous visualization for studying the be-
havior of a cell’s cytoskeleton during mechanical deformation, without causing
damage to the cells.

The final section 4.7 describes the integration of the dielectrophoretic stretcher
into a microfluidic system. Different electrode gap widths, e.g. for different cell
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types, were processed in the chip. The design of the structure was suitable for
stretching analysis in a microfluidic device. In the first system, which was techni-
cally realized, the outgoing deflector electrodes were not processed. Lacking the
sorting unit, the device did not allow to carry out experiments. It was not possible
for us to process a new chip within an acceptable period.

The experimental results described in this thesis clearly demonstrate the enor-
mous potential of the novel dielectrophoretic stretcher. It was proven to be a
reliable method to unambiguously distinguish between cells according to their
different mechanical properties. These results underline that our newly developed
dielectrophoretic stretcher can be promising for biotechnology and biomedical
applications.
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Outlook

The results presented in this thesis indicate considerable potential for future de-
velopments of the project. The next steps to be undertaken can be categorized
under biological (B) and technical (T) aspects.

The biological issues comprise the following subtopics which are explained in
more detail in the next paragraphs:

B1. validation of the method to establish its suitability for diagnostic purposes

B2. additional studies of cellular mechanical properties by means of a ramp
stress and a pulse train

B3. the analysis of intermediate filaments in order to complete the cytoskeletal
structures analysis

To B1) Method validation by using primary cells. This first subtopic con-
cerns the validation of the method of distinguishing between malignant and non-
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malignant primary cells.
Throughout this investigation, we worked with cell lines. The reason for this
choice was that they are easily available and can be grown in cell culture for ex-
tended periods of time with very little effort. In contrast, primary cells, i.e. cells
that are taken directly from living tissue (e.g. biopsy material), are only capable of
not more than one or two divisions in vitro at best. In addition, they are difficult to
obtain, since the procedure of their extraction is subject to considerable legal re-
strictions. However, primary cells represent a closer approximation to the in vivo
situation than cell lines. Thus, we see the validation of our method by analyzing
primary cells as an important step for establishing its suitability for successfully
identifying cells. This could for example be accomplished by characterizing cells
obtained from a biopsy sample according to their mechanical properties and then
by comparing the outcome of the stretcher measurements with the results of dis-
ease (e.g. cancer) specific stainings.

To B2) Mechanical properties of cells. One part of this thesis is formed by re-
sults of stress-strain experiments, carried out to characterize the mechanical prop-
erties of the cytoskeleton. In this case, the stress applied on the cells was a single
voltage step. Additional information on the mechanical properties of cells can be
obtained from (I) stress-strain experiments by applying a ramp stress instead of
a step stress and (II) the application of a pulse train, each pulse of which is of
constant voltage and short duration. The experiment (I) yields information about
the strength of the material. From it, it is possible to analyze the elastic regime
of the cells and the transition to the plastic regime. Furthermore, the result can
provide an approximate value of the Young modulus.
By applying a pulse train (II), the cells undergo continuous load and unload
phases. The resulting data may give a deeper insight into the plastic regime, for
example whereas the permanent deformation increases or remains constant over
the observation time during the application of the pulse train.

To B3) Intermediate filaments. In this work, only the contributions of the actin
filaments and of the microtubules to the dielectrophoretic deformation were an-
alyzed. In future, the study of the behavior of the intermediate filaments during
stretching in the electric field will be considered. Using depolarizing chemicals
that are specific for intermediate filaments, e.g. acrylamide, might yield further
interesting results.

Another direction of future work on our newly developed dielectrophoretic
stretcher could be the technical development of the microsystem.
In paragraph 4.7, we presented the first stretcher integrated into a microfluidic
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device. The future development of the device is intended to realize a microsystem
device in which the entire cell analysis can be carried out automatically in a chip
format: the cell suspension flows into the channel of the microdevice, the cells
are individually trapped and deformed by the stretcher units and the deformation
is analyzed. After the evaluation, each identified cell is transported towards its
corresponding outlet. Thus, the cells can be sorted according to their cellular state
(e.g. malignant, nonmalignant). For this purpose, we plan to develop:

T1. an algorithm for automatic deformation analysis

T2. a specific sorting unit

To T1) Algorithm development. The automated evaluation requires an algo-
rithm that quickly and effectively analyzes the frames of the digital recording of
the stretching experiments and subsequently controls the sorting unit. In order to
develop the evaluation algorithm we intend to combine

• image processing tools for edge detection of a commercial software

• a procedure to evaluate the deformation

For the second point, we intend to take into consideration the procedure for evalu-
ating the deformation amplitude described by Engelhardt and Sackmann [60]. The
procedure will be customized for our purpose. A brief description of the expected
operating mode will be sketched in the following. The stretching experiments are
recorded by a digital camera and, by means of the commercial software, in each
recorded frame the cell between the microelectrodes of the stretcher is detected.
In the frame corresponding to t = 0 s, a line that includes the diameter of the cell
is selected and maintained in each subsequent frame (Fig. 6.1). The deformation
amplitude of the cell can then be determined by cross-correlating the intensity pat-
tern of the line at t = 0 s with the intensity pattern of the line from each later image.
This amplitude is finally compared with a threshold amplitude (characteristic of
the analyzed cell type) and the cell is, thus, identified.

To T2) Sorting unit. The function of the sorting unit in a microfluidic system
is to efficiently select the cells in order to allow a homogeneous cell collection for
subsequent processing.
In a dielectrophoretic system the sorting unit is composed of microelectrodes (de-
flectors) that deflect the cells towards a selected outlet and the sorting of the an-
alyzed particles occurs according to their different dielectric properties or their
different size.
In our system, the cells have to be sorted according to their deformation degree
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Figure 6.1: Representation of the image processing. From each frame, a pixel line will be
extracted (red dashed line). By cross-correlating the intensity distribution along the line
in each frame, the deformation amplitude will be obtained.

and, thus, the deflectors have to be controlled according to the evaluation proce-
dure. An appropriate electrode configuration to realize the intended sorting unit
was presented by [61] and is shown in Figure 6.2. This switch element is com-

Figure 6.2: Electrode configuration
used as switch element by Kirschbaum
in [61]. This element consists of a cen-
tral peak electrode (D1) and two de-
flection electrodes for sideward guid-
ing (D2 and D3). For more details, see
text. The width of the electrodes is 15
µm.

posed of a central peak electrode (D1) and two deflection electrodes for sideward
guiding (D2 and D3). Depending on which of the three electrodes is inactive,
an approaching cell is directed individually and very quickly to one of the three
downstream outlets, from where it can be collected for subsequent purposes. Sup-
posing that the cells, the deformation amplitude of wich exceeds the threshold
value, have to be collected in outlet 1 (see Fig. 6.2), the evaluation procedure
will send a signal to the generator to switch off the deflector D3 when the cell ap-
proaches the switch. Thus, the cells are properly separated. The efficiency of the
procedure for sorting cells of different types will be verified by means of stains
specific for the analyzed cells. We also intend to verify the harmlessness of the
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system by cultivating the collected cells and observing their vitality.

Figure 6.3: Schematic representation of the dielectrophoretic stretcher integrated into a
chip for automatic process. For description see text.

Figure 6.3 shows a scheme of the entire microsystem for an automatic cell
analysis. The positioning unit directs cells to the stretcher unit. When a cell is
trapped by the electric field between the microelectrodes, the pump is switched off
in order to avoid that other cells accumulate between the stretcher electrodes. The
cell is then stretched and the experiment is recorded. The evaluation procedure
identifies the cell and drives the generator to switch the corresponding deflector
electrodes on or off. The pump is again switched on, so that the analyzed cell
reaches the switch element and another cell is trapped by the stretcher electrodes.

According to our results (chapter 4), our dielectrophoretic stretcher can un-
ambiguously distinguish between malignant and nonmalignant cells already after
having analyzed 25 cells. The duration of the experiments described in this thesis
was 60 s, but the results showed that the differences in deformation of the investi-
gated cells already became visible after 10 s stretching. We intend to optimize the
process in order to reduce the analysis time to 10 s. It the light of these consider-
ations, the microsystem that will be developed in the future will be able to distin-
guish between malignant and nonmalignant cells in five minutes. The advantage
of this system over time-consuming identification methods (staining procedures,
for instance) makes of our integrated stretcher a highly promising tool.
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AC alternanting current
Cm membrane electric capacitance
d distance
DC direct current
DEP dielectrophoresis
E Electric field
F Force
f frequency
Fi,i=1,2,3 force plateaus
fi,i=1,2 crossover frequency
FDEP dielectrophoretic force
fex experimental frequency
FF drag force
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Ge elastic modulus
GFP green fluorescent protein
Gm membrane electric conductivity
Gp yield stress
j imaginary unit
k thermal and geometrical factor
K(ω) Clausius-Mossotti factor
l length
m dipole moment
q electric charge
Q heat conduction
r cell radius
Rex external medium resistance
Re[fcm] real part of Clausius-Mossotti factor
Rin internal resistance
Rm membrane resistor
S surface
T temperature
T0 ambient temperature
v cell velocity
v∞ terminal velocity for the steady state
Vrms, V voltage amplitude

α dispersion region
β dispersion region
∆ delta operator
γ dispersion region
ε permittivity
ε cell deformation
εin internal permittivity
εo permittivity of free space
η viscosity
λ thermal conductivity
ηe viscosity of elastic element
ηp viscosity of plastic element
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ρ mass density
� deformation of viscoelastic element
σ(ω) electric conductivity
σ stress
σe stress for elastic element
σex external electric conductivity
σin internal electric conductivity
σm electric conductivity of the medium
σp electric conductivity of the particle
σv stress for plastic element
τ time constant
τa time of acceleration
ϕ deformation of viscoplastic element
ω angular frequency
∇ nabla operator
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