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Summary

In this thesis two label-free cell analysis topics are being discussed. The
main subject is an infrared absorbance based sensor system for the deter-
mination of the CH,-symmetric to CH,-antisymmetric stretch ratio. It was
investigated whether the designed label-free measurement method of the
sensor system can aid in the detection of the presence of cancer cells.

The other topic is purification methods for cell samples from cell cul-
ture debris and bacteria contaminants. In particular the label-free separation
method based on travelling wave dielectrophoresis (twDEP) was studied.

The majority of tumour detection methods available to date are based on
visual inspection of primary tumours, standard histopathology techniques
applied on tumour biopsies using Haematoxylin & Eosin staining, and im-
munohistopathology using antibodies against tumour antigens. Visual in-
spection methods are based on morphological interpretation, and therefore
subjective, discrepancies in the diagnosis have been reported. Improved and
objective diagnostic methods are highly important for increasing the overall
survival rates of cancer patients.

The infrared sensor system, which measures a potential diagnostic vari-
able for the detection of tumour cells and tissues within a short time
span, records IR absorbance of the CH,-symmetric and CH;-antisymmetric
stretch at 3.51 um and 3.42 um, respectively. In addition, the IR absorbance
at two reference wavelengths is determined to compensate for variations in
the sample thickness and water content. The main components of the de-
signed and realised sensor system are mid-IR emitting LEDs, a photodiode,
and narrow band-pass filters.

To investigate the potential of the realised sensor system, normal and
various tumour cell lines originating from melanocytes and kidney epithelial
are tested, both in dried condition and in suspension. The presented method-
ology yielded statistical significant CH,-stretch ratio differences between
the individual cell lines, normal and tumorous, of both epithelial kidney and
melanocyte origin. Also, the mechanism influencing the CH,-stretch ratio
of mammalian cell membranes was investigated. A normal non-tumorous
cell line was exposed to the plasma membrane bound cholesterol reducing
agent methyl-S-cyclodextrin. Measurement results indicate that an increase

X1



Xxii Summary

in CH,-stretch ratio arises when there is a decrease in the membrane sta-
bilizing agent cholesterol. The sensing method allows the discrimination
between normal and tumour cells. In addition, the method shows high po-
tential for improvement of staging of suspicious tissues and can easily be
adapted in a point-of-care instrument.

A microfluidic twDEP separator is designed and realised to separate spe-
cific cells from a mixture. Viable suspended-grown Jurkat cells were suc-
cessfully separated from cell culture debris and L. casei bacteria.

In conclusion it is shown that label-free techniques can be applied to
determine the presence of tumour cells and to separate or sort specific cells
from a cell mixture. These methods promise simpler and more cost-effective
analysis techniques that can be applied in diagnostic instrumentation and
optimisation of curing therapies.



Nomenclature

0.1 List of Abbreviations

Symbol Description

AC alternating current

AZ5215 negative photoresist

B/W bandwidth

CaF, calcium fluoride

DAQ data acquisition

DC direct current

DEP dielectrophoresis

DI de-ionized

DMEM Dulbecco’s modified eagle medium
FACS fluorescent activated cell sorting
FCS fetal calf serum

FEM finite element model

FTIR Fourier transform infrared spectroscopy

FWHM full width at half maximum

IR infrared
LED light emitting diode
M molar

MpBCD methyl-S-cyclodextrin

MACS magnetic activated cell sorting

MDCK madin-darby canine kidney
NBP narrow band-pass filter
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Xiv Nomenclature
Symbol Description
nDEP negative dielectrophoresis
NTC negative temperature coefficient
PBS phosphate buffered saline
PCB printed circuit board
PD photodiode
pDEP positive dielectrophoresis
PDMS polydimethylsiloxane
RPMI 1640 Roswell Park Memorial Institute medium
SU-8 epoxy-based negative photoresist
TEC thermoelectric cooler
twDEP travelling wave dielectrophoresis
uv ultraviolet
To(WIw) weight/weight percentage
o(WIV) weight/volume percentage

0.2 List of Constants

Constant ~ Description Unit

b Wien’s displacement constant 2.898x 10° m-K

c speed of light 2.998 x 10® m/s

eV electron volt 1.602x 10197

h Planck’s constant 6.626 x 10°* m?kg/s
Ny Avogadro’s number 6.022 x 10?* mol!

u unified mass unit 1.661 x 10%" kg

€0 vacuum permittivity 8.8542x 102 F/m
s 3.142
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XV

0.3 List of Variables

Symbol Description Unit
A area m?
A absorbance -

c concentration mol/liter
Cm membrane capacitance F/m?
d optical path length m

E energy J

Eo rvs absolute value of the electric field V/m
ﬁDEP dielectrophoretic force (vector) N
ﬁdrag drag force on a particle (vector) N

f frequency Hz
feo crossover frequency Hz
fem Clausius-Mossotti factor -
fror rotational (ROT) spectra st
Jm membrane transductance S/m?
Liy incident light intensity cd

L out transmitted light intensity cd

J imaginary unit, j = /—1 -

k effective bond force N/m
[ optical path length m

m mass kg
N atomic mass u

my relative atomic mass u

r particle or cell radius m

T temperature K

T transmittance -

o local liquid velocity (vector) m/s




XVi Nomenclature

Symbol Description Unit
Up particle velocity (vector) m/s
v frequency in wavenumbers cm’!
w weighting factor -

T, Y, 2 Cartesian coordinate axes -

X scaling factor -

) cell membrane thickness m

n dynamic viscosity Pa-s
g complex permittivity €0

€ molar extinction coefficient M'cm!
€m medium permittivity €0
Epl membrane permittivity €0
Ep2 cytoplasm permittivity €0

A optical wavelength m
Om medium conductivity S/m
Opl membrane conductivity S/m
Op cytoplasm conductivity S/m
w angular frequency st
S|z imaginary part of a number x -

R [x] real part of a number x -




Chapter 1

Introduction

In recent years, the disease cancer has been one of the major causes of
death [1]. The majority of tumour detection methods available to date
are based on visual inspection of primary tumours, standard histopathol-
ogy techniques applied on tumour biopsies using Haematoxylin & Eosin
staining, and immunohistopathology using antibodies against tumour anti-
gens [2]. As these inspection methods are based on morphological interpre-
tation, and therefore subjective, discrepancies in the diagnosis have been re-
ported [3,4]. Visual inspection methods still result in a high number of false
positives and negatives and there is still no commonly accepted marker set
available for the accurate diagnosis of malignant melanoma [3,5]. Between
1999 and 2005, the overall 5-year relative survival rates for kidney and re-
nal pelvis cancer were 90.4% for localized tumours (malignancy limited to
the organ of origin), 62.3% for regional tumours (invasion into surround-
ing organs and/or adjecent tissues; invasion into nearby lymph nodes), and
10.4% for distant tumours (travelled to other parts of the body, and have be-
gun to grow at new locations). For melanoma these rates were respectively,
98.1%, 61.9%, and 15.3% [1,6]. These values show that early detection and
accurate staging of the primary tumour will increase the overall survival
rate tremendously. Renal cell carcinoma arises from renal tubular epithe-
lial kidney cells. Melanoma originates from dendritic neural crest derived
melanocytes, found in the basal cell layer of the epidermis, synthesizing
the protective pigment melanin. The incidence of cutaneous melanoma is
steadily increasing, faster than that of any other cancer over the past 20
years [7, 8]. Melanoma is characterized by a high tendency to develop
metastases and the metastatic potential of melanoma is considerably greater
than that of other solid tumours [9]. Once melanoma has metastasised, the
average survival is up to 9 months [1].

1



2 1 Introduction

1.1 Tumour diagnostic methods

Instead of using subjective labelling and staining techniques to determine
the presence of tumour cells, there are also objective methods described in
literature, which are based on measuring real tumour related cell properties.

An important tumour diagnostic parameter is the metastatic potential of
tumour cells. This parameter can be visualised by investigating cell adhe-
sion properties. The standard way to determine the invasiveness capabil-
ity of tumour cells is by applying the Boyden chamber method [10]. This
filter membrane migration assay uses a chamber consisting of two culture
medium filled compartments, separated by a microporous membrane [11].
The cells under investigation are loaded in the first chamber and are stimu-
lated to migrate towards the second chamber filled with culture media and
a chemotactic agent. The number of migrated cells is determined by fix-
ing and staining the microporous membrane. Instead of using the elaborate
Boyden chamber method Tarantola et al. have realised a real-time invasive-
ness test biosensor that analyses the dynamic properties of adherent cells
electro-acoustically [12]. The sensor principle relies on a quartz crystal mi-
crobalance technique, which measures the shift in resonance frequency and
damping of an oscillating quartz crystal. When adsorption, desorption, or
changes in sample properties close to the quartz surface occur, the crystal
detects fluctuations, which indicates the micromotility of cells, revealing
collective stochastic motion that can be correlated to the malignancy of the
cells. Another method that can determine the adhesion capability of cells
was proposed by Chen et al. They investigated the binding capability of
suspicious cells to lectin arrays (proteins of non-immune origin that recog-
nize and bind to specific carbohydrate structural epitopes), patterned on a
gold substrate [13]. Significant differences were observed in the carbohy-
drate expression patterns of the different breast tumour cell lines, including
changes that correlate with metastatic potential.

Invasive tumour cells have, compared to normal cells, an up-regulation
in their glycolysis [14]. This change in cell metabolism can be visualised by
using the enzyme lactate-dehydrogenase (EC 1.1.1.27), which can catalyse
the conversion of lactate to generate NADH (reduced form of Nicotinamide
Adenine Dinucleotide) for sensitive autofluorescence detection. Zheng et
al. have designed a biochemical sensor consisting of an optical fibre with
lactate-dehydrogenase immobilised on the tip [15]. Experiments on single
HelLa, MCF-7, and human fetal osteoblast cells yielded distinctly higher
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extracellular lactate concentrations than measured for normal cells.

A detection method also using a fibre optical biosensor was presented
by Schmidt et al. [16]. Instead of measuring the lactate-dehydrogenase
enzyme they designed and realised a detection method for the telomerase
activity of suspicious cells/tissues. Telomerase, a ribonucleoprotein com-
plex that is responsible for the maintenance of telomeric DNA at the ends
of chromosomes, is involved in cellular immortality and carcinogenesis.
In 80-90% of malignant tumours telomerase is up-regulated [17], which
makes it a potential tumour marker. The task of human telomerase is to
extend the guanine-rich strands of the telomere with (TTAGGG),. DNA
oligos were attached on the surface of the optical fibre. These oligos can
be elongated with (GGTTAG), strands when nucleotides and cell extract
(containing telomerase) are present. The telomerase activity is visualised
by hybridising the elongated strands with complement (CCAATC), strands
labelled with an FITC fluorescent tag.

A promising label-free method to distinguish tumour cells from normal
cells, based on mechanoelastic properties of cells, was investigated by De la
Rica et al. [18]. They determined the volume increase of cancer cells under
hypo-osmotic pressure by using impedimetric transducers. When cells were
experiencing hypo-osmotic stress, they were observed to swell. This volume
change of cells could reflect to differentiate tumour cells from non-tumorous
cells. The working principle is based on the impedance increase at high
frequencies when there is an increase in cell volume bound to the transducer.

Henry et al. have shown that the detection of several key health param-
eters on a single chip was achievable. They designed and tested a microflu-
idic chip for the detection of tumour cells by electrochemical impedance
spectroscopy [19]. Sensor arrays, consisting of three-electrode cells (gold
counter and working electrodes and a silver reference electrode) positioned
in microfluidic chambers, were fabricated using standard photolithography
and metal deposition technology. The gold working electrodes were func-
tionalised with specific tumour markers, such as carcinoembryonic antigen
and prostate-specific antigen, as well as genetic breast cancer markers and
short DNA probes to capture the tumour cells.

Another tumour diagnosis method using microfluidics is based on an
embedded solenoidal coil, allowing diagnostic NMR measurements (Nu-
clear Magnetic Resonance). Tumour cells of interest, labelled with magnetic
nanoparticles are detected in a sample also containing non-labelled cells by
measuring the transverse relaxation. Lee et al. were able to detect down to
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2 tumour cells per uL sample of unprocessed fine-needle aspirates [20].

Besides for handling small sample volumes (in the nL - uL. scale), mi-
crofluidic systems can also play an important role in the sample preparation
step. Purifying the sample from contaminants (such as cell debris and bac-
teria) or separating tumour cells from normal cells in blood or lymph fluid,
could increase the efficiency and accuracy of the sensing step.

The research for this thesis was conducted within the European Marie-
Curie Research Training Network: On-chip Cell Handling and Analysis
“CellCheck”. This highly multidisciplinary environment of engineering,
biotechnology, medicine, and chip-technology has the potential to success-
fully investigate, design, and realise new and/or improved diagnostic meth-
ods to aid physicians in the diagnosis of suspicious patient tissues. The main
goal of this work is focussed on label-free analysis and separation methods
for mammalian cells, to aid in the diagnosis of tumour presence.

1.2 Objectives

In the previous section, biochemical sensors as well as physical chemosen-
sors were described, which can be used to determine the presence tumour
cells. Physical chemosensor can, compared to chemical sensors, determine
chemical and/or biological properties of a sample by performing physical
measurements without the need of an chemical active interface [21,22].

It is known that tumour cells that have the ability to move through the
blood or lymph system (metastatic tumour cells) have an altered membrane
lipid-protein composition [23], e.g. due to over-expression of the BRCA
gene in breast tumour cells [24]. Another membrane alteration found for
metastatic tumour cells is the change in plasma membrane bound choles-
terol concentration. Schroeder et al. showed that there is a significant dif-
ference in molar ratio cholesterol per phospholipid between low and high
metastatic mouse melanoma cells (a lower molar cholesterol per phospho-
lipid ratio in high compared to low metastatic melanoma cells) [25].

The research objective is to design and realise new tools to determine the
presence of tumour cells in suspicious samples. The three main objectives
of this thesis are:

1. to design a novel tumour cell indicator based on the cells physical
properties.
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2. to design and realise a sensor system allowing the measurement found
in the first objective.

3. to design and realise microfluidic devices for the preparation of cell
samples.

For the measurements a mid-IR sensor and a dielectrophoresis based
separator were designed and realised, that have the potential to be further
developed in a point-of-care instrument.

1.3 Outline

In the following chapters, a novel tumour diagnostic method and a highly
efficient microfluidic based sample preparation devices are presented. A
label-free cell type discrimination method based on changes in the CH,-
symmetric stretch and CH,-antisymmetric stretch is described in Chapter 2.
The CH,-stretch ratio of cells can be determined by mid-infrared absorbance
measurements, normally recorded by infrared spectroscopy. In Chapter3
a self-designed and realised IR sensor system that allows the determina-
tion of IR absorption of cells at the specific wavelengths required to derive
the CH,-stretch ratio is presented. After sensor validation and preliminary
CH,-stretch ratio experiments on epithelial kidney cells, the CH,-stretch
ratio based cell discrimination method was tested on epithelial kidney and
melanoma cell lines (Chapter4). For both tumour types, the CH,-stretch
ratio of a normal cell line is compared with multiple malignant cell lines.
Instead of determining the CH,-stretch ratio of dried cells on IR transparent
calcium-fluoride slides, in Chapter 5, a method is investigated that allows
measurements of cells suspended in phosphate-buffered-saline. Besides the
label-free identification of primary solid tumours, it is also of interest to de-
tect tumour cells that developed the ability to metastasise (invading other
organs or other regions of the body by moving through the blood stream or
lymph system). To allow IR absorbance measurements on suspended cells,
the suspicious cells should first be separated and harvested from body fluids
containing contaminants, such as non-viable cells, cell debris, and bacte-
ria. In Chapter 6, the design, realisation, and characterisation of a dielec-
trophoresis based cell separator are presented. In the final Chapter7, the
main conclusions of the research conducted for this thesis and promising
future research possibilities are discussed.
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Chapter 2
The CH>-Stretch Ratio

In this chapter, light interaction aspects on biological samples such as
(auto)fluorescence, bio-luminescence, and absorption are summarized (Sec-
tion2.1). Absorption of infrared light in the wavelength region between
2 and 20 um gives insight in the molecular composition of biological cells
without the need of additional staining or labelling. By means of IR spec-
troscopy the CH,-stretches of lipid acyl chains in the mammalian plasma
membrane can be visualized [26].

In Section 2.2 the investigation and realisation of a label-free cell type
discrimination method based on the CH,-stretch ratio is described, specif-
ically for distinguishing tumour cells from normal cells. The cell type
discrimination method is based on the ratio changes between the two CH-
stretches.

2.1 Introduction

The interaction of light with biological tissues is an effect that can be used
for the investigation of disease progression. There are multiple strategies to
optically analyse cells. The most common methods are: (auto-)fluorescence
(Section 2.1.1) [27,28], bio-luminescence (Section 2.1.2) [29,30], and light
absorption (Section2.1.3) [31, 32]. Some methods require additional la-
belling or staining to highlight some cellular aspects, such as antibodies
on the cell surface or cell viability stains (live cells possessing intact cell
membranes exclude certain dyes, such as trypan blue, propidium, and eosin,
whereas dead cells do not) [2]. Other techniques require a more sophisti-
cated approach, e.g. green fluorescence protein (GFP) expressing genes by
genetic modification, or to investigate viral pathogenesis and effects of anti-
viral therapies by recombinant viruses engineered to express a luciferase
enzyme (Section 2.1.2).

When cells under investigation are being exposed to light, the corre-

7
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Figure 2.2: UV, visible, and IR spectra.

sponding photon energy could influence, or even harm them. For example,
it is known that ultraviolet radiation induces cell damage and apoptosis in
the skin [33,34]. The energy level depends on the wavelength of the used
photons. This energy level per photon can be derived by the Planck-Einstein
relation (see Eq.and 2.1):

hc
Ephoton - hf - y (21)

where Ephoon 18 the energy per photon, £ the Planck constant, f the fre-
quency of the wave, c the speed of light, and )\ the wavelength.

In Fig. 2.1 the electromagnetic radiation spectra with corresponding fre-
quency and single photon energy is depicted [35]. As can be seen, at in-
creasing wavelength the energy of the corresponding photon decreases.

To analyse biological cells, the wavelength regions of interest are: UV,
visible, and infrared (depicted in Fig. 2.2).

In Table 2.1 the frequency and energy of single photons at wavelengths
in the UV, visible, and infrared spectrum are given.

In the following sections a short overview of fluorescence, lumines-
cence, and light absorption for cell analytical purposes is described.
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Table 2.1: The frequency and energy of single photons at wavelengths in the UV,
visible, and infrared spectrum.

)\ f E photon
[nm] [THz] [eV]
Uv 260 1153 4.77

red light | 650 461 1.91
near IR 1000 300 1.24
mid IR 3505 86 0.35
far IR 25000 12 0.05

2.1.1 (Auto-)Fluorescence

Fluorescence is caused by the absorption of radiation at one wavelength
followed by nearly immediate reradiation at a larger wavelength. The emis-
sion ceases almost at once when the incident radiation stops. Fluorophores
emitting light of a specific wavelength, when being excited at a shorter spe-
cific wavelength (see Fig.2.3), can be bound to biomolecules such as anti-
bodies, mRNA or DNA oligonucleotides, and proteins to visualize enzyme
reactions, membranes and lipids, ions, proteins, cell viability, and energy
transfer [36, 37].

The excitation and emission maxima of commonly used fluorophores
are given in Table 2.2.

An example of fluorescent labelled cells is depicted in Fig.2.4. As can
be seen, the DiO [40] labelled Caki-1 cells can easily be distinguished
from non-labelled MDCK cells when being excited at 484 nm. Besides
labelling biological cells, there are molecules present in the cells that are
auto-fluorescent. A list of endogenous fluorophores is depicted in Table 2.3.

Another method in which fluorescent labels can be used for cell analysis
is as reporter (a visible marker). When genes are genetically modified with
a vector (a DNA molecule of known nucleotide sequence to be used as a
vehicle to transfer foreign genetic material into another cell) containing one
or more copies of the coding Green-Fluorescent-Protein (GFP) gene, suc-
cessful insertions will express the GFP protein emitting bright green light
when being exposed to blue or UV light [46]. The GFP gene originates from
the jellyfish Aequoria victoria. The original GFP gene has been studied and
modified to be more stable (reduce photo-bleaching) and fluoresce at differ-
ent excitation and emission wavelengths [47,48]. Compared to luciferase
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states, the atom can lose its energy by spontaneous emission as it makes one or
more transitions to its lower energy states [35].

Table 2.2: Fluorophores [38,39].

Fluorophore Excitation Emission

maxima maxima
[nm] [nm]
amplex red 571 585
fluorescein 494 518
eosin 524 544
rhodamine 6G 525 555
X-rhodamine 580 605
rhodamine B 543 565
FITC 495 519
texas red 592 614
Cy-3 548 561
Cy-5 647 665
Cy-7 753 775
DAPI 359 457
DiO 484 501
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Figure 2.4: A sample slide with a mixture of MDCK and Caki-1 cells. The Caki-1
cells have been stained with the fluorescent viability label DiO prior to mixing with
MDCK cells [40]. This label binds to phospholipid bilayer membranes. On the
left, a monolayer of MCDK and Caki-1 cells is depicted. On the right, the same
field-of-view on the sample slide is shown when being excited at a wavelength of
484 nm, allowing only the Caki-1 cells to fluoresce.

Table 2.3: Endogenous fluorophores at pH 7 [41-45].

Molecule Excitation Emission
maxima maxima
[nm] [nm]
collagen, elastin 325 400
tryptophan 280 350
pyridoxine (Vitamin B6) 332 400
NADH 360 460
FAD 450 515
FMN 445 530
ceroid 350 460
lipofuscin 330-390 420, 540-560
eosinophils 370 440, 550
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(see Section 2.1.2), GFP does not require a substrate to emit light when be-
ing excited. Therefore, GFP is an attractive, easy-to-use marker, to aid in
assaying cellular processes in real-time [49].

2.1.2 Bio-luminescence

Besides fluorophores, the enzyme luciferase also has proven potential to
be used for analysing cells [50]. Luciferase, isolated from the firefly Photi-
nus pyralis, catalyses light production. The required substrates are luciferin,
ATP, O,, and magnesium ions [51-55]:

luciferin + ATP ligasfﬂfgﬂ adenylluciferin + pyrophosphate
adenylluciferin + O, "X peroxyluciferin + AMP
peroxyluciferin — [oxyluciferin]® + CO,
[oxyluciferin]* — oxyluciferin 4 light

where [oxyluciferin]” is excited oxyluciferin.

The wavelength of the emission peak at pH 7.5 to 8.5 is 560 nm (yellow-
green). Besides the firefly P. pyralis, there are multiple other species which
also emit light by means of bio-luminescence. In Table2.4 a variety of
emission wavelengths are depicted from different marine species [29]. Bio-
luminescence can be utilized for dynamic, non-invasive assays of biologi-
cal processes, such as monitoring genetic modified cells with knocked-out
genes when being injected with the substrate luciferin [50].

2.1.3 Light absorption

When light is absorbed by atoms or molecules, the energy of the incom-
ing photons are excited to a higher energy level (Fig.2.3) [56]. There are
three different types of excitation depending on the wavelength of the in-
coming light. Electrons are excited to higher orbitals by ultraviolet or vis-
ible light, vibrations are excited by infrared light (oscillation of the atoms
of a molecule), and rotations are excited by microwaves (rotation of the
molecule around its centre of mass) [57].

The absorbance of light A by a sample can be defined by the Lambert-
Beer Law (see Eq.2.2).

A= logI =ccd with A= log? (2.2)
out
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Table 2.4: Bio-luminescent marine species with corresponding emission maxima
[29].

Species Emission
maxima
[nm]
Scina crassicornis 435
Agalma okeni H44
Photostomias guernei 470
Beroe forskali 491
Umbellula magniflora 501
Plutonaster bifrons 525
Tomopteris nisseni 565
Cyphocaris faurei 595
Malacosteus niger 702

where [;, is the incident light intensity, /,,; the transmitted light intensity,
¢ the molar extinction coefficient, ¢ the concentration of the sample, d the
thickness of the sample cell, and 7" the transmittance.

In the UV region there are multiple organic molecules absorbing light at
specific wavelengths, e.g. purines, pyrimidines, and aromatic amino acids
(see Table 2.5).

Infrared absorbance

Instead of exposing biological cell samples to harmful, high energetic UV
irradiation to obtain cellular information, the exposure to non-invasive in-
frared light gives insight to molecular interactions within the cell, such as
protein and lipid composition. Infrared spectroscopy, the frequency de-
pended absorbance of infrared light due to specific molecular vibrations,
is a proven technique for detecting molecular changes in mammalian cells
without the need of additional labels or staining dyes [26, 60-63]. The
IR spectrum of biological samples can be recorded between wavelengths
2 and 20 um with an IR spectrophotometer. Special software packages with
baseline correction and normalization functions allow the comparison of
different samples.

The oscillation frequency due to the vibrations of a diatomic molecule
can be described by Hooke’s law of simple harmonic motion [35, 64, 65].
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Table 2.5: Molar extinction coefficient of absorbed UV light by organic molecules
at pH7 [58,59].

Molecule optimum absorbance molar extinction
wavelength coefficient
[nm] [liter mol™! cm!]
tryptophan 278 5579
tyrosine 274 1405
phenylalanine 258 195
histidine 211 5700
thymine 267 9600
cytosine 271 9100
alanine 260 14500
guanine 253 13600
uracil 262 10000

This vibration frequency (see equation 2.3) can be related to the force ex-
erted by one atom on the other (Fig. 2.5).

w:\/£:>27rf:\/£ (2.3)
my m,

where w is the angular frequency in [1/s], k£ the effective bond force
constant in [N/m], and m,. the reduced mass (value of a hypothetical mass
introduced to simplify the mathematical description of motion in a vibrating
or rotating two-body system) with atomic masses m1 and m2:

1 % m2
_mexme (2.4)
ml -+ m?2

My

The frequency v in wavenumbers [cm™'] (equal to the reciprocal of the
wavelength A in [cm]) of the vibration between two bonded atoms is given
by:

1 k
V=—/— (2.5)
2mc | m,
where c is the speed of light in [cm/s].
Compared to a spring, which can be stretched and be compressed freely,

a molecular bond can break and has a limit to which it can be compressed.
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Figure 2.5: The molecular bond between two atoms m1 and m?2 can be represented
as a spring.

Table 2.6: The three main vibrational modes of water vapour with corresponding
wavenumber, wavelength, frequency, and energy level [67].

Main vibrations wavelength frequency vibration energy
of water [um] [THz] [eV]
V,s antisymmetric stretch 2.66 113 0.47
Vs symmetric stretch 2.73 110 0.45
v, bending 6.27 48 0.20

This means that the molecular bond behaves more like an anharmonic oscil-
lator (not oscillating in simple harmonic motion) [66]. Infrared absorption
techniques under normal temperature condition only depends on the excita-
tion of the electronic ground state levels of vibrational and rotational energy
levels. For absorbance due to molecular vibrations, the energy between two
vibrational states can be derived by the Schrodinger’s equation of simple
harmonic oscillations (Eq. 2.6):

1
E,= v+ 5)hf wih v=012,.. (2.6)

where £/, is the energy level of vibration state v, h the Planck constant,
and f the frequency of vibration. The energy difference between two vibra-
tion states is:

EVH—E,,:(y+1+%)hf—(u+%)hf:hf (2.7)

Water has three main vibrational modes: bending, symmetric stretch,
and antisymmetric stretch. The corresponding frequency and energy level
of vibration are given in Table 2.6. A schematic representation of the vibra-
tional modes water are depicted in Fig. 2.6.

Besides detecting specific molecular vibrations of water, many biologi-
cal relevant vibrations can be investigated by means of IR absorbance, This
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Figure 2.6: The main vibrational modes of water. The oxygen atom is depicted in
black and the hydrogen atoms in grey. The vibrational modes are: antisymmetric
stretch, symmetric stretch, bending, and liberations in the direction of the x, y, and
z-axis. The dipole moments change in the direction of the movement of the black
atoms as depicted by the arrows.

makes IR spectroscopy a very attractive detection tool for label-free, objec-
tive cell investigations. In Table 2.7, biological relevant specific molecular
vibrations with corresponding wavenumber and wavelength are given.

In the following Section (2.2) a label-free cell type discrimination
method based on the CH,-symmetric and CH,-antisymmetric stretch is pro-
posed.

2.2 The CH,-stretch ratio cell discrimination
method

By comparing the infrared absorbance spectra of normal and malignant
cells, which were published in literature (see Table 2.8), a new measure-
ment method to distinguish normal from malignant cell types is hypoth-
esized. It concerns a four-wavelength, mid-infrared absorbance measure-
ment of specific lipid absorbance peaks to derive the CH,-symmetric and
CH,-antisymmetric stretches of suspicious cells and/or tissues.

The CH, and CHj;-stretches derived from published IR absorption spec-
tra of different clinical human tumour samples versus their normal cell type,
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Table 2.7: Mid infrared absorption bands of membrane proteins and lipids [26]

[68].
Functional group assignment wavenumber wavelength
[em™] [um]
CH; antisymmetric stretch 2956 3.38
CH, antisymmetric stretch 2920 342
CH; symmetric stretch 2870 3.48
CH, symmetric stretch 2850 3.51
C=0 (ester) stretch 1730 5.78
C=0, C=N-C stretch, vibration 1690-1620 5.92-6.17
COO antisymmetric stretch 1623 6.16
N-H bending 1570-1530 6.37-6.54
0-P=0 antisymmetric stretch 1228 8.14
-CO-0-C antisymmetric stretch 1173 8.53
O-P=0 symmetric stretch 1085 9.22
-CO-0-C symmetric stretch 1063 9.41

Table 2.8: CH; and CH3-symmetric and antisymmetric stretch changes of differ-
ent human cell types derived from infrared spectra published in literature. The first
three types are normal versus malignant cells, the last two are benign versus ma-
lignant tumours, and the last are non-resistive versus resistive melanoma cells. (All
spectra were baseline corrected through base points at 2800 and 3000 cm™!, and
normalized to the CH,-antisymmetric stretch peak at 2920 cm™).

Malignant CHs Vgymm CH3 Ugymm  CH3 Vasymm
cell type 2850 cm! 2870 cm 2956 cm’!
colorectal cells [69] increase decrease decrease
oesophagus cells [70] | increase decrease decrease
breast tissue [71] increase decrease decrease
breast tissue [72] increase increase decrease
melanocytes [73] increase decrease decrease
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Figure 2.7: Schematic representation of a phospholipid bilayer. (pdb data adapted
from reference [75]).

show an increase in CH,-symmetric stretch IR absorption and a decrease
in CHj-antisymmetric stretch IR absorption. For example, CH, and CHj3-
stretch differences were found in tissue sections of human colorectal cancer
compared to histologically normal mucosa [69], malignant versus normal
oesophageal tissue [70], pathological breast tissue compared to connective
tissue [71], malignant versus benign fibroadenoma breast tissue [72], and
cisplatin-resistant versus non-resistant melanoma cell lines [73].

Mammalian cell membranes (Fig.2.7) are composed of three main
classes of lipid molecules: phospholipids, cholesterol, and glycolipids.
The four most commonly found phospholipids in the plasma membrane
are: phosphatidylcholine (Fig. 2.8), sphingomyelin, phosphatidylserine, and
phosphatidylethanolamine [74]. They consist of a hydrophilic head and a
hydrophobic, fatty-acid, carbon-hydrogen based tail.

As far as we know the molecular mechanism that leads to a change in
lipid CH,-symmetric stretch and CH,-antisymmetric stretch is unknown,
but it is clear that during tumour formation changes in the cell membrane oc-
cur (e.g. over-expression of genes such as HER-2 in breast tumours, which
encodes a cell membrane located growth factor receptor [76]; changes in
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Figure 2.8: Drawing of a phosphatidylcholine molecule consisting of two alkane
chains. The Alkane chains are polymers of CHy monomers. The white sticks
represent the hydrogen atoms, the black sticks the carbon atoms, and the grey sticks
nitrogen, oxygen, or sulpher atoms (pdb data adapted from reference [75]).

composition of integrin, a membrane molecule responsible for cell-cell ad-
hesion to induce cell metastasis [74]).

Mammalian plasma membranes of normal cells consist of about 20 -
25% lipid mass cholesterol [77], which is the most important substance of
the three membrane lipid molecule classes influencing the conformation of
the fatty-acid alkane chains.

The CH,-stretch ratio as label-free indicator for tumour detection is a
strong concept. Instead of comparing differences in molecular composition,
such as the lipid-to-protein ratio or CH, versus CH; amount, the CH,-stretch
ratio cell discrimination method compares the interaction of CH,-chains
with infrared light at specific wavelengths. We postulate that the increased
CH,-stretch ratio, CH,-symmetric stretch / CH,-antisymmetric stretch, of
tumour cells compared to normal cells is caused by a reduction or reallo-
cation of membrane stabilizing agents such as cholesterol. Supporting ev-
idence was found in publications by Cai et al. and Guyot-Sionnest et al.
They showed that after over-expressing caveolin-1 in the plasma membrane
of doxorubicin-resistant breast cancer cells (Hs578T) the cholesterol level
decreases with 30% [78]. By sum-frequency vibrational spectroscopy of a
Langmuir film, it is shown that when straightening up a pentadecanoic acid
molecule the CH,-symmetric peak decreases [79].

This “disorder” in the lipid membrane of cells can be visualized by the
CH;-symmetric / CH,-antisymmetric stretch ratio. Changes in CH,-stretch
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A)

Figure 2.9: Conformation of a phosphatidylcholine phospholipid in A) crystal and
C) in liquid form. When a lipid becomes more disordered, it occupies a larger area.
(pdb data file used from reference [75]).

ratio are based on the chain conformation of alkane chains in the membrane
lipid layer. The more a chain is disordered, resulting in kinks and twists,
the higher the CH,-symmetric stretch absorbance. A more disordered chain
also results in a higher area per molecule [79] (see Fig.2.9).

The difference between CH,-symmetric and CH,-antisymmetric stretch
exists due to bond dissociation energy (bond enthalpy at room temperature)
differences between carbon and hydrogen atoms [80]. When the acyl chain
is stabilized, e.g. the carbon backbone of phospholipids stretched by choles-
terol (see Fig.2.13), the vibration is CH,-symmetric stretch. The effective
bonding forces between the carbon and hydrogen atoms of both symmetric
and antisymmetric stretches can be derived from introducing their respec-
tive wavenumber frequencies, found in literature [62], in equation 2.4 and
2.5. In Fig.2.10, Table 2.9, and Table 2.10 the force constant, bond length,
and dissociation bond energy influenced by the carbon-hydrogen bond of
single, double, and triple bond carbon-carbon molecules are given.

At increasing bond energy levels the vibration frequency (in
wavenumbers) increases. Table2.10 shows that the carbon-hydrogen
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Figure 2.10: Stretching vibrations of a bond between C-H molecules with A) sp,
B) sp?, and C) sp>-hybridized carbon.

Table 2.9: C-H stretch absorption bands with their corresponding frequency and
relative force constant. (Ugymm is sSymmetric stretch and vasymm 1S antisymmetric
stretch).

Functional | wavenumber frequency force constant
group [cm™] [THz] [N/m]
-CH; Usymm 2850 85.4 445
-CH3 Ugymm 2870 86.0 451
-CH: Vasymm 2920 87.5 467
-CH3 Uasymm 2956 88.6 479
=CH, 3010 90.2 496
=CH 3315 99.4 602
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Table 2.10: The bond length and energy of different carbon-carbon and carbon-
hydrogen conformations [80,81]. The bond energies given between brackets corre-
spond for hypothetical single bonds. The bond energies between carbon-hydrogen
are higher compared to their sp” carbon-carbon bonds.

Functional group bond length bond dissociation energy
[pm] [kJ/mol]

C-C (sp’) 154 368
CH;CH,CH;,-H (sp?) 110 410
C=C (sp?) 134 607 (304)
CH3;CH=CH-H (sp?) 108 452
C=C (sp) 121 795 (265)
CH;C=C-H (sp) 106 523
CH;-H - 439
CH;CH,-H - 423
CH;CH,CH,-H - 414
CH;CH,CH,CH,-H - 406

bond energies of alkanes decrease with increasing substitution: CHjs-
H > CH;CH,-H > CH;CH,CH,-H > CH;CH,CH,CH,-H, respectively:
439 > 423 > 414 > 406 kJ/mol. This means that at increasing CH, sub-
stitution the bond length between the carbon and hydrogen atoms in-
creases and, therefore, a decrease in electron pulling force between the
two atom. Similarly, increased hybridization of the carbon centres in-
creases the carbon-hydrogen bond energy as: sp > sp? > sp’, respectively:
523 > 452 > 410kJ/mol [80,81].

All bond dissociation energies given above are of pure gases. When
mixed with other gases, these values change due to molecular interac-
tions. The bonding force strength between carbon-hydrogen of the CH,-
antisymmetric stretch vibration is stronger compared to that of the CH,-
symmetric stretch (respectively, 467 and 445 N/m. See Table 2.9). A
stronger bond between the carbon-hydrogen atoms results in a shorter dis-
tance between the two atoms.

By stretching the “carbon-carbon” chain, the distance between the car-
bon atoms increases (larger bond lengths), resulting in a decrease of the
electron pulling force by the protons between the carbon atoms. Under
the same circumstances, the effective bond strength between the “hydrogen
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Figure 2.11: Stretching the carbon chain increases the distance between the carbon
atoms. A) relaxed and B) stretched alkane chain.

and carbon” atoms increases (smaller bond length) and the effective pulling
force of the hydrogen proton on the electron bond between hydrogen and
carbon is increased. At a low effective bonding force, the hydrogen atoms
move symmetrically away or towards the carbon atom, allowing symmet-
ric stretch. An increase in effective bonding force, on the other hand, only
allows antisymmetric movement of the hydrogen atoms in respect to the car-
bon atom (see Fig. 2.11 and 2.12 for a more detailed explanation). When the
carbon backbone is less stretched, allowing more kinks and twists, the dis-
tance between the carbon atoms is decreased (larger bonding force) and the
carbon-hydrogen bond distance is increased (lowering the bonding force).
The amount of CH, of the acyl chain stretching antisymmetrically is then re-
duced and the amount of CH, stretching symmetrically increased (resulting
in an increase in CH,-symmetric / CH,-antisymmetric stretch ratio).

Table 2.10 also shows that the bond energy between an sp® carbon-
hydrogen (410kJ/mol) is larger than that of an sp® carbon-carbon bond
(368 kJ/mol). When a carbon-carbon bond is replaced by a carbon-hydrogen
bond, the average bonding force between all carbon-hydrogen bonds are
increased due to this increased bonding energy, resulting in that the CHj3-
stretch peaks appear at higher wavenumbers than that of their corresponding
CH,-stretches.

The previously mentioned stretching of the carbon-hydrogen chains in
the mammalian plasma membrane is, in real life, affected by hydrophobic
interactions, hydrogen bonding between glycerolipids and cholesterol, and
Van der Waals forces between membrane molecules [82, 83]. Cholesterol
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Figure 2.12: A simplified schematic representation of a small part of a fatty acid
chain. Of each atom, carbon and hydrogen, the electron orbits and protons in
the nucleus are depicted. The arrows represent the bonding force between the
atoms. An increase in CHj-antisymmetric stretch and reduction in CH;-symmetric
stretch (so a decrease in the CH;-symmetric / CHp-antisymmetric stretch ratio) oc-
curs when the carbon backbone chain is more stretched. Here, the distance between
the carbon atoms is increased, which results in a smaller bonding force due to an in-
creased distance between the protons in the carbon nucleus and the electrons in the
2s2p shell. At the same time, the distance between the carbon and hydrogen atoms
decreases, resulting in a larger bonding force. Due to the higher carbon-hydrogen
bonding force, the preferred vibration is anti-symmetrical.
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Figure 2.13: Cholesterol has a condensation effect on the lipid bilayer. A) phos-
phatidylcholine B) cholesterol.

plays an important role in stabilizing the alkane chain and regulating mem-
brane protein interactions and activity (see Fig. 2.13) [84—87]. It reduces the
mean molecular area [77], decreasing the CH,-symmetric stretch peak and,
therefore, decreasing the CH,-stretch ratio.

Besides the CH,-symmetric to CH,-antisymmetric IR absorbance peak
shift (when stretching the lipid chains), there are also small wavelength
absorbance peak shifts due to chain rotation configurations. In the Fig-
ures 2.14, and 2.15 the energy levels and conformations of butane (C4H;y,
an alkane consisting of CH,) are given as example. The most stable chain
conformation is the one where the largest substituents of the carbon-carbon
chain are located anti (trans) to each other (Fig. 2.14D) [81].

To test the label-free cell type discrimination method based on the CH,-
stretch ratio, the IR absorbance of two epithelial kidney cell lines MDCK
(normal) and Caki-1 (carcinoma) have been recorded with a Bruker Equinox
55 infrared spectroscope and compared (240 scans per spectrum, 4 cm™! res-
olution, and 1 mm beam diameter). The IR absorbance recordings were
made in cooperation with Prof. B. Lendl and Dr. S. Armenta-Estrela,
Institute of Chemical Technologies and Analytics, Vienna University of
Technology. Standard baseline correction and normalization scripts were
used in order to allow comparison between the IR absorbance spectra of
the two kidney cell lines. Significant differences in the IR absorbance
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Figure 2.14: Newman projections of the different conformations of butane. A),
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Figure 2.15: Energy diagram of the different conformations of butane.
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Figure 2.16: Normalized and baseline corrected IR absorbance spectra of nor-
mal MDCK and carcinoma Caki-1 epithelial kidney cells, recorded with a Bruker
Equinox 55 spectrometer (240 scans per spectrum, 4cm™! resolution, and 1 mm
beam diameter). The intensity of the CH,-symmetric stretch peak at 3.51 pm of
Caki-1 carcinoma cells is higher compared to that of the normal MDCK cells.

ratio CH,-symmetric / CH,-antisymmetric stretch (3.51/3.42 um) between
the two cell lines were detected. This ratio is higher in the carcinoma cell
line compared to the normal cell line (Fig. 2.16).

In the following chapter (CH. 3) the design and realisation of the four-
wavelength mid-infrared sensor system are described as well as first mea-
surement results of a normal and malignant epithelial kidney cell line.
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Chapter 3

Sensor Design and Technology

In this chapter, a self-designed and realised IR sensor system that allows the
determination of IR absorption of cells at the specific wavelengths required
to derive the CH,-stretch ratio is shown. This section also comprises sensor
validation measurements of yeast (an easy to handle sample also consisting
of CH, chains but does not require elaborate cultivation), which are com-
pared to absorbance spectra obtained by FTIR spectroscopy.

3.1 Introduction

In recent years, cancer has become the number one disease of death causes
[88]. Tumour screening, the detection and identification of possible carci-
noma cells, plays an important role in understanding the fundamentals of tu-
mour development and in selecting the proper treatment. When suspicious
tissue is detected, e.g. by mammography or magnetic resonance imaging
(MRI) [89], biopsy cell type identification can be done by visual inspection
of slides with labelled or stained cells. These labelling and staining tech-
niques are expensive and require time consuming visual inspection, which
can only be performed by highly trained personnel and also results in false
positives and negatives (e.g. for cervical tumour screening the inter-observer
reproducibility is very low [3]).

IR absorbance spectra recordings of normal (MDCK) and malignant
(Caki-1) epithelial kidney cells with a conventional IR spectroscope showed
significant differences in the absorbance ratio 3.51 um/3.42 um (CH,-
symmetric / CH,-antisymmetric stretch, see Fig.2.16 Chapter2.2). How-
ever, for the determination of the CH,-stretch ratio of biological samples,
it is sufficient to measure the IR absorption at four specific wavelengths.
Therefore, instead of recording the whole IR absorbance spectrum with
an expensive liquid nitrogen cooled IR spectroscope to distinguish nor-
mal from malignant cells or tissue samples, a LED-photodiode based mid-

29



30 3 Sensor Design and Technology

infrared absorption sensor, operating at four specific wavelengths has been
designed and realised. This strategy should allow the realisation of point-
of-care instrumentation. Compared to common techniques, this method
does not require specific labelling or staining. The sensing principle is
based on a ‘“quadruple infrared wavelength” measurement to derive the
CH;-symmetric / CH,-antisymmetric stretch ratio. This is realised by mid -
infrared emitting LEDs, a photodiode, and narrow band pass filters [90,91].
Two of the four wavelengths, 3.33 and 3.57 um, are used as reference
points. The other two wavelengths are specific for CH,-symmetric and CH,-
antisymmetric stretch absorption (respectively at 3.51 and 3.42 um).

3.2 Materials and methods

3.2.1 Cell lines and sample preparation

In order to investigate the feasibility to distinguish normal from malignant
cell types by comparing their CH,-symmetric / CH,-antisymmetric stretch
ratio, the IR absorbance spectra of a epithelial kidney cell lines were
recorded with a conventional IR spectroscope. The investigated cell lines
were normal Madin-Darby Canine Kidney (MDCK, ATCC CCL-34) and
human carcinoma Caki-1 (ATCC HTB-46). Both cell lines were cultivated
under the same conditions in monolayer on IR transparent calcium-fluoride
slides at 37°C and 5% CO,. The culture medium consists of Dulbecco’s
Modified Eagle Medium (DMEM), 2 mM L-glutamine, 10% FCS (fetal calf
serum), and antibiotics (100 units/mL penicillin, 100 ug/mL streptomycin,
and 0.25 ug/mL Amphotericin B), all obtained from Lonza Bioscience. Be-
fore measuring the IR absorbance, the sample slides were washed with
37°C PBS (phosphate buffered saline) to remove detached cells and medium
components. In Fig.3.1, monolayers of different dried kidney cell spots
are depicted. The results obtained from spectroscopic measurements of
the two kidney cell types (Fig.2.16) confirmed the normal from malignant
cell type discrimination hypothesis and was the basis to develop a quadru-
ple - wavelength IR sensor system. To validate the sensor system and to
make a first comparison to spectroscopic recordings we prepared yeast sam-
ples. Yeast also contains the CH,-symmetric and CH,-antisymmetric stretch
bands, but is also much easier to prepare without the need of cell cultiva-
tion. Dried grains of yeast were dissolved in PBS and 4 uLL were pipetted
on a calcium-fluoride slide. To remove the water fraction, the investigated
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Figure 3.1: Dried normal (MDCK) and carcinoma (A-498 and Caki-1) epithelial
kidney cells grown attached as monolayers on infrared transparent calcium-fluoride
slides.

samples were dried for four hours in a sterile laminar flow cabinet. For
sensor CH,-stretch measurements on normal and malignant kidney cells we
used the same sample preparation protocol as used for the spectroscopic
measurements.

3.2.2 Detection method

The IR absorbance ratio between CH,-symmetric and CH;-antisymmetric
stretch can be determined by a “quadruple wavelength” infrared absorbance
measurement (Fig. 3.3). Due to baseline artefacts such as variations in sam-
ple thickness and water concentration, care must be taken to derive the
proper data out of the recorded signals. To compare the CH,-stretch ra-
tio of different samples, baseline correction and normalization is required.
The IR absorbance spectra of biological cells show an IR absorbance mini-
mum at 3.33 um (3000 cm™') and an “empty area” in the wavelength region
between 3.57 - 4.00 um (2500 - 2800 cm!), (see Fig. 3.2).

The selected reference points to derive the baseline are the IR ab-
sorbance values at 3.33 and 3.57 um (3000-2800cm™). As a result, the
non-functional absorbance values under the baseline can be calculated and
subtracted from the total absorbance signal, resulting in the functional val-
ues at 3.42 and 3.51 um. By dividing the functional absorbance value from
the CH,-symmetric stretch (3.51 um) with the CH,-antisymmetric stretch
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Figure 3.2: IR absorbance spectra of A498 cells in the wavelength range between
2.5 and 10 um recorded with a Bruker Equinox IR spectrometer (240 scans per
spectrum, 4cm™! resolution, and 1 mm beam diameter). The reference points se-
lected for the determination of the CH,-stretch ratio are marked with arrows.

band (3.42 um), the normalized ratio will be obtained, which makes sample
comparison possible even when different amounts of cells are being inves-
tigated.

By selecting a different baseline procedure, for example a linear base-
line through reference points 3.33 um (3000 cm™) and 3.77 um (2650 cm™!)
instead of 3.33 um (3000 cm™) and 3.57 um (2805 cm™), the values of the
CHj,-stretch ratio of a typical measurement increases a few percent. Also
when a polynomial between 3.05 um (3280 cm™) and 5.68 um (1760 cm™)
following the baseline is selected as baseline, the CH,-stretch ratio increases
a few percent. For the data set depicted in Fig.3.2 this CH,-stretch ratio
increase 1s 2.8%. However, because this is valid for the normal and tu-
mour cells the influence on the CH,-stretch ratio is very small (normally
less than a few percent). All the described baseline procedures can be suc-
cessfully used to determine the CH,-stretch ratio for the discrimination of
tumour cells from normal cells. The linear baseline through reference points
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Figure 3.3: CH;-stretch ratio detection method. To evaluate the CH,-stretch ratios
of different samples base line correction is required. The absorbance values at 3.33
and 3.57 um (solid arrows), are used to determine the base line. As a result, the
functional absorbance values of 3.51 and 3.42 um (dashed arrows), can be calcu-
lated. By dividing the functional absorbance values, 3.51/3.42 um, the normalized
CH,-stretch ratio will be obtained that can be used for sample comparison.
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Figure 3.4: Photo of a 3.34 um wavelength LED, fabricated from III-V heterostruc-
tures grown onto InAs substrates. The LEDs and PD contain an immersion silicon
lens to optimize the optical performance. The housing comprises a quartz window,
a thermo-electric-cooler (TEC), and NTS thermistor to set and control the working
temperature.

at 3.33 um (3000 cm™) and 3.57 um (2805 cm’!) is for our four-wavelength
sensing system the most attractive procedure, compatible with the emission
spectra of mid-infrared LEDs.

3.2.3 Sensor system

Instead of labelling or staining of suspicious biological samples, or record-
ing their IR absorbance spectra in the entire wavelength region between
2 and 20 um with an IR spectroscope, the sensor system measures the IR
absorbance at four specific wavelengths. As IR source, two pulsed LEDs
with centre wavelengths of 3.40 and 3.65 um and an emission bandwidth of
0.5 um are used (see Fig.3.4 and Table 3.1 for more specifications). The
emitted light of the two LED IR sources is collimated by plano-convex
lenses and directed at a filter wheel comprising narrow band-pass filters
(NBP) to obtain the specific IR wavelengths. As a result, from each LED
multiple wavelengths can be selected (in this case 3.33 and 3.42 um from
the 3.40 um LED and 3.51 and 3.57 um from the 3.65 um LED).

Before introducing the MID - infrared sources and detector, the optical
parts of the sensor system have been aligned with 660 nm (red light) emit-
ting LEDs. The beam angle of these LEDs are similar to that of the infrared
LEDs (both have a 10° beam angle). However, instead of being a perfect
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Figure 3.5: Photo of a focused LED spot on a 1 x I mm? grid for sensor alignment.
A) Focused light at the sample position, containing a 1 mm thick IR transparent
calcium-fluoride slide. B) Focused light at the detector position.

Table 3.1: LED (pulsed at a current of 1A) and photodiode specifications at 22 °C.

LED 34 LED 36 PD 34
Peak wavelength 340£0.05 3.654+0.05 3.35 pm
Pulsed power 5004100 350+£70 - uw
Switching time <20 <20 <20 ns
Far-field pattern <20 <20 <20 °
Cut-off wavelength - - 3.7 pm
Detectivity - - >0.5x 10" CmW—HZ
Emission bandwidth 0.5 0.5 - pm
Detection range - - 2.85-3.65 pm

point source, the emitted light pattern of an LED is shaped like a square sur-
rounded by a ring. After alignment, the smallest achieved focused light spot
had a diameter of approximately 1 mm at both sample and detector position
(see Fig.3.5). This is due to the square die shape and size.

The NBPs (obtained from NDC Infrared Engineering Ltd, Essex, United
Kingdom) all have a bandwidth (B/W) of less than 1% of the centre wave-
length at full width and half the maximum peak transmission. The transmit-
tance spectra of the four NBPs are depicted in Fig.3.6. After passing the
NBP, the two selected wavelengths are focused on a 1.5 mm diameter aper-
ture by a beam-splitter (obtained from ISP Optics, Irvington, NY, USA) and
another plano-convex lens. To direct the transmitted light through a sample
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Figure 3.6: Transmittance spectra of the four narrow band-pass filters. The fil-
ters with centre wavelength of 3.335 and 3.565 um are used to measure the IR
absorbance for the reference points, the 3.415 and 3.505 um filters are used for
specific CH,-antisymmetric and CH,-symmetric stretch measurements. All filters
have a bandwidth (B/W) of less than 1% (percentage of the centre wavelength at
the full filter width at half the maximum peak transmission).

to a room temperature operable photodiode, two additional plano-convex
lenses are used. By rotating the filter wheel, the two other filters can be
selected. During experiments, centre wavelength shifting of the LEDs and
photodiode is prevented by keeping them at a constant temperature (which
can be chosen in the range of 5 - 20 °C). This is realised by a thermo-cooler
built into the housings. The LEDs and PD were obtained from Mid-IR
Diode Optopair Group, St. Petersburg, Russia. All other components were
obtained from Thorlabs, Dachau, Germany.

Two drivers, DLT-37M obtained from IBSG Co. Ltd, St.Petersburg,
Russia, were used to operate the LEDs ( with a centre wavelength of 3.4
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Table 3.2: Logic states LD34 driver versus LD36 driver.

LED 34 driver LED 34 driver | LD36 driver
Clock Master reset Clock
0 0 1
0 1 0
1 0 0
1 1 0

and 3.6 um, respectively). The current of the LED pulses can be set from
0 to 2A, with a duration of 0.6,0.8,1,1.2,2,4,8, 10, 15,0r 20 us, at a car-
rier frequency of 0.5, 2, 8, or 16 kHz. To measure infrared absorbance at two
wavelengths simultaneously, we needed to adjust the LED drivers to oper-
ate the LEDs at alternating pulse mode. This was realised by connecting the
divided clock frequencies from the 12 channel binary counter (HEF4040B)
of one driver (0.5, 2.0, 8.0, and 16 kHz carrier frequencies extracted from a
32 kHz oscillator signal), and the master reset signal through a NOR gate
(Table 3.2) to a 4 stage analogue multiplexer of the second driver (of which
the clock and 12 stage binary counter were disconnected). As a result, all
driver settings, temperature, pulse current, and duration, are still adjustable
per LED. The fraction of infrared light transmitted through the sample was
captured by a photodiode, with 3.35 um centre wavelength and 3.7 um as
cut-off wavelength, and converted to a current. The current-to-voltage am-
plified photodiode signal (AMT-7M amplifier, also obtained from IBSG Co.
Ltd, St. Petersburg, Russia) is only recorded when an LED is emitting. This
is realised by connecting the clock signals of both LED drivers and the am-
plified photodiode signal to a data acquisition board (National Instruments
USB 6251, sample rate of 1.25 MS/s at a 16 bit ADC resolution), which is
programmable with a software script. This method is used to measure the
IR absorbance values at two wavelengths simultaneously. In Fig.3.7 the
schematic of the sensor system is depicted and in Fig. 3.9 a photograph is
shown of the realised system.

3.2.4 Data analysis

The absorbed IR light at the four wavelengths to determine the CH,-stretch
ratio is obtained by comparing the transmittance difference of a sample-
containing slide and an empty reference slide. We used 9.5x9.5x 1 mm?
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Figure 3.7: Schematic of the quadruple wavelength IR sensor system. Two LEDs
emitting in a broad range so that with changeable narrow band pass filters two
wavelengths can be selected (3.33 and 3.42 um for LED34 and 3.51 and 3.57 um
for LED36). Both LEDs operate at an alternating pulse mode. A beam-splitter and
plano-convex lens are used to focus the two beams through a 1.5 mm aperture on
the same sample spot. A photodiode is used as detector and can be operated at room
temperature. The current-to-voltage amplified photodiode signal is only recorded
when a LED is emitting. This is realised by connecting the clock signals of both
LED drivers and the amplified photodiode signal to a data acquisition board, which
is programmable with a software script. By rotating the filter wheel, the two other
filters can be selected.

== ) )\ At A
500us

500us
250us ;

250us

Figure 3.8: Synchronized pulses of two LEDs ( A\; and \;) operated in alternating
pulse mode.
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beam splitter

Figure 3.9: Photograph of the quadruple wavelength IR sensor system.

and6x6x 1 mm?® infrared transparent calcium-fluoride slides. When the
clock signal of one of the LED drivers gives an up-flank (trigger), the
current-to-voltage amplified photodiode signal is recorded for a duration of
12 ps. With a sample rate of about 1.25 MS/s, the data acquisition board
records 15 data points per pulse (in Fig.3.10, a single recorded pulse is
depicted). To extract the information out of a pulse, the mean voltage of
the four second highest values between the rise and fall time is used. By
averaging values of multiple pulses, more accurate absorbance values are
obtained. The extracted absorbance per wavelength values (in voltage) are
used to calculate the absorbance ratio between CH,-symmetric and CH,-
antisymmetric stretch as is described in the detection method section. In
Fig.3.11 a flow chart is depicted of how to determine this ratio by measur-
ing the IR absorbance at four wavelengths.

Compared to FTIR spectroscopy where the whole IR spectrum can be
recorded, the raw data measured with the sensor system consist of IR trans-
mittance data at the four specific wavelengths (the averaged data of a single
MDCK spot measurement is given in Table 3.3).

3.3 Results

3.3.1 Sensor validation

The quadruple wavelength IR absorbance sensor system has been validated
by recording 500 emitted IR pulses at each of the four wavelengths. The
voltage distribution of the current-to-voltage amplified IR pulses recorded
by the photodiode per wavelength are depicted in Fig. 3.12.
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Figure 3.10: Current-to-voltage amplified photodiode signal of a single recorded
LED pulse. By averaging the voltage values of the four second highest sample
points (grey dots), one voltage value will be assigned to the pulse for further com-
parison.

Table 3.3: Average IR transmittance values of a MDCK spot recorded by a pho-
todiode connected to a current-to-voltage amplifier. Each value is based on 2500
measurements.

Wave- | wave- ref. st-  MDCK  st-

length | number (no cells) dev dev
[um] | [em] [V] [(mV]  [V]  [mV]
3.33 3000 2.607 1.2 1.871 1.2
3.42 2928 1.627 1.9 1.083 0.8
3.51 2853 0.882 1.9 0.646 0.5
3.57 2805 0.636 1.1 0.499 0.5
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Figure 3.11: Flow chart explaining how the lipid CHj-symmetric/CHj;-
antisymmetric stretch ratio (3.51/3.42 um, respectively) is determined. By com-
paring the amplified current-to-voltage photodiode signal of an empty reference
and a sample-containing calcium-fluoride slide, baseline correction and normaliza-
tion is applied to calculate the CHj-stretch ratio. The two measured absorbance
values at 3.335 and 3.565 pm are used to describe the baseline. With this baseline
the functional absorbance values at wavelengths 3.42 and 3.51 um can be calcu-
lated (e.g. 0.08/0.230 corresponds with the fraction of the absorbance difference
between the two base points; 3.42 um is 0.08 um from the base point at 3.335 pum;
0.230 um corresponds with the wavelength distance between the two base points).
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Figure 3.12: The distribution of the current-to-voltage amplified IR pulses
recorded by the photodiode per wavelength. At each wavelength the averaged volt-
age T and standard deviation o is shown in voltage.

The standard deviation o of the recorded pulses is 20 mV (or 1% for the
recorded pulses emitted by the 3.4 um wavelength LED and approximately
3.5% for the pulses emitted by the 3.6 um wavelength LED).

In order to validate the sensor system with a biological sample the CH,-
symmetric / CH,-antisymmetric stretch ratio of a yeast sample has been de-
rived both by IR spectroscopy and the sensor system. Yeast samples, which
also contain the CH, absorbance peaks, are, compared to mammalian cell
lines, much easier to prepare. The bars f1-f3 in Fig.3.13 represent the
CHj,-stretch ratio of three sample spots of dried yeast. Each spot, located
on a single IR-transparent calcium-fluoride slide, was measured twice with
a Bruker Equinox 55 spectrometer. The settings were: 1 mm IR beam diam-
eter, 128 scans per spectrum, and a resolution of 4 cm™'.

To measure the CH,-stretch ratio with the sensor system, the LEDs were
set to emit pulses with a duration of 8 ps, operating at a carrier frequency
of 2kHz (duty cycle of 1.6%). More accurate data values were obtained
by averaging 500 recorded pulses per wavelength for a single measurement.
The thermo-coolers of the two LEDs (3.40 and 3.65 um centre wavelength)
and photodiode were set to 10, 8.5, and 20°C, respectively. In Fig.3.13 the
CH,-stretch ratio recordings of four sample spots (sl - s4) of yeast located
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Figure 3.13: CH;-stretch ratio of four sample spots of yeast, each recorded four
times with the quadruple wavelength sensor (s1-s4). The three sample spots f1 -
f3 were measured with a Bruker Equinox IR spectrometer (settings: 1 mm beam
diameter, 128 scans per spectrum at a resolution of 4cm™). The spots were all
located on the same 9.5x9.5x 1 mm® IR transparent calcium-fluoride slide. Bars
represent means + standard deviation per measured sample spot.

on a single calcium-fluoride slide are shown. Each 1.5 mm diameter spot
was recorded four times and averaged. Besides the mean CH,-stretch ratio
value per sample spot, the standard deviation is also given.

As can be seen in Fig. 3.13, the recorded IR absorbance values of both
measurement systems, IR spectroscope and sensor, yields similar CH,-
symmetric / CH,-antisymmetric stretch ratios. The proof-of-concept study
shows that the sensor system, which measures the IR absorbance at only
four wavelengths, can be successfully used to determine the CH,-stretch
ratio of cell samples. The CH,-stretch ratio could otherwise only be deter-
mined by using an IR spectroscope.

3.3.2 Normal versus malignant cell type discrimination

The CH,-stretch ratio has been investigated to determine its potential as
indicator for malignant versus normal cells. After the successful validation
of the sensor system with biological yeast samples, two epithelial kidney
cell samples were prepared, normal MDCK and carcinoma Caki-1. Both
cell types were cultivated and prepared under the same conditions. The
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Figure 3.14: Sensor CH,-stretch ratio measurement of four sample spots of dried
normal MDCK (m1 - m4) cells and carcinoma Caki-1 cells (c1 - c4), each recorded
four times. Bars represent means 4 standard deviation per measured sample spot.
There is a significant and well-detectable increase in CHj-stretch ratio of the Caki-
1 carcinoma cell line compared to the normal MDCK cell line (respectively 0.73
compared to the MDCK value of 0.47).

LEDs were set to emit 8 us pulses at a carrier frequency of 2kHz. From
each prepared sample, the CH,-stretch ratio of four spots were measured
four times. The results have been depicted in Fig. 3.14.

The CH;-stretch ratio measurements of both cell types, MDCK and
Caki-1, yielded mean values with small standard deviations, respectively
0.47£0.01 and 0.73 +-0.03. As can be seen in Fig. 3.14, there is a signif-
icant and well detectable CH,-stretch ratio difference between the normal
MDCK and carcinoma Caki-1 epithelial kidney cells: the ratio changes from
0.471t00.73. Repeated measurements of the same sample slides, stored for
one week at room-temperature, yielded similar results (MDCK 0.48 +0.01
and Caki-1 0.71 £0.04).

3.4 Discussion

By comparing IR spectroscope recorded absorbance spectra of benign and
malignant breast [72], oesophagus [70], and brain [92] tissue slides, found in
literature, differences in lipid CH,-stretch ratios due to tumour development
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can be derived. These tissue slides, all prepared from biopsies, comprise
identified regions of normal and tumour cells. Both with IR spectroscopy
and with our sensor system it is possible to investigate spots within such
sample regions. The sample slides used for our sensor measurements were
prepared from well defined cell lines, in order to have known samples to test
the sensor response to normal and carcinoma cells. On each sample slide
only cells from a normal or carcinoma cell line were attached, resulting in
a homogeneous tissue layer of a single cell type. The repeatability of the
sensor measurements, comparing different measurements per spot, shows
slight variations. By averaging multiple recordings of the same spot, more
accurate CH,-stretch ratios were obtained.

The reliability of the quadruple wavelength sensor system measurement
method was tested by recording the CH,-stretch ratio of four different spots
on the same sample slide. It can be seen in the measurements that al-
though the absolute IR absorption per sample spot can differ, the ratio CH;-
symmetric / CH,-antisymmetric stretch is fairly equal.

In chapter 4 the feasibility of the CH,-stretch ratio as biomarker to
distinguish between normal and tumour cells of epithelial kidney and
melanocyte origin will be further investigated.

3.5 Conclusions

A novel sensor system was designed and realised to measure the CH,-stretch
ratio by recording IR absorbance at four specific wavelengths. Sensor ex-
periments on dried spots of baker’s yeast yielded comparable ratios as with
the IR spectroscope measurement. After that the new quadruple wave-
length infrared sensor was used to determine the CH,-symmetric/CH,-
antisymmetric stretch ratio between normal and tumour epithelial kidney
cells. The results show a significant difference of this ratio (0.47 to 0.73).
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Chapter 4

Label-Free Tumour Screening

The research described in this chapter consist of three main parts. In
section4.3.1-4.3.3, the feasibility to distinguish between normal and ma-
lignant cells by a four-wavelength, mid-infrared absorbance measurement
method is investigated. The cancer types are of epithelial kidney and
melanocyte origin. For both types the CH,-stretch ratio of a normal cell
line is compared with multiple malignant cell lines.

The main contributor stabilizing the lipid chains in the cell membrane
is cholesterol. To investigate whether cholesterol bound to the lipids in the
plasma membrane influences the CH,-ratio, MDCK cells were exposed to
the cholesterol reducing agent methyl-/3-cyclodextrine at different concen-
trations (section4.3.4).

Besides investigating the feasibility of the CH,-ratio as tumour cells
indicator another, highly interesting aspect would be if it could also be a
method to monitor therapy on tumour cells. To investigate this aspect the in-
fluence of chemotherapy drugs on tumour cells has been investigated. When
the chemotherapeutic drug is effective, the drug induces membrane changes,
e.g. tightening the inner membrane of cells when in apoptosis. The influ-
ence of the drug cisplatin on the CH,-stretch ratio of melanoma cells is
presented in section 4.3.5.

4.1 Introduction

As described previously, the majority of tumour detection methods available
to date are based on visual inspection of primary tumours. Visual inspec-
tion methods still result in a high number of false positives and negatives
and there is still no commonly accepted marker set available for the accu-
rate diagnosis of malignant melanoma [3,5]. Improved diagnostic methods
are highly important for increasing the overall survival rates of cancer pa-
tients [13, 18]. In this chapter, the potential of the proposed label-free in-

47
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frared absorbance based measurement method for determination of the CH,-
symmetric to CH,-antisymmetric stretch ratio, to aid in the detection of the
presence of cancer cells and to differentiate between various cancer cells,
was assessed [91,93]. The monitoring of CH,-stretches of phospholipid
acyl chains is a very strong concept, because it enables to look at changes in
molecular interactions and it inherently compensates for differences in cell
amount and measurement spot size. For this study a normal epithelial kid-
ney cell line, three carcinoma epithelial kidney cell lines, an adult primary
human melanocyte cell line, and three human melanoma cell lines were in-
vestigated. As described in section 2.2, cholesterol is required for normal
cellular function of mammalian cell membranes. Plasma membranes of typ-
ical mammalian cells consist of about 20 - 25% lipid mass cholesterol. It has
a condensation and ordering effect on the lipid structure [84—87,94], which
leads to an increased ordering of the hydrocarbon chains of lipids, a re-
duction of their mean molecular area, and to a decrease in CH,-symmetric
stretch [77,95,96]. We postulate that the increased CH,-stretch ratio of
tumour cells compared to normal cells is caused by a reduction or reallo-
cation of membrane stabilizing agents such as cholesterol. We have found
supporting evidence in publications by Cai et al. and Guyot-Sionnest et
al. They show that after overexpressing caveolin-1 in the plasma mem-
brane of doxorubicin-resistant breast cancer cells (Hs578T) the cholesterol
level decreased by 30% [79]. It is shown by sum-frequency vibrational
spectroscopy of a Langmuir film that, when straightening up a pentade-
canoic acid molecule, the CH,-symmetric peak decreases [78]. Methyl-
[B-cyclodextrin (MBCD; see Fig. 4.3) redistributes cholesterol in the plasma
membranes of MDCK cells without influencing the cell viability [97,98]. To
investigate the mechanism influencing the CH;-stretch ratio of mammalian
cell membranes, a normal epithelial kidney cell line was exposed to the
plasma membrane bound cholesterol reducing agent methyl-/3-cyclodextrin.
Cisplatin (Fig. 4.1) is an antitumour agent commonly used for the treatment
of various tumours including melanoma. At a lethal dose, it kills cells by
the formation of DNA adducts, triggering apoptosis [99-101]. After intra-
venous administration, cisplatin is relatively non-reactive due to the high
concentration of chloride ions (£ 100 mM) in the extracellular space. When
crossing the plasma membrane, the chloride concentration drops to 3 mM,
activating cisplatin. In active form, cisplatin (an electrophile) reacts with
any nucleophile including sulfhydryl groups on proteins and nucleophile
groups on nucleic acids [102]. Determining the lowest “working dosage”
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Figure 4.1: Fischer projection of cis-diamminedichloroplatinum(II), cisplatin.

is of clinical importance because the chance of severe side effects such as
multiorgan toxicity, deafness, blindness, seizures, and vomiting must be re-
duced [103]. When inducing apoptosis in human colon cancer cells by cis-
platin, lipid raft aggregates are formed [104, 105]. Singh et al. showed that
apoptotic cells change morphology [106]. Plasma membrane pores, or leaky
spots, are formed by rigid patches of tight packed phospholipids in the in-
ner plasma membrane. These rigid patches are formed due to an increased
amount of saturated fatty-acids. In this chapter, also the change in CH,-
stretch ratio when cells are in apoptosis will be investigated, specifically
the decrease in CH,-stretch ratio due to the formed, rigid, tightly packed
phospholipids.

4.2 Material and methods

4.2.1 Cell lines

The CH,-stretch ratio as indicator for tumour cells have been tested on two
different cancers. The first type was of epithelial kidney origin. As normal
cell type we used MDCK (Madin-Darby Canine Kidney, ATCC CCL-34),
as carcinoma mouse Renca (ATCC CRL-2947) and human carcinoma A498
(ATCC HTB-44), and Caki-1 (ATTC HTB-46). The second cancer type
is originated from human melanocyte cells. As normal cell type HEMa
(Primary Human Melanocytes adult, obtained from Invitrogen, Germany)
was used and as melanoma A375 (ATCC CRL-1619), M14 (a gift from
Dr. Soldano Ferrone; Dept. of Immunology, University of Pittsburgh), and
518A2 (a gift from Dr. Peter Schrier, LUMC, Leiden, the Netherlands) were
used.
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4.2.2 Sample preparation

The cell lines were all cultivated under the same conditions in monolayer
on 6x6x 1 mm?® IR transparent calcium-fluoride slides, in a humidified
atmosphere containing 5% CO, and 95% ambient air at 37°C. The cell
cultures were free of mycoplasma and pathogenic viruses. The epithelial
kidney cell lines were cultivated in Dulbecco’s Modified Eagle Medium
(DMEM), 2mM L-glutamine, 10% fetal calf serum (FCS), and antibi-
otics (100 units/mL penicillin, 100 pg/mL streptomycin, and 0.25 ug/mL
Amphotericin B), all obtained from Lonza Bioscience, Germany. The
melanocytes were maintained in M254-500 medium (Invitrogen, Germany)
supplemented with PMA-Free HMGS2 (Invitrogen, Germany).The human
melanoma cell lines were maintained in RPMI 1640 medium (Biochrom
AG, Germany). Media were supplemented with 10% fetal calf serum and
1% antibiotics. Mixtures of Caki-1 and MDCK cells were prepared by
trypsinizing both cell lines, and their concentrations were determined with
a coulter counter. Both cell types were afterwards transferred, in % Caki-
1/% MDCK cell ratio’s of 100/0, 80/20, 50/50, 20/80, and 100/0 to CaF,
slides containing wells of a 24-well plate. To visualize the mixing method,
one of the two cell types has been stained with DiO, a viability stain that
binds to phospholipid bilayer membranes, prior to mixing them with the
other cell type (see Fig.4.2). Before the IR absorbance was measured, the
sample slides were rinsed in warm PBS to remove detached cells and culture
medium components. The high IR absorbing water fraction was removed by
drying the slides for 3 hours in a sterile laminar flow cabinet.

To determine a CH,-stretch ratio change by extracting cholesterol from
the cell membrane, three different MDCK cell slides where exposed to
respectively O (as control), 10, and 20 mM MSCD (obtained from Sigma-
Aldrich, product number C4555, MW = 1320 gram/mol) for 1h at 37°C
and 5% CO,. After incubation, the cell sample slides were washed twice
in PBS to remove the MSCD solution and dried for 3 hours in a lami-
nar flow cabinet to remove the water fraction. Three melanoma cell lines
were exposed for 16h to 20uM cisplatin. Of each cell line exposed to
cisplatin two sample slides were prepared. The kinetic response of A375
melanoma cells to 20 uM cisplatin was investigated by exposing them for
O min, 15 min, 30 min, 2 h, and 16 h to cisplatin. Before IR absorbance was
measured the slides were rinsed in warm PBS to remove detached cells and
culture medium components. The high IR absorbing water fraction was re-
moved by drying the slides for 3 hours in a sterile laminar flow cabinet.



4.2 Material and methods 51

Figure 4.2: Mixed Caki-1 and MDCK epithelial kidney cells. a) and ¢) are pho-
tographs of mixed Caki-1 and MDCK cells by light microscopy. b) and d) are im-
ages taken by fluorescence microscopy (the green/grey dots in represent the stained
cells) of the same sample slides as depicted in a) and ¢). In b), only the MDCK
cells were stained and in d) only the Caki-1 cells were stained.
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Figure 4.3: Fisher projection of a methyl-3-cyclodextrin molecule. MBCD is a
cyclic oligomer comprising 7 sugar molecules.

4.2.3 Cholesterol redistribution

The influence of cholesterol on the CH,-stretch ratio was investigated by
exposing MDCK cells to 0, 10, and 20 mM of MBCD. The chosen incuba-
tion time was 1 hour. Francis et al. have shown that most of the cholesterol
reduction in MDCK cells occurred in the first 30 min of exposure [107,108].
Cyclodextrins are cyclic glucose oligomers that have the capacity to segre-
gate lipids in their hydrophobic core. The water - soluble M3CD, a seven
sugar ring molecule, is known to form soluble inclusion complexes with
cholesterol, thereby enhancing its solubility in aqueous solution [98, 109]
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Table 4.1: LED and photodiode settings.

LED 3.4um LED 3.6um Photodiode 3.4 um

current 470 1470 - mA
temperature 10.1 10.6 19.8 °C

4.2.4 Sensor settings

The LEDs were set to pulsate for 12 us at a repetition rate of 2kHz, 2.4 %
duty cycle. Of each cell sample, the CH,-stretch ratio of four 1.5 mm diam-
eter spots were averaged. Each of the four spots were measured 1250 - 2500
times. Specific settings are depicted in Table 4.1.

4.2.5 Data analysis

The data acquisition method was further improved by recording the current-
to-voltage amplified photodiode output signal at 100 us instead of 12 pus
(compared to Section 3.2.4), allowing to determine the minimum voltage
value after the 12 us LED pulse. To extract the information out of a sin-
gle pulse, the mean voltage of the four second highest values, between the
rise and fall time, is used. In Fig.4.4, a single recorded pulse is depicted.
By averaging the values of multiple pulses more accurate absorbance values
are obtained. These extracted absorbance per wavelength values, in volt-
age, are used to derive the absorbance ratio between CH,-symmetric and
CH;-antisymmetric stretch.

The CH,-stretch ratio of a single 1.5 mm diameter sample spot was ob-
tained by averaging the values of five measurements. Small wavelength ab-
sorbance peak shifts due to chain rotation configurations will not influence
the measurements, because of the 30 nm bandwidth of the selected NBP
filters [81].

4.2.6 Statistical analysis

Kruskal - Wallis tests were performed to test for statistically significant dif-
ferences between the CH,-stretch ratios of the measured cell types.
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Figure 4.4: Current-to-voltage amplified photodiode signal of a single recorded
LED pulse. By averaging the voltage of the four second highest sample points (in-
sert: white dots), one voltage value is assigned to the pulse for further comparison.
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4.3 Results

4.3.1 Epithelial kidney carcinoma cells

The IR absorbance ratio between CH,-symmetric and CH;-antisymmetric
stretch of mammalian cells is determined by a quadruple wavelength in-
frared absorbance measurement (see Fig. 3.3 Section 3). The cell lines of
epithelial kidney origin were normal MDCK cells and the three carcinoma
cell lines were Renca, A-498, and Caki-1. From each prepared 6 x 6 mm?
sample slide the CH,-stretch ratio of four different 1.5 mm diameter spots
were measured. Of each spot the CH,-stretch ratio of 1250-2500 mea-
surements were averaged. The reproducibility of the CH,-stretch ratio as
tumour indicator was evaluated by comparing measurement results of two
different passages per cell line. Between the cell passages no significant
differences in CH,-stretch ratio have been detected, indicating the usability
and reproducibility of the CH,-stretch ratio method as tumour indicator. As
is shown in Fig. 4.5, the Renca, A-498, and Caki-1 carcinoma cell lines had
a significant and well-detectable higher CH,-stretch ratio compared to the
normal MDCK cell line. The measurement values of the stretch ratios have
standard deviations of 5, 1,7, and 2% for the first measured cell passage and
2,1,1,and 2% for a different cell passage. Also, between the carcinoma
cell lines a statistical significant difference in CH,-stretch ratio has been
detected. A statistical analysis, to determine if there is a significant differ-
ence between the mean CH,-stretch ratio of the individual cell lines, has
been made by performing a Kruskal - Wallis test for non-normal distributed
datasets. The null hypothesis is that all groups have the same CH,-stretch
ratio. The test yielded a probability P=3.6x 10, indicating that the indi-
vidual cell lines have a statistical significant difference between their mean
CH,-stretch ratio.

4.3.2 Melanoma cells

We then applied the CH,-stretch sensing system on melanoma cells. Of this
cell type the CH,-stretch ratio of normal, human melanocyte (HEMa), and
three human tumour cell lines (M 14, 518A2, and A375) were investigated.
The same measurement strategy was used as described previously; four dif-
ferent spots of two different cell passages per cell line were evaluated. As
has been shown for the epithelial kidney cell measurements, the CH,-stretch
ratio of the three melanoma cell lines were also higher compared to the nor-
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Figure 4.5: Sensor CH;-stretch ratio measurement of MDCK (mean + standard
deviation, 0.47 + 0.01 and 0.46 + 0.01) and carcinoma Renca (0.62 4+ 0.01 and
0.64 £ 0.01), A498 (0.59 + 0.03 and 0.58 + 0.01) and Caki-1 (0.71 4 0.05 and
0.69 + 0.01). Of every cell type the CH,-stretch ratio of two different cell passages
were measured (4 months between measurements). Bars represent means + SD
per cell passage and cell type (each bar comprises the average CH,-stretch ratio of
4 spots with 1250 - 2500 measurements per spot). There is a significant and well-
detectable higher CH,-stretch ratio measured for the Renca, A-498, and Caki-1
carcinoma cell lines compared to the normal MDCK cell line (respectively 0.63,
0.59, and 0.70 compared to the MDCK value of 0.47).
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Figure 4.6: Sensor CH;-stretch ratio measurement of melanocyte HEMa (mean +
standard deviation, 0.53 + 0.01 and 0.52 + 0.01) and melanoma M14 (0.60 4 0.01
and 0.61 £ 0.01), 518A2 (0.65 4 0.02 and 0.65 + 0.02), and A375 (0.75 + 0.01
and 0.74 £ 0.01). Of every cell type two different cell passages were measured (10 -
12 days between measurements). Bars represent means 4= SD per cell passage and
cell type (each bar comprises the average CH,-stretch ratio of 4 spots with 1250 -
2500 measurements per spot). There is a significant and well-detectable increase in
CH,-stretch ratio of the M 14, 518A2, and A375 melanoma cell lines compared to
the normal HEMa melanocyte cell line (respectively 0.61, 0.65, and 0.75 compared
to the melanocyte value of 0.53).

mal melanocytes (Fig.4.6). The standard deviations of the HEMa, M15,
518A2, and A375 cell line measurements were, respectively, 1,3, 1, and 2%
for the first cell passage and 2, 3, 1, and 2% for the next measured cell pas-
sage (see error bars). Between the different cell passages no significant
differences in CH,-stretch ratio have been detected. Statistical analysis re-
sults of a Kruskal - Wallis test were significant P=3.0x 10°; indicating that
the CH,-stretch ratio of the individual cell lines were significantly different.

4.3.3 Mixed MDCK and Caki-1 cells

In order to determine the feasibility to detect tumour cells in mixtures with
“normal” cells, not only pure cell lines were investigated, but also the CH,-
stretch ratio of various mixtures of Caki-1 and MDCK were measured.
The investigated cell mixtures have a % Caki-1/% MDCK cell ratio (in cell
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Figure 4.7: Sensor CH;-stretch ratio measurement of mixtures of MDCK and
Caki-1 epithelial kidney cells: 100/0 (mean =+ standard deviation, 0.71 £ 0.01),
80/20 (0.62 £ 0.03), 50/50 (0.51 + 0.01), 20/80 (0.50 £ 0.03), and 0/100 (0.47
4 0.01) % Caki-1/% MDCK). Bars represent means & SD per cell mix (each bar
comprises the average CHj-stretch ratio of 4 spots).

amount) of 100/0, 80/20, 50/50, 20/80, and 100/0.

As shown in the histogram depicted in Fig. 4.7, the CH,-stretch ratio of
the cell mixtures decreases when the MDCK cell concentration increases,
in other words, an increased concentration of tumour cells yielded a mea-
surable increase in CH,-stretch ratio.

4.3.4 The influence of cholesterol on the CH,-stretch ratio

It was investigated whether the membrane stabilizing agent cholesterol has
an influence on the CH;-stretch ratio of MDCK cells. By reducing the
amount of plasma membrane bound cholesterol, the CH,-stretch ratio in-
creases. Several research groups have shown that S-cyclodextrins are ca-
pable to sequester cholesterol from cellular membranes. MZCD (methyl-
[-cyclodextrin) has been found as the most effective cyclodextrin because
of its solubility properties in aqueous solutions so that it can be effectively
washed away after the exposure period [110-112]. This was also shown for
the cell line that we investigate in this study. Francis et al. have shown that
a concentration of 20 mM MpACD is sufficient to reduce the plasma mem-
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Table 4.2: Cholesterol reduction efficiency of MDCK by MSCD.

Sample raw spot background cholesterol reduction
volume  subtracted vs. control
[A.U.] [A.U.] [%]

background 34062 - -

0 mM (control) 185801 151739 0

10mM MgSCD, 1h | 95688 61625 59

20mM MpGBCD 86761 52699 65

pure cholesterol 1812998 1778936 -

brane bound cholesterol levels of MDCK cells up to 80% (most choles-
terol decrease occurs in the first 30 min [107]). By exposing MDCK cells
for 1 h to 0 (control), 10, and 20 mM MCD, the influence of cholesterol on
the CH,-stretch ratio has been investigated. The cholesterol extraction effi-
ciency (Table 4.2) was determined by performing membrane lipid extraction
of the MDCK cells (the two MSCD exposed and control cell samples) and
cholesterol separation by TLC (Thin Layer Chromatography) analysis (pro-
tocol given in Appendix B).

The measured CH,-stretch ratios of the three MSCD exposed MDCK
cell samples were, respectively (mean £ SD) 0.46 £0.01,0.50 +0.01, and
0.57 £0.01, indicating that an increase in CH,-stretch ratio arises when
there is a decrease in, or redistribution of, the membrane stabilizing agent
cholesterol (Fig. 4.8).

An increase in CH,-stretch ratio (an increase in membrane lipid disor-
der) was successfully measured by exposing viable MDCK cells to respec-
tively, 10 and 20 mM MSCD for 1 h.

4.3.5 The influence of cisplatin on the CH,-stretch ratio

The measurement results of melanoma cells exposed for 16 h to 20 uM cis-
platin yielded a significant CH,-stretch ratio decrease compared to untreated
cells. The CH,-stretch ratio of M14 cells for example, decreased from
0.60t00.42 (see Fig.4.9).

From the measurement results of a following experiment, it can be con-
cluded that the initial membrane change due to cisplatin occurs within the
first 30 min of exposure (see Fig. 4.10).
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Figure 4.8: Sensor CH;-stretch ratio measurement of MDCK cells exposed for
1h to respectively 0 (mean 4 standard deviation, 0.46 0.01), 10 (0.50 = 0.01),
and 20 mM (0.57 +0.01) Methyl-3-cyclodextrin. Bars represent means =+ stan-
dard deviation per exposed M3CD concentration (each bar comprises the average
CH,;-stretch ratio of 4 spots with 1250 - 2500 measurements per spot). There is a
clear CH;-stretch ratio increase detected when the cholesterol concentration of the
MDCK cells is being lowered. The CH,-stretch ratio increased from 0.46 to 0.57
when MDCK cells were exposed to 20 mM MSCD for 1 h.
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Figure 4.9: Sensor CH,-stretch ratio measurement of M14 (mean + standard
deviation, untreated and exposed, 0.61 +0.01, 0.40 £0.01, 0.44 +0.03), 518A2
(0.65+0.02, 0.52+£0.03, 0.53+0.02), and A375 (0.74+£0.01, 0.56=+0.02,
0.51 +0.03) melanoma cells incubated for 16 hours with and without (as control)
20 uM cisplatin. To test the reproducibility of the measurement, the influence of
cisplatin to the CH,-stretch ratio of the three cell lines was conducted twice per
cell line (on a different cell passage). There is a significant decrease in CH,-stretch
ratio of cisplatin exposed melanoma cells. Bars represent means =+ standard de-
viation per cell line, untreated and exposed to cisplatin (each bar comprises the
average CH,-stretch ratio of 4 spots with 1250 - 2500 measurements per spot).
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Figure 4.10: A375 melanoma cells exposed to 20 uM cisplatin for 0 (mean =+
standard deviation, 0.74 4+ 0.03), 0.5 hour (0.58 £ 0.03), 2 hours (0.58 = 0.03), and
16 hours (0.56 4+ 0.03). CH,-stretch ratio measurements conducted after multiple
time intervals show that cisplatin affects the cell membrane even after 0.5 hour of
exposure (at a cisplatin concentration of 20 uM). Bars represent means + standard
deviation per exposure time (each bar represents the average CHj-stretch ratio of
4 spots with 1250 - 2500 measurements per spot).
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4.4 Discussion

The evaluated IR spectra of clinical samples published in literature and
presented cell line measurement results of epithelial kidney carcinoma
(Fig.4.5) and melanoma (Fig. 4.6) all show a significant and reproducible
higher CH,-stretch ratio compared to normal or benign cell types. The sim-
ilar measurement results obtained from the samples prepared from different
cell passages and the low standard deviations of the measurement values
show the reliability of the sensing method. The difference detected between
the two human epithelial kidney carcinoma cells (0.59 for A498 and 0.70 for
Caki-1) is likely due to the presence of lipid droplets in Caki-1 cells [113]
containing relaxed/disordered lipids present in the metastatic Caki-1 cells.
The variation between CH,-stretch ratios found among the three melanoma
cell lines could indicate that there is a difference in membrane lipid disorder,
which is most likely due to differences in overall cholesterol concentration.
As is shown in Fig.4.7, a distinction in CH,-ratio between the different
Caki-1/MDCK mixtures was measured. The higher standard deviation of
the 80/20 and 20/80 mix ratio measurement results is due to non-uniform
distribution of the cell types on the sample slides (see Fig.4.2). By compar-
ing a ratio, differences in sample thickness, and cell distribution per area that
can lead to absolute IR absorbance differences between spots, the outcome
will not be influenced. Our measurements show very small deviations of the
CH,-stretch ratio between spots. The LEDs and photodiode were operated
at a frequency of 2 kHz and, therefore, it is easy to obtain multiple record-
ings of the same spot, allowing averaging to obtain more accurate CH;-
stretch ratios. In the temperature range up to 37°C the specific absorbance
wavelengths of the CH,-symmetric and CH,-antisymmetric stretch band
remain unaffected [114-116]. Slight temperature changes in the samples
will therefore not affect the measurement results. The LEDs and photo-
diode were tunable in wavelength by changing their temperature. By sta-
bilizing the temperature (fixed at a temperature between 5 and 20°C) by
thermocoolers, which were built into the LED and photodiode housings,
peak wavelength shifts were prevented. An increase in CHj-stretch ratio
arises when there is a decrease in, or redistribution of, membrane stabiliz-
ing agents, such as cholesterol, and the presence of lipid droplets contain-
ing relaxed/less stretched carbon-carbon chains. Swinnen et al. described
that enhanced lipogenic enzymes expression and activity in tumour cells
results in increased amounts of phospholipids, the building blocks of mem-
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branes required for rapidly dividing cells [117]. This could yield more disor-
dered lipid membranes and an increase in CH,-symmetric stretch. Cai et al.
showed that doxorubicin sensitive and doxorubicin resistant Hs578T breast
cancer cells, overexpressing caveolin-1, have a (12 and 30%, respectivily)
decreased plasma membrane cholesterol level [78]. Schroeder et al. showed
that in low and high metastatic mouse melanoma cells there is a significant
difference in molar ratio cholesterol per phospholipid in both plasma mem-
brane and microsomes (a lower molar cholesterol per phospholipid ratio in
high compared to low metastatic melanoma cells) [25]. Besides a reduction,
the redistribution of cholesterol in the plasma membrane also influences the
CH,;-stretch ratio. When cholesterol is redistributed, resulting in rafts, lipid
regions containing more than 45% cholesterol, the average plasma mem-
brane stabilizing cholesterol concentration per area decreases, leading to
more disordered phospholipids [23]. This suggests that the membrane of
severe, highly metastatic, melanoma cells is more disordered than that of
less dangerous melanomas. The CH,-stretch ratio variations measured be-
tween the five individual 1.5 mm diameter spots on the 15 min cisplatin ex-
posed sample slide could be related to the initial uptake of cisplatin in the
cell membrane. After 30 min exposure there was no significant CH,-stretch
ratio difference measured between the spots. A decreased CH,-stretch ratio
arises when the membrane lipids are more ordered. This is the case when
there is an increase in membrane stabilizing agents stretching the carbon-
carbon chain and/or the presence of tightly packed lipid rafts [118].

4.5 Conclusions

In conclusion, a measuring method to distinguish between normal and ma-
lignant cell types without the use of elaborate, time consuming, labelling
and staining techniques has been presented. This method comprises of
a four-wavelength mid-infrared absorbance measurement with which the
CH,-stretch ratio of biological cells can be derived.

The CH,-stretch ratio based cell discrimination method as additional
tool for the diagnoses of suspicious tissues could improve the accuracy of
the staging of these tissues. The CH,-stretch ratio measured from defined
cell lines and derived from published IR absorption spectra of clinical hu-
man samples show statistical significant and well detectable differences for
tumorous compared to normal tissues.

Measurement results of normal epithelial kidney cells exposed to MGCD
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indicate that an increase in CH,-stretch ratio arises when there is a decrease
in, or redistribution of, the membrane stabilizing agent cholesterol. From
the measurement results of Zwielly et al. it can be concluded that cisplatin
resistant GA melanoma cells have a higher CH,-stretch ratio compared to
non-resistant GA melanoma cells [73]. This suggests that CH,-stretch ratio
as indicator for tumour cells can also be used to distinguish certain drug
resistant and non-resistant tumour cells. The presented measurement results
of cisplatin exposed melanoma cells showed a significant decrease in CH,-
stretch ratio of three different melanoma cell lines exposed to cisplatin. This
decrease in CH,-stretch ratio arises due to tightly packed inner-membrane
lipid regions to form pores when cells are in apoptosis. This means that
CH,-stretch ratio as indicator for tumour cells can also be used to distinguish
certain drug resistant and non-resistant tumour cells.
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Chapter 5

The CH»-stretch ratio of
Suspended Mammalian Cells

Instead of determining the CH,-stretch ratio of dried cells on IR transpar-
ent CaF, (calcium-fluoride) slides, in this chapter, a method is investigated
that allows measurements of cells suspended in PBS (phosphate-buffered-
saline). This method reduces the sample preparation time from 7-9 hours
to only 30min and allows at-line measurements, keeping the cells alive.
Also, it will be investigated whether the CH,-stretch ratio of suspended cell
samples differ compared to that of dried cell samples.

5.1 Introduction

In the previous chapter (CH 4), the potential of the CH,-stretch ratio to dis-
tinguish tumour cells from normal cells has been shown. The removal of the
membrane stabilizing agent cholesterol and the influence of tightly packed
lipid regions in the inner cell membrane yielded significant CH,-stretch ratio
changes. The preparation time of the sample slides to obtain a cell mono-
layer attached to infrared transparent calcium-fluoride slides took approx-
imately 7to9hours. The slides also had to be dried to prevent the strong
influence of water on the infrared light absorbance signal. In this section a
different approach will be investigated to discriminate cell types. Instead of
measuring the CH,-stretch ratio of dried samples, a faster method allowing
the measurement of living suspended mammalian cells in microfluidic chips
has been designed and realised.

67
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Figure 5.1: The molar absorptivity of water in the spectral range 1000 - 4000 cm’!
at 25°C [119]. The region of interest, required for the determination of the CHj-
stretch ratio, is located between the two dashed lines. In this region, the highest
extinction takes place at the wavenumber 3000 cm™!.

5.2 Chip design and fabrication

5.2.1 Optimal chip height

While for CH,-stretch measurements of dried cells an empty CaF, slide was
used as reference, for suspended cell measurements the reference was a sam-
ple chamber filled with PBS. In suspension, epithelial kidney and melanoma
cells have a diameter of about 15 um. Therefore, a chamber height of about
20 um was chosen. In a lower chamber cells could easily clog, prevent-
ing an even distribution throughout the sample chamber. A larger chamber
height results in a transmittance signal too low to detect due to strong IR
absorbance of water. In order to determine if the height of 20 um still al-
lows to conduct valid IR transmittance measurements, the absorbance of
water is considered. The molar extinction coefficient of water in the wave-
length range between 2.5 and 10 um (Fig.5.1) has been used to calculate
(Eq.2.2) the % IR transmittance at different optical path lengths (depicted
in Fig.5.2) [119].
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Figure 5.2: The optical path length and % IR transmittance of water at 3000 cm™!.
At an inner chamber height of 20 um, there is still enough transmitted IR light
(almost 10%) to conduct valid IR absorbance measurements on suspended cells
with a diameter of approximately 15 um.

As can be seen in Fig. 5.2, a sample chip with an inner chamber height of
approximately 20 um allows a 10% IR transmittance through a pure water
layer. In order to test the feasibility of suspended cell measurements, ex-
periments with test chambers have been carried out. These chambers were
composed of two 22x22x0.14mm? borosilicate glass microscope cover
slides and 75 um Teflon or 58 um Scotch tape spacers. The two sandwiched
Si0; slides were glued together, filled with H,O, and sealed.

For both the 58 and 75 um inner height chambers, the IR transmittance at
the wavelength of 3.33 um was too low to detect by the photodiode. There-
fore, a test chip with a gradually increasing thickness was fabricated by
sandwiching two glass slides with a strip of tape placed at only one side.
The maximum water layer thickness transmitting sufficient IR light emit-
ted by the LEDs to be detected by the photodiode was found by determin-
ing the chip position along the gradually increasing thickness. This posi-
tion is where a minimum current-to-voltage amplified photodiode signal of
150 mV was measured. This minimum voltage was acquired for a 21 um
water layer at the 3.33 um wavelength. The transmittance values at the spe-
cific functional spectral points in the 3.33 -3.57 um wavelength region are
given in Table 5.1.

From the previously reasoned, calculated, and measured inner cham-
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Table 5.1: IR transmittance through a 21 um thick water layer at specific functional
spectral points in the 3.33 - 3.57 um wavelength region.

Functional group Wavenumber Wavelength Transmittance
[em™] [um] [%]

Base point 3000 3.335 7

CHj; antisymmetric 2958 3.385 17

CH, antisymmetric 2923 3.415 24

CHj; symmetric 2871 3.485 45

CH, symmetric 2852 3.510 50

Base point 2800 3.565 65

ber heights allowing IR absorbance measurements of suspended biological
cells, the optimal chamber height was found to be 20 um.

5.2.2 Chip layout and material

The sample chip consists of two sandwiched, 1 mm thick, infrared transpar-
ent CaF, wafers with in between a fluidic chamber structure made out of the
negative photoresist SU-8. CaF, was selected as base material because of
its high (over 95%) transmittance properties in the IR wavelength region of
3.3 to 3.6 um [120]. The fabrication process of chips consisting of CaF, as
a substrate and SU-8 fluidic structures was already developed and utilized
in-house [121-123]. The chamber layout was designed in such a way that
the dead volume when filling the chip was kept to a minimum. A single
chip consists of three equal sample chambers with an optical window of
3.5 mm in diameter, large enough to allow measurements at multiple differ-
ent 1.5 mm diameter sample spots. In order to prevent the water fraction of
the cell suspension to evaporate during measurements, the 600 um in diam-
eter inlet and outlet holes were sealed with PDMS (polydimethylsiloxane)
strips. With a diameter of 3.5 mm and an inner height of 20 um, the obtained
chamber volume was approximately 0.3 uL. A layout of the chip is depicted
in Fig. 5.3.

5.2.3 Chip fabrication

The fabrication of the infrared transparent CaF, sample chip consists of
multiple steps (see Fig.5.4):
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Figure 5.3: Schematic representation of the 15.4 x 10.3 mm? IR transparent sample
chip. A single chip comprises of three identical chambers, with an optical window
of 3.5 mm in diameter and 20 um chamber height. It allows measurements at four
different 1.5 mm diameter sample spots in each chamber.

The surface of the wafers was cleaned by immersion in 10% RBS-50
(a non-foaming liquid cleaning agent containing alkaline) in an ultrasound
bath.

Top wafer, SU-8 deposition and patterning: On the top CaF, wafer the
SU-8 channel structure was created by spinning SU-8 photo resist in three
consecutive steps: 200 rpm for 8 s, 1000 rpm for 10 s, and 4700 rpm for 50 s.
A soft-bake step at 95°C for 30 min, a 50 s UV-exposure through a mask (a
Suess MA 150 was used to align the mask on the wafer), followed by a
90°C, 10 min post-exposure-bake step, yielded a structure of approximately
18 um in height on top of the wafer, consisting of unexposed SU-8 enclosed
by UV-exposed SU-8 side walls (Fig.5.4aandb).

Bottom wafer, SU-8 deposition and patterning: The channel on the
bottom wafer was structured by spinning SU-8 resist, diluted 1.5: 1 with
gammabutyrolactone, at 4500 rpm for 40s. A soft-bake step at 95°C for
20 min, a 20s UV mask exposure, and a post-exposure step at 90°C for
10 min, yielded a 5 um high structure. By developing the SU-8 with PG-
MEA for 60s, the unexposed SU-8 was removed and yielded a structure
height of 3.4-3.6 um for the exposed SU-8 walls. Afterwards, the wafer
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was cleaned by rinsing with isopropanol (Fig.5.4aandb).

Metal deposition and patterning: A 1.2 um thick Cu (copper) layer
was vapour deposited on the post-exposed SU-8 layer of the top CaF, wafer
by utilizing a Balzers BAK-550 evaporation unit. On top of the Cu layer
AZA4512, a positive photo-resist was deposited by spinning at 4000 rpm for
40 s by being soft-baked at 60°C for 5 min (Fig. 5.4c¢).

The final photolithography step to expose the photo-resist layer on top of
the Cu layer took 6 s. Afterwards, a spray-development for 15 s with AZ826
MIF was performed in order to remove only the exposed AZ4512 photo-
resist. The Cu layer was patterned by a 3 min etching step in 20 % potas-
sium peroxydisulfate (K;S,0g). The photo-resist layer was removed with
a 5 % potassium hydroxide (KOH) solution (Fig. 5.4d). The final develop-
ment step of the SU-8 channel structure was done by immersion in propy-
lene glycol monomethyl-ether-acetate (PGMEA) for 2.5 min, followed by
rinsing with isopropanol (Fig. 5.4e).

After optical inspection of the channel structure, the remaining Cu was
removed by rinsing in a 20 % K,S,0Og solution for 5 min, followed by rinsing
with deionized H,O (Fig. 5.4f).

Inlets and outlets drilling: The inlets and outlets of the chips, 600 um
in diameter, are located on the bottom wafer. To prevent CaF, fragments en-
tering the chip during the drilling, a protective AZ4512 layer was deposited
by spin coating at 3000 rpm for 40 s and baking at 60°C for 10 min. Af-
ter drilling, the photo-resist layer was removed by rinsing with a 5 % KOH
solution.

Wafer bonding: The top and bottom wafers were aligned and bonded
using an EVG501 wafer bonder. The chamber was evacuated and the wafers
were bonded by applying a force of 500 N while exposed to a variable tem-
perature regime. The soft SU-8 (a thermoplast) from the top wafer filled the
gaps by capillary forces when heated during wafer bonding [124]. At 150 -
200°C, unexposed SU-8 is thermally cross-linked, serving as an adhesive
layer between the wafers (Fig. 5.4g and h).

Wafer dicing: The individual chips were cut from the bonded wafers
by applying a DAD3220 dicing saw with a 200 um thick diamond blade. By
placing the bonded wafers with the side of the drilled inlets on an adhesive
tape, CaF, splinters were prevented to enter the channel structure via the
drilled inlets.

The inner height of the individual chambers were measured optically
by using a Filmetrics F20-UVX thin film analyser. The obtained chamber
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Figure 5.4: Fabrication process of the infrared transparent sample chip.

height, varying between chips, was 19.1t022.6 um. Depending on the po-
sition of the wafer, the inner height varied. The chamber height was larger
near the the centre compared to the edge of the wafer, which was caused by
variances in thickness of the spin-coated photo-resist. In Fig. 5.5, a finalized
chip is depicted.
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Figure 5.5: Photograph of the 11 x 15x 2 mm?® microfluidic sample chip consist-
ing of two bonded infrared transparent calcium-fluoride wafers with in between a
20 um high SU-8 channel structure. Each chip consists of three sample chambers
with a 3.5 mm diameter measurement window. The exposed (hard) SU-8 is used
to structure the chamber, the unexposed (soft) SU-8 to improve the wafer bonding
process.

5.3 Materials and methods

5.3.1 Cell lines and sample preparation

The epithelial kidney cell lines MDCK and Caki-1 were cultivated in
DMEM supplemented with 2 mM L-glutamine, 10% FCS, and antibiotics
(100 units/mL penicillin, 100 ug/mL streptomycin, and 0.25 pg/mL Ampho-
tericin B), which were all obtained from Lonza Bioscience, Germany. The
human melanoma cell lines 518A2 (a gift from Dr. Peter Schrier, LUMC,
Leiden, Netherlands), M14 (a gift from Dr. Soldano Ferrone; Dept. of Im-
munology, University of Pittsburgh, and A375 were maintained in RPMI
1640 medium (Biochrom AG, Germany). Media were supplemented with
10% fetal calf serum and 1% antibiotics. All cell lines were cultured in a
humidified atmosphere containing 5% CO, and 95% ambient air at 37°C.
The cell cultures were free of mycoplasma and pathogenic viruses. For the
preparation of cell suspensions, the epithelial kidney cells were trypsinized
for 10and 2min at 37°C for respectively MDCK and Caki-1 cells and
washed in PBS. The melanoma cells were detached from the cell culture
flask by utilizing a cell scraper. When required, the cell suspension con-
centration was lowered by dilution in PBS or increased by a centrifugation.
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Figure 5.6: Two chambers containing A375 melanoma cells suspended in PBS,
with the inlets and outlets sealed with PDMS strips.

The sample was loaded into 0.3 uL. chambers by pipetting 1 -2 uL cell sus-
pension onto the inlets. By applying a vacuum at the outlet, the sample was
forced into the chamber.

5.3.2 Sensor adjustments

Dried sample slides can easily be positioned vertically in the sensor sys-
tem. For suspended cells, this will result in cell sedimentation, changing
the amount of cells per area when measuring their IR absorbance. The eas-
iest way to prevent this cell sedimentation is by positioning the sample chip
horizontally on top of the 1.5 mm diameter aperture. This was realised by
changing the optical pathway by placing an IR turning mirror between the
IR beam splitter and IR beam focus lens (see Fig. 5.7).

5.3.3 Sensor Settings

The LEDs were set to pulsate for 12 us at a repetition rate of 2kHz, 2.4 %
duty cycle. Of each cell sample, the CH,-stretch ratio of five 1.5 mm diam-
eter spots were averaged. Each of the five spots were measured 500 - 1250
times. The specific settings are depicted in Table 5.2.
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Figure 5.7: Adjusted sensor system. Compared to the previous setup, the optical
path is now shifted 90°upwards by an IR turning mirror, allowing the sample to be

positioned horizontally instead of vertically.

Table 5.2: LED and photodiode settings.

LED 34um LED 3.6um Photodiode 3.4 um
current 1070 1470 - mA
temperature 10.4 10.7 20.7 °C
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5.3.4 Measurement protocol

The currents of the LED drivers were set in such a way that at the 3.33 um
wavelength, where water has the highest IR absorbance (in the 3.33-
3.57 um region, see Fig.5.1), the photodiode current-to-voltage amplified
output signal was about 4 V for an empty CaF, sample chip. This voltage is
just beneath the clipping voltage of the photodiode, while for a chip filled
with H,O the attenuated signal was approximately 0.4 V. As reference, the
chambers of a sample chip were filled with PBS and their IR absorbance
was recorded. Consequently, PBS was removed and the chambers were
filled with cell suspension. Of each sample the IR absorbance to derive the
CH,-stretch ratio of five spots were measured. Since the inner height of the
three chambers on a single chip varied slightly (less than 0.5 um), the IR
absorbance of the reference and sample were measured in the same cham-
ber. After the absorbance measurements, the cells were removed from the
chip by applying a vacuum and rinsing with a cleaning solution containing
sodiumhypochloride to dissolve the remaining biological sample fraction.

5.3.5 Statistical analysis

Mann - Whitney tests were performed to test for statistically significant dif-
ferences between the CH,-stretch ratios of the measured cell types. These
statistical tests allow the comparison of non-normal distributed ratio val-
ues by ranking the individual measurement results from low to high val-
ues [125]. The null hypothesis states that there is no significant difference
between the groups, and is certainly sufficient to accept for p> 0.05.

5.4 Results and discussion

5.4.1 Epithelial kidney cells

Two MDCK and three Caki-1 cell samples were prepared and their IR ab-
sorption measured in order to derive and compare their CH,-stretch ratios.
Of each cell line, samples were prepared from the same culture, but of dif-
ferent cell passages (1-2 weeks in between). Per sample five spots were
measured. The two MDCK cell samples yielded a CH,-stretch ratio of
0.45+0.01 and 0.44 £+ 0.01, respectively. Malignant Caki-1 measurements
yielded CH,-stretch ratios of 0.49 +0.01, 0.48 +0.01, and 0.48 £ 0.02 (see
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Figure 5.8: Sensor CHj-stretch ratio measurement of normal MDCK
(mean = standard deviation, 0.45 £0.01, and 0.44 £0.01) and malignant Caki-1
(0.49+£0.01, 0.48+£0.01, and 0.48 £0.02) epithelial kidney cells suspended in
phosphate-buffered-saline. Bars represent means =+ standard deviation per cell pas-
sage (each bar comprises the average CHj-stretch ratio of 5 spots with 500 - 1250
measurements per spot).

Fig.5.8). The CH;-stretch ratio difference measured between the two cell
lines might be lower than that for the dried measurements, but is still statis-
tical significant. A statistical analysis, to determine if there is a significant
difference between the CH,-stretch ratio of the individual cell lines, has
been made by performing a Mann - Whitney test for non-normal distributed
datasets. The null hypothesis is that both groups have the same CH,-stretch
ratio. The test yielded a probability P=2.8 x 10, indicating that the CH,-
stretch ratio of the individual cell lines have a statistical significant differ-
ence.

5.4.2 Melanoma cells

The CH,-stretch ratio measurement results of three in PBS suspended
melanoma cell lines are depicted in Fig.5.9. Of each cell line different
cell passages (1-2 week in between) yielded the same CH,-stretch ratio.
This shows the reproducibility of the measurement method. Between the
melanoma cell lines small statistical significant CH,-stretch ratio differ-
ences have been measured. Statistical analysis results of Mann - Whitney
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Figure 5.9: Sensor CH;-stretch ratio measurement of three melanoma cell lines,
M14 (mean =+ standard deviation, 0.42 £ 0.01, 0.43 4 0.02, and 0.42 £ 0.01), A375
(0.45+£0.01, 0.45 £0.01, and 0.45 4+ 0.01), and 518A2 (0.50 £0.02, 0.49 £ 0.02,
and 0.48 £0.01), suspended in phosphate-buffered-saline. Bars represent means
=+ standard deviation per cell passage (each bar comprises the average CH,-stretch
ratio of 5 spots with 500 - 1250 measurements per spot).

tests between the individual cell lines were significant P <5.0x 107; indi-
cating that the CH,-stretch ratio differences between the individual cell lines
were statistical significant.

Compared to previously conducted CH,-stretch ratio measurements on
dried samples, suspended cell measurements all yielded lower stretch ratio
values. Suspended in an aqueous solution, hydrogen bonds between the cell
membrane proteins at amino acid-containing OH side groups stabilize the
membrane lipid structure [126]. Therefore, the difference in CH,-stretch
ratio between dried and suspended cells is most likely due to changes in
the hydration level of proteins. Pevsner et al. have shown that peak shifts in
CH,-symmetric and antisymmetric stretches due hydration level do no occur
[127]. IR absorbance spectra of dried and suspended M1 rat fibroblast cells
presented by Mourant et al. showed that the CH,-stretch ratio (functional
absorbance at 3.51/3.42 um) of suspended M1 cells is lower compared to
that of dried cells (0.45 and 0.51, respectively) [128].
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5.5 Conclusions

The 7 to 9 h cell preparation step was avoided by suspending the cells in PBS
and directly filling them into a sample chip, allowing at-line measuring of
the CH,-stretch ratio of viable mammalian cells. Overall preparation times
were reduced to about 30 min. Measurements of cell samples with different
cell passage numbers, as well as measurements with different chips (hence
varying chamber heights) yielded similar results. Significant differences
in CH,-stretch ratio between dried and suspended cell samples have been
detected. For Caki-1 cells the measured CH,-stretch ratio was 0.73 for dried
cells and 0.48 for cells suspended in PBS (for MDCK cells the CH,-stretch
ratio values measured were 0.47 and 0.44, respectively).

The CH,-stretch ratio differences measured for normal versus carcinoma
epithelial kidney cell lines and between three melanoma cell lines were sta-
tistical significant, indicating that it is feasible to distinguish suspended cell
lines based on their CH,-stretch ratio.



Chapter 6

Label-Free Cell Separation
Devices

In previous chapters the research was focussed on a label-free identifica-
tion method for primary “solid” tumours. During tumour progression, there
is the chance that tumour cells develop the ability to metastasise, invad-
ing other organs or other regions of the body by moving through the blood
stream or lymph system. To allow IR absorbance measurements on cells
suspended in blood or lymph fluid, the suspicious cells should first be sepa-
rated and harvested from body fluids containing contaminants, such as non-
viable cells, cell debris, and bacteria. The research described in this chapter
is focussed on the label-free separation of mixtures of different cells, in spe-
cific the separation of viable mammalian cells from non-viable cells, cell
debris, and bacteria.

The separation principle is based on travelling wave dielectrophoresis
(twDEP), which, compared to the other principles, allows higher electric
field strengths, and the use of a travelling electric field instead of a static
electric field. The sample mix introduced at one side of the channel is ex-
posed to a travelling electric field created by exciting the electrodes posi-
tioned along the microchannel to phase-shifted AC voltages (section 6.5).

In the next sections an overview of commonly used and state of the art
cell separation techniques are described. This is followed by a self-designed
and realised dielectrophoretic based cell separator.

6.1 Introduction

Viable biological cells grown attached to a surface can easily be separated
from cell culture debris and bacterial contamination by washing with PBS
(phosphate buffered saline) and changing the culture medium. For sus-
pended cells however, this is not an option. All suspended cells should

81
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than be identified and separated on a single cell basis. Common tech-
niques to separate suspended viable cells are for example by Fluorescent
Activated Cell Sorting (FACS) [56, 129-131] or Magnetic Activated Cell
Sorting (MACS) [132, 133]. FACS and MACS both require elaborate la-
belling steps. Specific antibodies are used to label the cell of interest with a
fluorescent tag or a magnetic bead, respectively.

Promising cell separation techniques that do not require labelling are
Field Flow Fractionating (FFF), Cellular sieving, and Pinched-Flow Frac-
tionation (PFF). An overview of different continues separation techniques
can be found in reference [134]. FFF is based on the combined influence
of a laminar flow that transports the sample along a channel and a field or-
thogonal to the flow. An important factor for a successful gravity based
FFF separation is that the particle of interest has to have a density that dif-
fers from the other particles and suspending medium [135, 136]. Instead
of a gravitation field it is also possible to use an optical field (optical lat-
tice). Here, next to size, the separation is also based on the refractive index
of the sample. The interaction between optical lattice and matter depends
on a relative polarizability that increases with particle size. By introduc-
ing a 3D optical lattice into the fractionation chamber, one type of particle
is selectively pushed into the upper flow field [137]. Cellular sieving is
based on size, morphology, and deformability differences of cells (ability of
a cell to squeeze itself through a hole, e.g. white blood cell moving out of a
vein) [138]. PFF is a method for continuous separation of particles and cells
based on size differences [139, 140]. A laminar sample and buffer stream
are pumped through a narrow “pinched” channel section before entering a
broadened section. Due to a higher flow rate of the buffer stream from that
of the sample stream particles and cells are pushed against the channel wall
in the narrow pinched segment. The larger the particle, the further away its
centre of gravity will be from the channel wall, resulting in a particle size
gradient that will be expanded in the broadened channel section. When dif-
ferent outlets are placed in the broadened section, size sorted particles can
be collected [141]. With this technique it should theoretically be possible
to separate red blood cells from whole blood, but, so far, no real biological
cell applications have been presented in literature.

All these label-free separation techniques depend on differences in cell size
and are, unfortunately, not optimized to be utilized for the separation of
different cells, e.g. viable from non-viable cells or suspended-grown cells
from bacteria. A phenomenon that does not require elaborate labelling steps
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or a difference in particle density for separation is dielectrophoresis, de-
fined as a motion of polarizable particles exposed to a non-uniform electric
field [142, 143]. Many dielectrophoretic separation devices require accu-
rate hydrodynamic focusing [144, 145] or multiple frequencies [146—148]
to position the sample into the separation section of the microchannel. A
planar interdigitated electrode array placed at an angle of 11°to the direc-
tion of flow has been utilized to separate red and white blood cells [149].
This separation method is based on lateral negative DEP forces acting on
the blood cells. The use of electrode pairs positioned on the top and bot-
tom of the microfluidic channel have been shown, which require highly ac-
curate alignment steps during the fabrication process [150, 151]. Also, a
non-continuous sample separation device based on travelling wave dielec-
trophoresis (twDEP) has been shown where the electrodes were positioned
perpendicular in the microfluidic channel [152]. Another technique, deter-
ministic lateral displacement, has been shown for different micrometer sized
polystyrene particles and fungal spores [153]. Also, the combination of de-
terministic lateral displacement and dielectrophoresis has been presented
for 2 - 6 um polystyrene particles [154]. This separation method is based on
fluid flow through a periodic array of obstacles. By varying the gap or the tilt
angle and placing multiple obstacles arrays in sequence, particle separation
based on size can be achieved.

In previous work conducted at the ISAS institute a continuous separation
method and device has been realised, which is based on positive and nega-
tive DEP without the need of accurate sample prefocusing [155-157]. Vi-
able Jurkat cells experiencing positive dielectrophoresis (pDEP) were sep-
arated from a mix containing also cell debris and non-viable cells. The vi-
able cells were being guided towards and dragged along the edge of a planar
electrode.

The research described in this chapter is focussed on the label-free sepa-
ration of mixtures of different cells, e.g. the separation of viable mammalian
cells from non-viable cells and bacteria. To realise this, a dielectrophoretic
separator has been designed and realised.

6.2 Dielectrophoresis theory

Dielectrophoresis, the motion of polarizable particles exposed to a non-
uniform electric field, first described by Pohl in 1951 [142], depends on the
permittivity and conductivity of the particle and surrounding medium. If the
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Figure 6.1: When a particle is exposed to an inhomogeneous electric field, a dipole
can be induced. The direction depends on the electrical polarizability of the particle
and that of the surrounding medium. The particle moves towards the higher field
region when its polarizability is higher than that of the surrounding medium: posi-
tive DEP. The particle is repelled from the high intensity field moving to the lower
field region when its polarizability is lower than that of the surrounding medium:
negative DEP.

electrical polarizability of the particle is larger than that of the surrounding
medium, the particle moves towards the higher field region, which is called
positive DEP (pDEP). When the polarizability of a particle is lower than that
of the surrounding medium, the particle is repelled from the high intensity
field moving to the lower field region, which is called negative DEP (nDEP)
(see Fig.6.1).

The dielectric motion is determined by the magnitude and polarity of
the charges induced in a particle by the applied field. The polarizability
parameter as a function of the frequency of the applied field depending on
dielectric properties of the particle and surrounding medium is called the
Clausius-Mossotti factor f.,,,. The basic dielectrophoresis equation approx-
imation for first order dipoles is as follows:

Fppp = 2113, Re | fom(w)| VEZ,, (6.1)

The DEP force vector is directed along the gradient of the electric field
intensity and the DEP force depends on the magnitude of the Clausius-
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Figure 6.2: Homogeneous particles have a constant Clausius-Mossotti factor (real
part) over a broad frequency range. This is not the case for biological cells consist-
ing of multiple compartments.

Mossotti factor:

Ep + 26,
where ¢ is the permittivity of particle p and medium m, r the particle radius,
and VE? the gradient of the squared electric field with angular frequency w.
Homogeneous dielectric particles have a constant Clausius-Mossotti
factor over frequency. For a homogeneous polystyrene particle p suspended
in deionized water m with relative permittivity e, of respectively ., =2.55
and €., =78 the Clausius-Mossotti factor is calculated as follows:

2.55 — 78
= — 048 (6.3)

fcm:2.55+2><78 -

yielding a DEP force vector pointing towards the lower field gradient di-
rection when being exposed to an inhomogeneous electric field. Biological
cells however are inhomogeneous, not perfect spherical, and consisting of
different compartments and layers each with different electrical properties.
This makes the DEP force equation more complex, but as a separation tech-
nique very interesting. In the case of yeast cells for example, all the layers
and compartments such as cell wall, plasma membrane cytoplasm, and nu-
cleus should be taken into account (see Fig 6.2).

A way to approximate the dielectric behaviour of cells is by using the
layered dielectric shell model. With this model an equivalent dielectric per-
mittivity for multi-layered particles can be calculated. An example of how
to calculate this equivalent factor for a three layered particle is described by
Eq. 6.4 and depicted in Fig. 6.3.
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Figure 6.3: Multi-shell model. A particle consisting of three dielectric shells can
by repeated simplification be replaced by an equivalent homogeneous particle of
radius 7; and permittivity 5;)*1.
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Biological cells are able to transport ions actively and passively over
the cell membrane through specialized protein “pores” functioning as ion-
channels located in the phospholipid comprising cell membrane [158, 159].
This ionic charge redistribution causes changes in the different cell com-
partments resulting in electric loss [160].

In the previously described multilayer simplification equation (Eq. 6.4)
electric loss is not taken into account. Factors controlling the polarizability
of cells with electric loss occurring in the cell interior include conductivity
and permittivity of cell walls and membranes, electric double layers associ-
ated with surface charges, cell morphologies, and internal structures. Mam-
malian cells do not contain a cell wall, instead they are surrounded by a thin
phospholipid membrane of about 7.5 - 10nm [161]. This allows the use
of the simplified thin-shell model (see Fig. 6.4) where the lipid membrane
thickness 6 = r; — ry << ry. In this case the simplified dielectric model
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Figure 6.4: Dielectric thin-shell model of a cell surrounded by a thin phospholipid
bilayer.

for the effective permittivity can be described by Eq. 6.7:

ctref
e = —= P2 (6.6)
ckr + 5;2
and
Cr. = Cm + Gm [ Jw (6.7)
where ¢,, = £, /¢ is the membrane capacitance and ¢,, = 0, /0 the

membrane transconductance with o the conductivity (typical membrane
capacitance and transconductance values are respectively 10 mF/m? and
10 S/m? or higher [162]).

The Clausius-Mossotti factor varies as a function of frequency of the ap-
plied field and depends on the differences in permittivity and conductivity
of the cell compartments. Electric loss of particles can be taken into ac-
count by replacing the permittivities described in Eq. 6.2 with their complex
counterparts resulting in a frequency depended Clausius-Mossotti factor:
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In the following section the imaginary part (section 6.5) of the Clausius-
Mossotti factor will be investigated for continuous separation purposes. Be-
fore the separation experiments could be conducted the rotational and DEP
spectra of the to be investigated cell types have been recorded. The cell
characterization method is described in section 6.3.

6.3 Cell characterization: DEP and ROT Spec-
tra

Dielectric characterization of individual biological cells can be studied by
means of electrorotation (ROT). ROT spectra, rotation speed versus elec-
trical frequency at fixed voltage, can be analysed to estimate fundamental
cell properties such as membrane capacitance and conductance. A basic
electrorotation chamber consists of a set of miniaturised electrodes driven
by polyphase AC voltage waveforms to create a uniform rotating electric
field at the centre of the chamber. For typical biological cells in the order of
5 um in diameter, electric field strengths of 20 V/cm, and frequency range
between 100 Hz - 100 MHz, the rotation speeds are in the order of a few
revolutions per second [143].

The ROT spectra of cells were obtained by exposing the cells to a rotat-
ing electric field (Fig. 6.5) and grabbing frames from captured video files.
The cell rotations per time unit were extracted by comparing these video
images. Only cells located near the centre of the electrodes and at least four
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Figure 6.5: A) Excitation voltage to create a rotating electric field. B) Photograph
of a 11x 13 mm? cell characterization chip comprising two quadruple electrode
geometries.

cell diameters away from each other were used to avoid the influence of a
dipolar field of neighbouring cells [163—-165].

ROT spectra fror, in revolutions per second, are complex, non-linear
functions of the cell and surrounding medium dielectric parameters given
by

EmSm[fem(w)] B
2n

where ¢, E2 /27 is also known as the scaling factor . This factor is usually

unknown due to uncertain frictional forces and local electric field strength.

Unknown parameters are derived by an iterative optimization procedure.

This procedure uses the Nelder-Mead simplex optimization provided by

Mathworks Matlab to minimize the residual error:

fror(w) = — (6.9)

Minparameters { Z [fROTexp(Z) - fmodel (Z)]Q } (6 10)
where ¢ is a frequency point.

Mammalian cells comprising a phospholipid bilayer membrane can be mod-
elled as a thin-shelled sphere resulting in a ROT spectrum function with five
unknown parameters: C,, ¢m, €p2, Op2, and the scaling factor x. Each of
the ROT peaks is determined independently by two variables, g, and ¢, for
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the low-frequency peak, and o, and €, for the high-frequency peak. There-
fore, a complete ROT spectrum can be derived by four and only four param-
eters. Since the maximum allowed frequency f,,., of our ROT measure-
ment setup was approximately 4 MHz, the rotation peak in 0°-90° - 180° -
270°direction was not detectable. Thus, the sensitivity of the ROT spectrum
towards €, and oy is very low and their estimation is uncertain [163]. For
this reason, the cytoplasmic properties €,, and o, were fixed to respectively
90 ¢ and 0.7 S/m [166] in the optimization step and only ¢, g, and x had
to be estimated. By measuring the cross-over frequency f.,, an accurate
estimation of the three remaining parameters can be made. In this case, the
fitting procedure to minimize the error function is:

Minpmameters {Z[fROTemp (Z) - fcmmodel (2)]2 + WxéRe [Kmodel(fa))]2

(6.11)
where W is the dimensionless weighting factor which determines the rela-
tive emphasis placed on ROT and f, data.

Following the above described protocol different biological cells have been
characterized.

Jurkat cells, T-lymphocyte (acute leukaemia) with a diameter of 12 um,
suspended in a 40 mS/m buffer, yielded the following parameters: f.,
=130kHz, ¢, = 11 mF/m?, g,, =1910 S/m?, and x = 0.65.

Nannochloropsis sp., marine algae with a diameter of 2.7 um, sus-
pended in a 10 mS/m medium, yielded: f., =350kHz, c,, =3.5mF/m?,
Gm =4020S/m?, and Y =0.61.

Compared to mammalian cells, yeast cells and bacteria have a much
thicker cell wall built of polysaccharides. Therefore, a two-shell model is
required, introducing the additional cell wall dielectric properties €,1, 0,1,
and thickness ¢.

For yeast cells 4.7 um in diameter with a cell wall thickness of 150 nm,
suspended in a 40 mS/m medium, g,, =33 mS/m?, and gp1 =60 &¢ (obtained
from literature [143, 167, 168]), the derived parameters are: f., =400kHz,
¢m=10mF/m?, o, =9.1 mS/m, and x =0.84.

L. casei, a bacteria from the Lactobacillus genus commonly found di-
ary products are rod-shaped. For simplification, they were assumed to be
spherical, 1.2 um in diameter. When suspended in a 2.3 mS/m medium,
a cell wall thickness of 20 nm, g,, =100 mS/m?, and ep1 =60 ¢( (obtained
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from literature [143, 167, 169]), the derived parameters are: f., =250kHz,
¢m =2.7mF/m?, 0, =17.8 mS/m, and y=1.21.

The DEP and ROT spectra of Jurkat cells at different medium conduc-
tivities o, are depicted in Fig. 6.6.

As can be seen, the cross-over frequency is shifted linearly towards
higher frequencies when increasing the medium conductivity. The peaks de-
picted in the normalized ROT spectra plots correspond with the maximum
rate of variation of the normalized DEP spectra, e.g. of the four different
media conductivities, Jurkat cells suspended in medium with conductivity
of 0,40 mS/m yielded the largest difference (y-axis).

6.4 Chip fabrication

The Silicon - SU-8 - Glass chips described by Kostner et al. [155] are bonded
and, therefore, cannot be cleaned properly by removing the cover slide. Es-
pecially when using dense concentrations of biological samples suspended
in a sugar based medium, channel clogging could not be prevented. Hence,
a chip design allowing easy cleaning by the removal of the cover slide was
designed.

The fabrication of DEP characterization device and travelling wave DEP
separator (Section 6.5) built out of glass - PDMS, consist of multiple steps:
The bottom layer of the DEP device was made from a 4-inch, 500 pm thick
glass wafer. The electrodes were structured using a lift-off process com-
prising the following steps (see Fig. 6.7 left column): AZ5214, an image
reversal photoresist, was spin-coated on the glass wafer and pre-baked at
107°C for 5 min. The photoresist layer was exposed to UV through a mask
containing the electrode pattern. A 120°C at 2 min post-bake step and flood
exposure yielded an inversed electrode pattern made out of photoresist. A
50 nm under coating titanium layer and 100 nm platinum layer were vapour
deposited. The glass wafer comprising the electrode structure was obtained
by the removal of the photoresist covered by the metal layer. After drilling
0.6 mm diameter inlets, the fabricated glass wafer was cut to obtain the sin-
gle devices (see Fig. 6.13).

The fabrication steps of the PDMS top layer with integrated channel struc-
ture are depicted in Fig. 6.7 (right column). A silicon wafer was used as
base material. On this wafer a photoresist SU-8 was spin-coated with an un-
dercoating titanium layer ( at 500 rpm for 165, at 2000 rpm for 155, and at
3200 rpm for 40s ). The achieved thickness of the SU-8 layer was approx-
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Figure 6.6: Experimental DEP and ROT spectra of Jurkat cells exposed to media
of different conductivity.
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imately 30 um. This layer was soft-baked at 95°C for 45 min on a heated
plate. The photoresist layer was exposed to UV through a mask, containing
the channel pattern. A 90°C post-bake exposure for 30 min was applied to
cross-link the UV irradiated SU-8. By dissolving the UV unexposed pho-
toresist with the solvent PGMEA and a 200°C hard-bake step for 1h, the
mould was finalised.

The top layer with channel structure was obtained by pouring vacuum out-
gassed PDMS (Sylgard 184) on the silicon-SU-8 mould. The PDMS layer
was cured at 70°C for 1 h. A clamped foil was used to flatten the top surface.
The single PDMS devices were cut out of the wafer with a scalpel.

After cleaning both the electrode containing glass chip and the PDMS lay-
ers with ethanol and deionized water, the microchannel and electrodes were
aligned (for proper alignment marks were provided on the glass and PDMS
cover layer). The PDMS layer adhered to the glass surface without any need
of additional fixation.
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Figure 6.7: Fabrication process of the cell characterization and travelling wave
dielectrophoresis separation microfluidic chip. a-e) The fabrication steps of the
parallel platinum electrodes vapour deposited on a glass wafer. f-j) Fabrication
steps of the silicon SU-8 mould on which vacuum out-gassed PDMS was poured to
obtain the top layer of the chip with integrated channel structure. k) Aligning and
combining the two layers yields the finalised DEP device.
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6.5 Travelling Wave Dielectrophoresis

In this section a new design is presented based on twDEP to separate
suspended-grown biological cell mixtures. TwDEP allows higher electric
field strengths and uses a travelling electric field instead of a static electric
field (see section 6.5.1) [170,171].

Next to the in-phase component of the dipole moment, describing neg-
ative and positive DEP (real part of the Clausius-Mossotti factor, fcy/) in
which the particles are repelled from or attracted towards the high electric
field gradient respectively, the proposed separation method is mainly based
on the imaginary fcj; out-of-phase component allowing twDEP.

A separation based on twDEP depends on differences in relaxation time
and/or size differences between particles and medium in which they are
suspended. A positive out-of-phase component indicates that the dipole
lags behind the travelling electric field. A positive ,,,(foar) yields a net
force against the direction of field travel; a negative ., (foas) to particle
movement along the direction of field travel [143, 172-174]. Simulation
results have been published showing the potential of applying twDEP for
separation or concentration of bioparticles [175]. To proof the cell from
cell separation principle simulations and experiments were conducted on
the exposure of bacteria contaminated sample mixes containing Saccha-
romyces cerevisiae or Jurkat cells to a travelling electric field. Jurkat cells
are derived from white blood cells (T-cell leukaemia) commonly used in
laboratories for cell experiments. S. cerevisiae (yeast) and Lactobacillus ca-
sei (bacteria species commonly found in the human intestine and mouth) are
convenient and safe to use cell models, which are comparable with severe
pathogens. The mixture of those cells has, in principle, no clinical value,
but is a useful set to test the performance of the separator.

6.5.1 Separation principle

The presented continuous separation principle is based on travelling wave
dielectrophoresis. When a sample mix is introduced by a pressure driven
flow at one inlet, roughly focused towards one side of the channel by an ad-
ditional sheath flow, and exposed to a non-uniform phase-shifted travelling
electric field generated by parallel electrodes positioned along the microflu-
idic channel, particles can be separated from the mix depending on their di-
electrophoretic response (see Fig. 6.8 for a schematic representation of the
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Figure 6.8: Separation based on travelling-wave dielectrophoresis. The sample is
injected at the right side of the channel and is dragged through the channel by a
pressure driven flow. Cells exposed to a non-uniform phase-shifted electric field
experiencing twDEP move against the direction of field travel (cells move in the
0°-270°-180°-90° direction) leaving the channel at the opposite side.

separation principle). The non-uniform travelling AC electric field is cre-
ated by applying 90° phase-shifted voltages on the parallel electrodes (the
distance between four electrodes, 0°, 270°, 180°, and 90° phase-shifted,
corresponds with the wavelength of the travelling field).

The amplitude of the twDEP force depends mainly on the non-
uniformity degree of the electric field and polarizability differences of the
particles and surrounding medium in which the particles are suspended. The
twDEP force vector is directed along the gradient of the electric field inten-
sity and depends on the magnitude of the imaginary (3, | fen| out-of-phase)
part of the Clausius-Mossotti factor:
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In steady-state condition the separation velocity of a particle exposed to a
non-uniform electric travelling field can be obtained from the force equilib-
rium between the twDEP force and the counterbalanced hydrodynamic drag
force (Eq. 6.13):

ﬁdrag + F_;thEP =0 (613)
with
Frag = 6mnr (v, — 0,) (6.14)
and .
- 4meroe,,
FthEP == _T%m ‘fcm(c‘-))’ Ezms (615)
which yields the particle velocity vector j,:
- 27‘(’7‘267,10 |f ( )lEQ _i_—‘ (6 16)
U, = — S | fem (W U .
p 37])\ rms l

where 7 is the viscosity, r the particle radius, ¢ the liquid velocity vector,
E? . the squared electric field, and \ the wavelength of the travelling field
(the distance covered by four electrodes when a 0°, 90°, 180°, and 270°
phase-shift is used).

The separation conditions were selected in such a way that the par-
ticles to be separated from the mix experienced a twDEP force against
the direction of field travel (cells move in the 0°-270°-180°-90° direction;
S | fem| > 0) and a small nDEP force (R, | fen| < 0) directed away from
the electrodes to prevent the particles from sedimentation or getting trapped
(example given in section 6.5.4).

6.5.2 Trajectory simulation

Particle trajectories were simulated using Finite Element Analysis Soft-
ware (COMSOL Multiphysics 3.5 and Matlab). Stationary 3-dimensional
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Figure 6.9: Simulation results of the fluid velocity through the microfluidic chan-
nel. The simulation conditions were set to: sample flow = 0.10 uL/min., sheath
flow = 0.15 uL/min., liquid density = 1.05 kg/m?, dynamic viscosity = 1.43 mPa.m.
The channel section slice shows the parabolic flow profile due to a pressure driven
flow. The channel dimensions are 13500 x 200 x 30 um? (respectively x, y, and z).

fluid velocity was evaluated throughout a 10000 x 200 x 30 um® channel

(Ixwxh); a 2D time-dependent electric field simulation was performed to
understand the dynamic electric field strength with travelling wave motion.
Because the electrodes are homogeneous in the depth of the channel, a 2D
simulation is sufficient - see Fig. 6.10 for periodic images of simulated field
results.

Simulation results were used in a particle trajectory calculation script,
which evaluated the time-averaged DEP (lateral twDEP and the horizon-
tal (y) and vertical (z) components of negative DEP) and drag forces on a
particle at discrete time steps and they also calculated the resulting parti-
cle motion. An example of Jurkat cells from L. casei bacteria separation is
depicted in Fig. 6.11.

The flow velocity in the separation section of the channel was 0.7 mm/s.
The average lateral displacement velocity of Jurkat cells, exposed to a trav-
elling electric field of 3.5 V., at 100kHz, obtained by simulations was
0.25 mm/s.

The bacteria are directed towards the lower electric field gradient regions
located above the electrodes and channel wall (see the electric field stream
lines depicted in Fig. 6.10). Due to the relative large width of the electrodes
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Figure 6.10: The image shows five ’snapshots’ of the travelling field in progress,
moving from left to right, with a colour map of electric field strength (V/m). Snap-
shots are taken (from top to bottom) at t=0, t=n/2f, t=7/f, t=37/2f, t=27/f,
where f=100kHz and the applied voltage vg set to 3.5 Vi, for a complete cy-
cle of the wave motion. The electrodes el -e4 were excited with a respectively
0°,90°, 180°, and 270°phase shifted voltage. The diagonal arrow points out the field
of travel direction between the different time frames. The stream lines represent the
electric field gradient distribution above the electrodes.
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Figure 6.11: Simulation results. Particle trajectories of Jurkat cells (12 um diam-
eter, S, (fonr)=0.52, and Re(foar) =-0.1) and L. casei bacteria (1.6 um diame-
ter, Sy (fonr) =0.01 and Re(fonr) =-0.5) exposed to a 100kHz, 3.5V travelling
electric field. The Clausius-Mossotti factors of the cells were derived by recording
their rotational spectra. Varying starting points were selected along the y-axis (with
z=15um). Fluid Flow: Sample (0-120um) 0.1 pL/min, Sheath: 0.15pL/min,
Electrode spacing 20um. Here, the travelling wave field moves against the y-
direction across the channel. twDEP experiencing Jurkat cells are pushed towards
the channel wall (solid lines), the bacteria (dashed lines) left the channel at distinct
positions in the same y-region as they were introduced. (x and y not to scale).
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(20 pm) the small bacteria (1.6 um) cannot cross this barrier. They will fol-
low this electric field gradient minimum when being dragged through the
channel towards the outlet by an applied pressure driven flow (see bacteria
trajectories in Fig. 6.11).

6.5.3 Material and methods
Sample preparation

Jurkat cells (a suspended-grown acute T-cell leukaemia cell line) were culti-
vated in culture flasks at 37°C and 5% CO,. As growth medium, Dulbecco’s
modified eagle medium containing 4.5 g/L glucose, 10% fetal calf serum,
2 mM L-glutamine, and antibiotics(100 units/ml penicillin, 100 ug/ml strep-
tomycin, and 0.25 pg/ml Amphotericin B) were used (all obtained from
Lonza Bioscience).

S. cerevisiae (yeast) cells were obtained fresh from a local supermar-
ket. Bacteria contaminated cell mixtures were made by adding Lactobacil-
lus casei bacteria (DSM 20011) to the Jurkat and S. cerevisiae cultures. In
Fig. 6.12 a photograph of the three cell types is shown. The strong influ-
ence of the culture medium and phosphate-buffered-saline (PBS) on the
DEP phenomena (due to their high conductivity) was prevented by washing
the cell mix twice in SmL low conductivity DEP medium. This medium
consisted of 10% (w/w) sucrose (Sigma S9378), 2% (w/w) dextrose (Sigma
D9559), and deionized water. Besides preventing the cells to sediment
due to gravity, the density matched medium (density of 1.05 g/mL [176])
also compensates for the osmotic pressure on the cells. By adding PBS
(pH 7.2) the final DEP medium conductivity was set to 40 mS/m (measured
with HANNA HI9835). The final concentration of Jurkat cells was approx-
imately 1x 10° cells/mL and that of the S. cerevisiae approximately 1 x 10’
cells/mL.

Separation device
Experimental setup

The glass chip comprising the electrode structure and inlets is glued on a
printed circuit board (PCB) containing a rectangular opening to access the
inlets of the chip. The electrodes of the chip are connected to the bonding
pads of the PCB by thin copper wires. Two sine wave generators (Agilent
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Figure 6.12: A) Jurkat cells, B) S. cerevisiae, and C) L. casei bacteria.

Figure 6.13: Photograph of the 19 x 11 mm? travelling wave DEP separation de-
vice. The chip contains 27 parallel electrodes, 20 um in width and 1 cm in length
with a gap size of 20 um, each phase-shifted 90° to obtain a travelling electric field.
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33220A), 90° phase-shifted and decoupled by two broadband transducers,
are used to excite the DEP electrodes.

Cell characterization experiments to measure the crossover frequencies and
ROT spectra of cells (rotational velocity, see section 6.5.4) are performed
without an external pressure driven flow. To avoid flow disturbance during
the measurements, the inlets are sealed with PDMS.

For continuous separation experiments, the sample is pumped through the
device by a syringe pump (KD Scientific 210P). Additionally, a s pump is
used to introduce a sheath flow (DEP medium) to roughly focus the sample
stream.

Before attaching the chip to the holder, the tubes of the device holder are
connected to the syringes and filled with DEP medium. 50 puL of sample
suspension is introduced directly into the inlet-tube via the rubber O-ring on
top of the holder while the syringe pump is operated in withdrawal mode.
The chip is prepared by pipetting a droplet of ethanol on top of the inlets
which then fills the channel by capillary forces. Afterwards, the chip is
rinsed with DEP medium without introducing air bubbles.

The final preparation step is attaching the PCB comprising the DEP chip on
top of the holder. The measurement results are captured by a high definition
camera (Samsung VP-HMX20C) mounted to an optical light microscope
(Zeiss Axiotron). The overall measurement setup is depicted in Fig. 6.14.
The separation process has been characterized by processing the acquired
video files by a custom build software program (described previously by
Kostner et al. [155]). When Jurkat or S. cerevisiae cells are passing the
detection window near the outlet the cell position is stored in a file.

6.5.4 Results and discussion
Cell characterization

Before introducing the sample mix into the twDEP separation device, the
individual cell types, Jurkat, S. cerevisiae, and L. casei, have been charac-
terized by recording their DEP and ROT spectra with a quadrupole elec-
trode design (Fig. 6.15). The DEP and ROT spectra of cells are obtained by
exposing the cells to a rotating electric field and grabbing frames from cap-
tured video files. The cell rotations per time unit are extracted by comparing
these video images. Only cells located near the centre of the quadrupole
electrode and at least four cell diameters away from each other are taken
into account. This way the influence of the dipolar field of neighbouring
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Figure 6.14: Measurement setup. Two syringe pumps are used to roughly position
the sample mix to one side of the channel. Two sine wave generators, connected to
broadband transducers to obtain 0°-90°-180°-270° phase-shifted voltages, are used
to excite the DEP electrodes.
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Figure 6.15: A) Photograph of the 13 x,11 mm? cell characterization device. The
chip contains two quadrupole electrodes, with an inner diameter of respectively 720
and 600 um. B) Jurkat cells loaded into the cell characterization device.

cells is avoided [143,163, 164].

To obtain the DEP and ROT spectra, the same procedure was used as
described by Gascoyne et al [163]. An overview is described in section 6.3.
Jurkat cells, comprising a phospholipid bilayer membrane, were modelled
as a thin-shelled sphere. S. cerevisiae cells and bacteria have an additional
cell wall build from polysaccharides and, therefore, a two-shell model was
required, introducing the additional cell wall with dielectric properties ¢,
op1, and thickness 0. The obtained DEP and ROT spectra were required
to get an estimation of the feasibility of the proposed separation method.
Besides the difference in size and shape (Jurkat and S. cerevisiae spherical
of respectively approximately 12 and 5 um diameter and L. casei rod shaped
and approximately 1x2um?) there is also a clear difference in their DEP
and ROT spectra (Fig. 6.16).

Continuous separation experiments

For continuous separation experiments, a microfluidic chip was used com-
prising a 200 um wide channel structured in PDMS. From the lower y-
region inlet (see Fig.6.17a) the sample mix was introduced at a flow-rate
of 0.10 uL/min. A sheath liquid, DEP medium without cells, at 0.15 uL/min
was utilized to focus the cell mix roughly at the 0-60 um y-region of the
separation channel.

The flow-velocity was optimized to allow reliable particle position de-
tection based on a software program that detects differences between the
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Figure 6.16: DEP and ROT spectra of Jurkat cells, S. cerevisiae, and L. casei bac-
teria, resuspended in a low conductivity buffer of o, =40 mS/m. The imaginary
values of the Clausius-Mossotti factor of all cells were measured. For Jurkat and S.
cerevisiae cells at a medium conductivity of 40 mS/m and at 2.3 mS/m for L. casei
bacteria. By calculation, the values of the Clausius-Mossotti factor of L. casei bac-
teria at 40 mS/m were derived by calculation. At a travelling wave electric field
frequency of 100kHz (dotted line), Jurkat cells experience a force against the di-
rection of field travel, while L. casei bacteria are hardly influenced. At a frequency
of 350 kHz (dashed line), S. cerevisiae cells can be separated from L. casei bacteria.
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Figure 6.17: Separation of Jurkat cells by a travelling electric AC field. a) Cells
enter the device on one side of the channel. b) The targeted cells are moving against
the field of travel towards the other side of the channel. ¢) Separated cells leaving
the channel.

actual frame and a background calculated from two preceding frames. Di-
rectly after the separation section the channel widens from 200 to 400 um.
This way the flow-velocity is decreased from 0.69 to 0.35 mm/s (when ap-
plying a total flow-rate of 0.25 uL/min). By focusing a high definition cam-
era attached to a microscope in this widened channel section, particles were
identified and their position was stored when passing by. To cover the whole
width of the channel a field of view of about 460 x 810 um? was chosen.
With a camera capture frame rate of 25 frames per s and a flow-velocity
of 0.35 mm/s, 19 frames per cell (cells passing 14 pm from frame to frame)
were obtained in the widened section, which was sufficient to detect single
Jurkat and S. cerevisiae cells, but, unfortunately, not for the much smaller
L. casei bacteria.

In Fig. 6.17b cells can be seen which are experiencing a perpendicular
twDEP force directed away from the field of travel when being dragged
through the channel by a pressure driven flow in x-direction. In the last
frame (Fig. 6.17c) the outlet is depicted showing that Jurkat cells leave the
channel at the opposite channel wall.

The first sample which has been investigated was a mix of S. cerevisiae
and L. casei with concentrations of approximate 1x 107 and 1x 10® cell-
s/mL respectively. Without an applied DEP voltage (DEP off) the cells left
the channel in the y-region between 0 - 60 um, the same y-region at which
they entered the separation channel. After switching on the DEP voltage
(DEP on, 5 V4 at 350kHz), the electrodes were excited, creating a travel-
ling electric wave directed against the y-direction (Fig. 6.18). Under the set
conditions, 92% of the S. cerevisiae cells were leaving the separation chan-
nel at another y-region from where they initiated. Specifically, 87% of the
cells left channel in the 185 to 200 um y-region. Unaffected S. cerevisiae
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Figure 6.18: S. cerevisiae cells separated from cell culture debris containing non-
viable cells and L. casei bacteria. The sample stream (0.1 ul./min) was introduced
in the y-region of 0 to 60 um by a sheath flow of 0.15 pL/min (DEP off). By
applying a phase-shifted voltage of 5 Vs at 350kHz, a travelling electric field
was obtained (DEP on). The viable S. cerevisiae cells were directed away from the
field of travel (cells move in the 0°-270° - 180° - 90° direction) towards the other
side of the channel (y-region of 185 to 200 um).

cells (8%) and culture debris were not influenced by the applied electric
field and, therefore, left the channel in the same y-region (0 - 60 um) as they
were introduced. The L. casei bacteria left the separation channel at dis-
tinct positions (y =0, 35, and 75 um) of the 0 to 60 um y-region (guided by
the electric field gradient minima above the electrodes and channel wall).
These positions were visually verified and correspond with the simulated
trajectories depicted in Fig. 6.11.

The second sample mix consisted of suspended-grown Jurkat cells con-
taminated with L. casei bacteria, cell culture debris, and non-viable cells
(approximate Jurkat and L. casei concentrations were respectively 1x 10°
and 1x10% cells/mL). The optimum separation conditions for viable Ju-
rkat cells from the sample mix, suspended in DEP medium with a con-
ductivity of 40 mS/m, were selected by applying cell characterization ex-
periments (results shown in section 6.5.4, Fig.6.16). At a phase-shifted
voltage of 3.5V, at 100 kHz, the excited electrodes created a travelling
electric field optimized for deflecting the viable Jurkat cells: a small nDEP
force (R, | fem| < 0) to repel the cells from the electrodes and a maximum
twDEP force (3, | fem| > 0) to separate the viable cells from the mix.
Successful separation of the viable Jurkat cells from the mix is depicted
in Fig. 6.19. The sample and sheath flow-rates were set to respectively 0.10
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Figure 6.19: Viable Jurkat cells separated from cell culture debris containing non-
viable cells and L. casei bacteria. The sample stream (0.1 uL./min) was introduced
in the y-region between 0 and 60 um by a sheath flow of 0.15 uL/min (DEP off).
By applying a phase-shifted voltage of 3.5 Vs at 100kHz, a travelling electric
field was obtained. The viable Jurkat cells were directed away from the field of
travel(cells move in the 0°-270°-180°-90° direction) towards the other side of
the channel (y-region between 170 and 200 um), while the L. casei bacteria, cell
culture debris, and non-viable Jurkat cells were not (DEP on).

and 0.15 pL/min.

Altogether, 86.5% of the Jurkat cells were leaving the separation channel
in the 170 to 200 um y-region. These findings comply with the simulated
trajectories showing that Jurkat cells move towards the opposite channel
wall as they were introduced when exposed to a travelling electric field of
3.5 Vims at 100kHz. Furthermore, the required distance of approximately
450 um along the channel to move 130 um towards the channel wall is in
line with the simulations (see Fig.6.11 and 6.17b).

The remaining 13.5% of unaffected Jurkat cells and culture debris left
the device without an applied voltage (DEP off, 0 - 60 um y-region).

In order to determine the response of non-viable Jurkat cells exposed
to a travelling electric field of 3.5 V., at 100 kHz, a cell sample was fixed
with formaldehyde to keep the cells in the normal spherical shape, but make
them non-viable at the same time. All fixed cells were unaffected and left
the separation channel in the same y-region as they were introduced.

The L. casei bacteria left the separation channel at distinct positions.
The 86.5% and 13.5% corresponds with the cell viability test results ob-
tained prior to the separation measurement (tryphan blue non-viable cell
staining; > 90% viable). The 3.5% difference in viability test and cell sep-
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aration (viability) is due to the 1.5h time difference. From visual analysis
of the video sequences we can conclude that no bacteria were leaving the
separation channel in the 100-200um y-region, but at distinct positions
(y=0,35and 75 um) guided by the electric field gradient minima above the
electrodes and channel wall. The separated S. cerevisiae and Jurkat cells are
not mixed with bacteria and non-viable cells when leaving the separation
channel, which shows the high purity of the separation method.

6.5.5 Conclusions

The proposed travelling wave dielectrophoresis (Section 6.5) based cell
from cell separation principle has been simulated and experimentally
verified by exposing bacteria contaminated sample mixes containing
S. cerevisiae or Jurkat cells to a travelling electric field perpendicular to the
hydrodynamic flow direction. This travelling electric field is created by ex-
posing parallel electrodes, divided in pairs of four and positioned along the
microfluidic channel, to respectively a 0°,90°, 180°, and 270°phase shifted
voltage.

Cell attachment to the electrodes was prevented by selecting the separa-
tion conditions in such a way that the cells of interest were experiencing a
small nDEP force away from the electrodes.

The DEP force scales with the 2™ power of the applied electric field (see
Eq. 6.15) and, therefore, only a v/2-fold increase of the applied voltage is
required to double the separation throughput (at a double flow-velocity).

Only cells affected strongly enough by the travelling electric field are
pushed toward the opposite channel wall while being dragged by a hydro-
dynamic flow. Unaffected cells and cell culture debris will not enter this
region of the channel allowing cell separation of high purity.

Bacteria movement towards the opposite channel wall, as opposed to
where where they were introduced, was prevented by the electric field gra-
dient minima above the electrodes (the electrode width is large compared to
the size of the bacteria).

Viable suspended-grown cells have been successfully separated from
bacteria contaminated cell mixes with the device. Experiments on both
bacteria contaminated suspended-grown S. cerevisiae as well as Jurkat cells
show nearly perfect separations of the viable cells, which could otherwise
only be separated by flow-cytometry requiring elaborate labelling steps.



Chapter 7

Conclusions and Outlook

In this chapter, the main conclusions of the research conducted for this thesis
and future research possibilities are described.

The potential of an infrared absorbance based sensor system for the de-
termination of the CH,-symmetric to CH,-antisymmetric stretch ratio, to
aid in the detection of the presence of cancer cells, and to differentiate be-
tween various cancer cells, has been successfully demonstrated for cell lines
originated from kidney epithelial tissue and melanocytes. This methodol-
ogy yielded statistical significant CH,-stretch ratio differences between the
individual cell lines, normal and tumorous, of both epithelial kidney and
melanocyte origin (Chapter4). To test this CH,-stretch ratio cell discrimi-
nation method, a four-wavelength mid infrared absorbance sensor was de-
signed and realised that has the potential to be further developed in a point-
of-care instrument (Chapter 3). The mechanism influencing the CH,-stretch
ratio of mammalian cell membranes has been investigated by exposing a
normal epithelial kidney cell line (MDCK) to the plasma membrane bound
cholesterol reducing agent methyl-/3-cyclodextrin. Measurement results in-
dicate that an increase in CH,-stretch ratio arises when there is a decrease
in, or redistribution of, the membrane stabilizing agent cholesterol (Sec-
tion4.3.4). Preliminary CH,-stretch ratio measurements to investigate the
effect of the chemotherapeutic drug cisplatin on three different melanoma
cell lines indicates that exposure to 20 uM cisplatin for 0.5hto 16 h yielded
a significant decrease in CH,-stretch ratio for all three melanoma cell lines.
This suggest that the CH,-stretch ratio could be used to determine the low-
est working dosage (concentration of cisplatin) reducing the chance of se-
vere side effects such as multiorgan toxicity, deafness, blindness, seizures,
and vomiting when administered to a patient (Section4.3.5). Further ex-
perimentation to determine the effect of different concentrations of multiple
chemotherapeutic drugs on tumour tissue would be of clinically importance
improving and optimising chemotherapy. Besides determining and compar-
ing the CH,-stretch ratio of dried cells, also a measurement method has been
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designed for the determination of the CH,-stretch ratio of cells suspended in
PBS (Chapter 5). This has been realised by adding a self-designed IR trans-
parent sample-chip to the measurement setup. The inner chamber height of
this chip is approximately 20 um, allowing a sufficient amount of IR-light
to be transmitted by the water fraction and be detected by a photodiode.
Measurements on as well two epithelial kidney cell lines as three melanoma
cell lines yielded statistical significant CH,-stretch ratio differences between
the individual cell lines originated from the same organ. The possibility to
measure infrared absorbance of cell samples suspended in PBS indicates the
potential for further development of the sensor platform into a microfluidic
measurement system allowing the screening of, for example, lymph fluid for
the presence of tumour cells. Multiple cells could be accumulated/trapped
when entering the detection region allowing IR absorbance measurements
to determine the CH,-stretch ratio of these suspicious cells. When record-
ing the infrared spectra of biological samples the strong water absorbance
bands should be taken into account. A way to overcome the strong peaks
between 1500 and 1750 cm™! and 2900 and 3700 cm™! is by suspending the
cell sample in deuterated (heavy) water instead of hydrogenated water (the
absorbance peaks are shifted towards lower wavenumbers at 1100 - 1200
and 2200-2750cm™ (Fig.7.1).
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Figure 7.1: Molar extinction of H,O and D,0O at 25°C [119].

The dielectrophoretic based cell separation method (and realised device)
show the feasibility to separate cells from other cells, cell debris, and bacte-
ria.

The experimental results presented in Section 6.5, where bacteria were
aligned at distinct positions and not crossing the 20 um wide electrodes
(due to the large electrode gap, under the set conditions), shows that bac-
teria could be separated from the sample mix by an optimized electrode
array. This electrode array could consist of electrodes of different widths
(e.g. increasing from 5 um, 10 um, and 15 um) positioned along the channel
(Fig.7.2). Under optimized conditions, mammalian cells will move towards
the opposite channel wall as they were introduced when exposed to a trav-
elling electric field. The much smaller bacteria however, will only cross the
electrodes of smaller width and be aligned between the electrodes where the
gap is too wide to be crossed. Unaffected, non-viable cells and cell debris
will leave the channel in the same y-region as they were introduced.

The successful measurements shown in this thesis were all performed on
well-defined cell lines, the next step is to investigate clinical samples such
as biopsies and lymph fluid drainage.
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non-
affected

Figure 7.2: Travelling-wave dielectrophoresis separation concept based on an elec-
trode array of increasing width. The sample is injected at the right side of the chan-
nel and is dragged through the channel by a pressure driven flow. Cells exposed to a
non-uniform phase-shifted electric field experiencing twDEP move against the di-
rection of field travel (cells move in the 0°-270° - 180° - 90° direction) leaving the
channel at the opposite side. Bacteria, moving towards the same direction as the
cells, are aligned between the electrodes where the gap is too wide to be crossed.
Unaffected, non-viable cells and cell debris will leave the channel in the same y-
region as they were introduced.

In body fluids, such as blood and lymph fluid, also normal non-tumorous
cells are present. For a dielectrophoretic based separation of suspicious
tumour cells from normal cells, a clear difference in the ClausiusMossotti
function for the different cell types is required. Gascoyne et al. have shown
that there is a clear difference in the ClausiusMossotti function observed
for T-lymphocytes and breast tumour cells [177], indicating the potential of
dielectrophoresis as separation method to harvest suspicious tumour cells
from body fluids. A label-free tumour cell separator combined with the
CH,-stretch ratio sensor would be a very helpful tool to aid physicians in
the diagnosis of lymph fluid for the presence of tumour cells after lymph
node dissection.



Appendix A
Cell lines

Table A.1: Cell lines, classified in biosafety level 1 (BSL-1), investigated for label-
free cell analysis and separation.

Name organism organ cell type disease
(derived from)
MDCK  Canis familiaris kidney epithelial -

A-498 Homo sapiens  kidney epithelial carcinoma
Caki-1 Homo sapiens  kidney epithelial carcinoma
Renca Mus musculus  kidney epithelial -
MMS5.K  Mus musculus  kidney epithelial adenocarcinoma
M14 Homo sapiens skin neural crest melanoma
518A2 Homo sapiens skin neural crest melanoma
A375 Homo sapiens skin neural crest melanoma
HEMa Homo sapiens skin neural crest -

Jurkat Homo sapiens  blood T-lymphocyte acute leukaemia
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Appendix B

Cholesterol extraction

This protocol was adapted from Bezrukov et al [178] and Zarzycki et
al [179].

1. Prepare cultivator dishes by washing in methanol/HCI (1:1v/v)
30 min at room temperature.

2. Rinse in ethanol, air dry.

3. Coat slides with 0.25 mg/mL Polylysine in 0.15M borate buffer
(pH 8.3).

* Overnight, room temperature.
4. Seed cells, attachment for 5 h.

5. Treatment with MSCD (Sigma-Aldrich, Germany, C4555) in serum
free medium: 10 mM and 20 mM for 1 h at room temperature.

e Sample *20’ for 20 mM MSCD.
e Sample *10’ for 10 mM MSCD.
e Sample ’c’ for control (0 mM MSCD).

6. Membrane disruption (2x):

¢ Wash with distillated H,O for 1 min.
¢ Wash with tris-buffered-saline x2.

7. Isolation:
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B Cholesterol extraction

Pour into plates (Merck Silica gel 60) SmL of chloroform/-
methanol (2:1, v/v) shake gently at room temperature for 1 h.

Collect solvent and wash with 0.2 x volume in 0.9 % NaCl solu-
tion.

Vortex, spin down at 2000 rpm for 5 min.
The upper phase was removed by a glass pipette and discarded.

The interface was rinsed once with methanol/water (1:1, v/v)
without mixing the whole preparation.

The lower chloroform phase, containing the lipids, was carefully
transferred to fresh tubes and evaporated under a stream of ar-
gon. The lipid residue was dissolved in chloroform [200 uL] and
stored at -30°C.

8. Thin layer chromatography (TLC) analysis:

Samples were loaded on silica gel, approx. 22 drops per sample;
0,10,and 20mM MpBCD exposed MDCK cells, and a marker
containing pure cholesterol (Sigma-Aldrich, Germany, C3045),
diluted in chloroform/methanol (2:1, v/v), at a concentration of
2 ug/mL.

A 20 min TLC run was made in n-hexane: ethyl ether: acetic
acid (80:20:1, v/v/v), repeated after drying the plate.

Detection: the spots were visualized by 10% sulfuric acid in
ethanol.

Development by heating at 100°C, [approx. 5 min].

The migrated spots on the TLC plate were scanned with a Syn-
Gene scanner and analysed with GeneTools analysis software.



Appendix C

The CH3-Stretch Ratio

CH,
anti
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Figure C.1: Detection method. To evaluate the CHs-stretch ratios of different sam-
ples base line correction is required. The absorbance values at 3.33 and 3.57 um,
solid arrows, are used to determine the base line. As a result the functional ab-
sorbance values at 3.49 and 3.39 um, dashed arrows, can be calculated. By dividing
the functional absorbance values, 3.49/3.39 um, the normalized CHjs-stretch ratio
will be obtained that can be used for sample comparison.
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Figure C.2: Sensor CHjz-stretch ratio measurement of dried normal MDCK
(mean = standard deviation, 0.65 £0.04, and 0.62 +0.04) and malignant Caki-
1 (1.20£0.05 and 1.24+0.03 epithelial kidney cells. Bars represent
means =+ standard deviation per cell passage (each bar comprises the average CHs-
stretch ratio of 5 spots with 500 - 1250 measurements per spot).
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Figure C.3: Sensor CHj-stretch ratio measurement of normal MDCK
(mean = standard deviation, 0.60 £ 0.05, and 0.54 - 0.03) and malignant Caki-1
(0.66 +=0.07, 0.66 +0.07, and 0.65 4-0.07) epithelial kidney cells suspended in
phosphate-buffered-saline. Bars represent means =+ standard deviation per cell pas-
sage (each bar comprises the average CHjz-stretch ratio of 5 spots with 500 - 1250
measurements per spot).
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