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ABSTRACT

In the present work, a novel micro-fluidic biosensor array for fast online adherent cell monolayer
(e.g. living epithelial cells) analysis during cell proliferation and stimulation was developed. The
new device combines 16 quartz crystal resonators and 16 impedimetric sensors to acquire
complementary sets of measurement data, namely the acoustic shear response and the
transepithelial impedance of the cell layer. Sensor responses are analysed by means of impedance
spectroscopy in the MHz range. Time-lapse light microscopy through transparent microelectrodes
was employed for visual characterisation of the cell monolayers. To allow parallelized cell
cultivation the new biosensor array consists of 4 bioreactor units and a flow distribution network
embedded within the same device. Each bioreactor unit houses 4 quartz crystal resonators and 4
impedimetric sensors for the simultaneous analysis of four cell populations. In order to achieve
the parallel cultivation of different cell populations the flow distribution network was designed
with symmetric structure. This enables the equal partitioning of the cell suspension and the media
providing the same initial cell concentration and identical conditions during cell growth and
stimulation among all the cell populations cultivated within the biosensor array. Moreover, the
array was designed to be operated in flow-through and overpressure regime. An external flow
injection system provides automated and parallelized media feed as well as the control of the
overpressure regime. This approach enables well defined proliferation and stimulation conditions.
Besides, it prevents the accumulation of contaminants. Injection molding technology was chosen
for the cheap mass production of the microfluidic array so that disposable parts made of
biocompatible polymer could be fabricated. Thin-film deposition techniques were applied for the
sensors fabrication. New dedicated sensor interface electronics including a multiplexer for all the
32 sensors were developed to allow fast and parallelized spectra acquisition with a miniaturized
impedance analyser. To prove the assumption of equal flow circulation within the symmetric
micro-channel network and support the hypothesis of identical cultivation conditions for the cells
living above the sensors, the influence of fabrication tolerances on the flow regime has been
simulated. As well, the shear stress on the adherent cell layer due to the flowing media was
characterized. Furthermore, the injection molding process was simulated in order to optimize the
mold geometry and minimize the shrinkage and the warpage of the parts as well as to ensure an
even resident time of the melt in the mold. Madin-Darby Canine Kidney cells were cultivated in
the biosensor array. During experiments, the cell behaviour during cell proliferation and
stimulation was analyzed online. It is believed that in the future, the new biosensor array can be
successfully employed as a tool supporting standard techniques employed in molecular cell
biology for the study of that complex system of communication that governs basic cellular

activities and coordinates cell actions.




ZUSAMMENFASSUNG

In der vorliegenden Dissertation wurde ein neues mikrofluidisches Biosensor-Array zur online
Analyse adhérenter Zellkulturen, z.B. Epithelzellen, entwickelt. Das Sensorsystem beinhaltet 16
Quarzkristallresonatoren und 16 impedimetrische Sensoren zur parallelisierten Analyse adhérenter
Zellkulturen hinsichtlich akustischer Schereigenschaften und der transepithalen Impedanz. Auf
diese Weise kann das zellulire Verhalten anhand zweier unabhédngiger Sensorprinzipien
iiberwacht werden. Auf Basis des Verfahrens der elektrischen Impedanzspektroskopie im Bereich
MHz werden die relevanten Sensorparameter bestimmt. Das Array kann u.a. fiir die Analyse der
Proliferation und Stimulation von Zellen eingesetzt werden. Dabei sollen die Messinformationen
in Kombination mit etablierten Verfahren der molekularen Zellbiologie neue Einblicke in
zelluldre Signal- und Regulationsmechanismen geben. Transparente Mikroelektroden ermoglichen
die parallele Aufnahme von Lichtmikroskopbildern der Sensoroberflichen. Ein symmetrisches
Mikrofluidkanalnetzwerk gestattet eine homogene Bedeckung aller Sensoren mit Zellen bzw.
einem vergleichbaren Konfluenzgrad. Weiterhin wird eine definierte Dosierung der
Zellkulturmedien und der Stimulanzien im Uberdruck- und Durchflussregime in Verbindung mit
einem externen FlieBinjektionssystem gewihrleistet. Letzteres verhindern eine Akkumulation von
Kontaminationen und stellt konstante Wachstums- und Stimulationsbedingungen sicher. Im
Hinblick auf die Einwicklung eines kostenglinstigen Analysesystems wurden die wesentlichen
mikrofluidischen Strukturen in Spritzgusstechnologie hergestellt. Die Spritzgusstechnologie auf
Basis biokompatibler Kunststoffe gestattet die Massenproduktion kostengiinstiger Einwegchips.
Die Fertigung der Sensoren erfolgte mit Hilfe der Diinnschichttechnologie. Fiir die
Impedanzspektrenmessung wird ein miniaturisierter Impedanzanalysator eingesetzt. Eine neu
entwickelte Sensorinterfaceelektronik ermdglicht eine schnelle und priazise Messung der
Impedanzspektren aller 32 Sensoren. Fiir die Optimierung der mikrofluidischen Strukturen wurde
ein Simulationsmodel auf Basis von Comsol Multiphysics entwickelt. Das Modell wurde fiir die
Analyse der FlieBgeschwindigkeitsverteilung und des Einflusses von Scherkriften auf die
Zellkultur einsetzt. Weiterhin wurde der Einfluss herstellungsbedingter Fertigungstoleranzen auf
die Mikrokanalgeometrie untersucht. Auf Basis der Simulationsergebnisse wurde die Struktur des
Sensorsystems festgelegt und entsprechend fiir die Messung im Uberdruck- und Durchflussregime
ausgelegt. Ein weiteres Simulationsmodell auf Basis von MoldFlow wurde fiir die Optimierung
des Spritzgussprozess entwickelt. Besondere Aufmerksamkeit galt der Minimierung von
Schrumpfung und einer gleichmiBigen Verweilzeitverteilung der Schmelze in der Spritzgussform.
Das Biosensorarray konnte erfolgreich fiir die Analyse der Proliferation und Stimulation von

MDCK-II Zellen eingesetzt werden.




SYMBOLS

A area

Ag electrode effective area
C capacitance

G static capacitance

Co external capacitance

C . .

9 quartz motional capacitance
C . .

1.2 model capacitances according to the Maxwell-Wagner effect
Cq Gouy-Chapman double layer capacitance
Cr Helmbholtz double layer capacitance
Cr total double layer interfacial capacitance
Cy Warburg capacitance
Cs low frequency (static) capacitance
Can high frequency capacitance

g parasitic capacitance to ground
C .. . . .

g parasitic capacitance introduced by the circuitry
€40 piezoelectrically stiffened elastic stiffness constant
D polarisation
Dy “static” (low frequency) polarisation
Do, “instantaneous” (high frequency) polarisation
d thickness
d, layer thickness
dorp outer Helmholtz plane thickness
d, quartz thickness
E electric field
Je relaxation characteristic frequency
Jo mechanical resonance frequency
Jres series resonance frequency at the conductance maximum of a

loaded quartz
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Symbols

Freso series resonance frequency at the conductance maximum of a
bare quartz

of ,Afﬁq ,Af rig resonance frequency shift

B frequency shift after 10 hours of cultivation

Ge electrical conductance

G, load complex shear modulus

G'L load shear storage modulus

G, load shear loss modulus

G max ,Gmax’o electrical conductance maximum

G, quartz complex shear modulus

G, quartz shear storage modulus

G, quartz shear loss modulus

k Boltzmann constant

kg complex electromechanical coupling coefficient, AT-cut quartz

I ionic strength of the electrolyte

L) imaginary unit

l lenght

Lp Debye lenght

L, motional inductance

Ly, liquid loading inductance

Ly rigid loading inductance

.2 constant of proportionality

.2 constant of proportionality

N4 Avogadro number

1 elementary charge

R electric resistance

Rz model resistances according to the Maxwell-Wagner effect

R, quartz motional resistance

Riiq liquid loading resistance

Ry low frequency (static) resistance

Re, high frequency resistance

R

spreading resistance
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Warburg resistance

load resistor
radius

absolute temperature in kelvin

resistance change
voltage
potential at the electrode

thermal voltage

acoustic wave velocity within the quartz
distance from the electrode

electric impedance

acoustic load impedance (effective)

acoustic load impedance for the non-gravimetric regime

motional impedance of the quartz

unperturbed QCR motional impedance

load motional impedance

characteristic acoustic impedance of the quartz

acoustic load impedance for the gravimetric regime

reference resistor

electric field angle

quartz acoustic phase shift
penetration depth
viscosity

viscosity of quartz
viscosity of a liquid
electrical resistivity
density

quartz density

density of a rigid layer

density of a liquid
complex permittivity
permittivity of vacuum

relative permittivity of the material
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Symbols

static permittivity

high frequency permittivity

dielectric permittivity of the quartz crystal
low frequency conductivity

high frequency conductivity
relaxation time

kinetics time constant
angular frequency
mechanical angular frequency

series resonance angular frequency
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1.INTRODUCTION

1.1. Motivation and state of the art

Cell adhesion and motility of eukaryotic cells is of great importance in several biological
processes, €.g. maintenance of tissue and wound healing as well as embryonic development.
As initial step, cell attachment is a central prerequisite for cell movement, and focal adhesion
complexes are developed during this process [1]. Deregulation of these processes is associated
with many diseases like pathogen infections and metastatic cancer [2, 3]. Thus, online
analysis of cell adhesion and motility could gain new insights in several biological processes.
Different methods are available for the quantification of cell adhesion to a surface. These
embrace direct counting techniques such as labeling of cells after fixing or enzymatic
detachment [75] as well as indirect counting techniques like spectrofluorimetry of cell stain
after cell lysis [76, 77]. Moreover, adhesion forces can be investigated through the
combination of fluorescence intensity measurements with detachment in a centrifugation
assay [78]. Cell area and density can be measured by means of a variety of optical methods
[74, 77, 79]. Due to the interaction of cells with the substrate, Quartz Crystal Resonator
(QCR) based techniques are excellent and versatile candidates to be employed as in vitro
methods for real-time characterization of cell adhesion and motility processes with no need
for destructive interventions. Thanks to its high mass sensitivity the Quartz Crystal
Microbalance (QCM) has been widely employed in thin film deposition applications, in
surface science for adsorption studies and in analytical chemistry [80] as well as for the
quantitative characterization of viscoelastic coatings [44, 81] and gas detection [82].
Moreover, it has also demonstrated to be a powerful tool for measuring cell spreading and
adhesion [5, 7, 83 ,84] along with changes in the cell cytoskeleton [85]. In order to evaluate
the viscoelastic properties of the adherent cell layer attached on the surface of the sensors
various parameters have been recorded together with the resonance frequency. The motional
resistance [6, 83] and the damping [86, 87] are the most common. Already commercially
available devices from the company Q-Sense AB (Sweden) apply the simultaneous
measurements of the resonant frequency and of the dissipation of QCRs [87] for cell
monitoring applications and the characterization of bio-interfaces through a viscoelastic
model. This technique is also known as quartz crystal microbalance with dissipation (QCM-
D). Performing impedance spectroscopy on QCRs, however, can provide a wider spectrum of

information which can be used to fit more accurate models for the determination of the
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1. Introduction

acoustic load applied to the sensor. In fact, former studies showed indeed that QCR
impedance spectroscopy is a powerful tool for the analysis of visco-elastic properties at the
cell-sensor interface in order to monitor the kinetics of cell attachment [6, 8, 11]. For a single
homogeneous layer onto the QCR, the acoustic load Z;(®w) can be calculated based on
complex shear modulus G;, density p; and thickness d; [8, 9, 10]. With the measurements
being performed in contact with liquid (water in first approximation) the QCR is operated in
the so called non-gravimetric regime. For a 10 MHz resonator the decay length of the shear
wave generated in water is of about 180 nm which is considerably less than one cell diameter
(L0 pm). Therefore, the shear wave propagation of the QCR is mainly governed by the
processes taking place within the region where the actual cell adhesion occurs. Thus, changes
in the cellular acoustic load Z;(®w) can be mainly attributed to cell motility including
alterations of the cell cytoskeleton properties. The online analysis of cellular adhesion kinetics
on QCRs in micro channels has recently gained increasing interest [11, 12] and epithelial cells
have been cultivated and stimulated inside a micro fluidic bioreactor in flow-through and
overpressure regime. Results obtained using a single QCR led to the conclusion that the
cellular response may depend on the cell distribution on the sensor surface. That is, even
though the experimental conditions and the initial confluency (the surface fraction covered by
cells) on the QCR between consecutive experiments are constant, statistical variations in the
arrangement of single cells or cluster of cells lead to a different growth of the overall cell
layer. Therefore, a biosensor array with multiple QCRs where different cell populations are
simultaneously growing under the same environmental conditions was developed.
Additionally, the device was realized with disposable parts in order to improve cost and
efficiency by decreasing the risk of contamination and time consuming washing procedures.
For a comparison, one of the measurement stations commercialised by Q-Sense allows
simultaneous data acquisition on four flow modules which can be connected in series or in
parallel by the user through capillaries and high-pressure liquid chromatography (HPLC)
fittings. Each flow module houses only one resonator and it is plugged on a measurement
station which holds all the modules. This solution does not employ any disposable
component. Moreover, due to its single-units architecture and the need of external
connections between them it may occur that especially at low flow rates the units are not
affected by the same environmental conditions. Up to now, there exists no other disposable
micro-fluidic biosensor array which can be applied for parallelized infection/stimulation
analysis of adherent cell cultures where different cell populations can simultaneously grow

under the same environmental conditions within a single unit.




1. Introduction

Electrical impedance spectroscopy using microelectrodes was combined on the same device
for the measurement of trans-epithelial electrical impedance across the cell monolayer. This
enables collecting of further information for the characterization of the biological system. By
measuring the electrical impedance over a large frequency range it is possible to distinguish
between changes of the cell monolayer capacitance and conductivity from changes of the
capacitance of the semiconductor electrode, which can be attributed to changes of the surface
pH [13]. Due to its characteristics of transparency and conductivity, indium-tin oxide (ITO) is
a very promising electrode material for biosensor applications combining optical and
electrical techniques [14]. Moreover, thanks to their polarizable properties, ITO surfaces are
stable under physiological conditions maintaining high sensitivity without insulating oxide

layers [15].
1.2. Objectives

The main objective of the present work was the development of a novel disposable
microfluidic device for fast online adherent cell monolayer (e.g. living epithelial cells)
analysis during cell proliferation and stimulation combining two independent sensor
principles and online light microscopy. The new biosensor array consists of 4 bioreactor units
and a flow distribution network embedded within the same device. Each bioreactor unit could
house four QCRs. Furthermore, the device was designed with a symmetric structure in order
to enable the equal partitioning of the cell suspension and obtain the same initial confluency
of the cell layer along with identical proliferation conditions during cell cultivation on the
surface of each QCR. Quartz crystal resonators were used for the analysis of visco-elastic
properties at the cell-sensor interface, while transparent ITO microelectrodes deposited on the
top of the bio-chamber, enabled online trans-epithelial electrical impedance measurement in
the kHz and MHz range. The latter was used to study dielectric and conductive properties of
the cell monolayer as well as the culture medium/stimulus. Electrical impedance spectroscopy
technique was employed to determine the equivalent circuit parameters of all QCRs and
microelectrodes. A sensor interface electronics including a multiplexer for 32 sensors (16
QCRs and 16 microelectrodes) was developed which enabled fast and parallelized spectra
acquisition with a miniaturized impedance analyzer developed in-house [16]. The array was
operated in flow-through and overpressure regime. An external flow injection system was
used for automated and parallelized media feed as well as the control of the overpressure
regime. This approach enables well defined proliferation and stimulation conditions. Besides,

it prevents the accumulation of contaminants. Madin-Darby Canine Kidney (MDCK) cells, a
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1. Introduction

permanent non-tumor cell line derived from dog kidney, were chosen for the experimental
activity with the biosensor array, because they have a distinctive epithelioid morphology and
display several functional and anatomical properties of normal epithelial cells. MDCK cells
represent the only widely used model cell line for studies on epithelial polarization, formation
and regulation of cell-cell contacts and cell motility [1]. COMSOL simulation results were
employed to prove that the shear stress on the adherent cell layer due to the flow-through
regime can be neglected and also that the fabrication accuracy has no significant effect on the
experimental conditions. This, validated the assumption that the liquid flow is equally
partitioned within the symmetric micro-channel network and supported the hypothesis of
identical cultivation conditions for the cells living above the sensors

Thin-film deposition techniques were applied for the fabrication of sensors [19, 20]. Injection
molding technology [17, 18] was chosen for the cheap mass production of disposable devices.
Furthermore, the injection molding process was simulated in order to optimize the mold
geometry and minimize the shrinkage and the warpage of the parts. The experimental results
suggest that the developed biosensor array could be successfully employed as a support to
standard techniques for acquiring deeper insight into that complex system of communication

that governs basic cellular activities and coordinates cell actions.




2.CELLULAR FUNCTION AND RESPONSE

The cell membrane represents the most important element of the cell as it relates to this
research and it will be the focus of the present chapter. However, understanding of the cell
biology cannot be entirely achieved without necessary knowledge of biochemistry, molecular
biology, genetics and metabolism. Clearly, a complete review of these subjects is not the
object of this work. Therefore, the present chapter will only focus on those aspects of the
cellular biology which are related to the physical properties that can influence the sensors
responses. The morphology of the eukaryotic cytoskeleton along with the mechanisms of
cellular adhesion and motility [4, 21 - 29] will be described in order to provide an intuitive
understanding of how the acoustic load on a QCR can be influenced by a layer of adherent
cells. Furthermore, the electrical impedance characteristics of the cellular membrane [30 -
34] will be introduced as they represent the main contribution to the signals obtained from

the trans-epithelial electrical impedance measurements across the cell monolayer.

2.1.  Cellular morphology

A living cell is a very complex system consisting of an external semi permeable membrane
which encloses several organelles (nucleus, lysosomes, centrioles, mitoconria, etc.) embedded

into an intracellular fluid called cytoplasm as it is shown in figure 1.
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Figure 1- Schematic of a typical animal (eukaryotic) cell.




2. Cellular function and response

The cell membrane that encloses the cell, has a thickness of about 7 — 10 nm and it mostly

consists of a lipid bilayer composed of fatty acid chains. These molecules have a hydrophilic

(attracted to water) head and hydrophobic tail (repelled by water) and they spontaneously

orient themselves with head groups at both ends and fatty tails facing each other as shown in

figure 2.
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Figure 2 - Cell membrane structure

On both sides, the membrane is in contact with water and its special construction makes

possible that the cell can survive and maintain independent intracellular cytoplasm in an

aqueous environment. Electric properties of the membrane and bioelectric phenomena derive

6



2. Cellular function and response

mainly from the transport of ions through the membrane. The latter is generated and regulated
by pore-forming proteins embedded into the membrane which can act as channels and pump
for transport of ions and other molecules. Furthermore, included within the membrane there
are several other molecules that provide structural integrity to the membrane itself. As a
matter of fact, not only proteins but also cholesterol molecules provide some rigidity to the
membrane. However, cellular shape along with adhesion and movement are mainly defined
by a network of protein filaments (classified as structural proteins) which forms the so called

cytoskeleton.

2.2.  The eukaryotic Cytoskeleton

The cytoskeleton is a cohesive meshwork of proteins filaments which constitute the cellular
“scaffold” and it is responsible for the cellular shape and mechanical stability. It also allows
motility and adhesion of the whole cell on substrates as well as intracellular transport and
movement inside the cell. Even though the cytoskeleton is built up by a set of various
interrelated proteins that operate together, for the purpose of this study, it can be considered
consisting of three types of structural protein filaments: actin filaments, microtubules,

intermediate filaments as shown in figure 3.

{ g
| M—
25nm J

Figure 3 - Principal types of structural protein filaments. (A) Actin filaments. (B) Microtubules. (C)
Intermediate filaments [4].

Since they are mostly responsible of the cellular shape, actin filaments are mainly present
underneath the cellular membrane as actin network that consist of loosely packed interlaced
filaments. Actin filaments are two-strained helical polymers of the protein actin and have a
diameter of about 7nm. They hold membrane-spanning proteins in their place and they

actively participate to cell motility by means of polymerization and depolymerization. Actin
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2. Cellular function and response

filaments also organize in form of bundles which consist of strongly packed arrays of fibers
and generally project from the cell creating fingers of membrane. Among these, filopodia are

responsible of cell adhesion as they establish contact to the surface beneath the cell.

Microtubules are long empty cylinders of 25 nm diameter formed by polymers of the protein
tubulin. Instead of organizing themselves in from of networks, like actin filaments,
microtubules form long and straight structures originating from the nucleus and making
contact with the actin network. They are responsible of intracellular transport of different

organelles and play important role in the organization of cell movements.

Intermediate filaments have intermediate size between actin filaments and microtubules and

their main function is of mechanical support as reinforcement of the cell membrane while the

cell changes shape during cell movement.
2.3. Cellular Adhesion

The extracellular matrix is a mixture of different proteins and polysaccharides locally secreted
by the cell and assembled to form an organized network. It is in the context of this matrix that
the bridge between the substrate and the cellular membrane is generated. Such bridge realizes
the adhesion of cells to the substrate and connects the cell’s cytoskeleton to the extracellular
matrix. As a result, cells bind to the culture substrate at precise locations known as focal
contacts which held the cell membrane at about 15 nm from the underlying substrate. It is at
these sites that the cell cytoskeleton is actively coupled to the extracellular space. More in
detail, the adhesion of the cell to the extracellular matrix is realized through integrins, a big
family of membrane proteins that mediates cellular contacts to the extracellular matrix. Such
proteins are linked, through a chain of other proteins, to actin filaments from the intracellular

side, and bound to vitronectin and fibronectin in the extracellular space, as shown in figure 4.
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Figure 4 - Structure of focal contacts

Focal contacts in addition, function as transducer of signals from the extracellular matrix to
the cell interior, thus they actively contribute to the regulation mechanisms responsible for

cell motility, cell polarity, cell growth and survival.

2.4. Cellular Motility

The role of structural proteins in cell structure and morphology has been discussed briefly in
section 2.2. In the same frame, it was also pointed out that polymerization and
depolymerization of protein filaments are the basis of cell motility; however there was no
further explanation about how these phenomena can result in cell movement. As a matter of
fact, what cells do while moving is to convert chemical energy into mechanical force and for
this reason there are special enzymes responsible for such conversion. By binding and moving
along the actin and tubulin filaments, these so called motor proteins generate mechanical
forces that make the filaments slide against each other in opposite directions resulting in
cellular contraction. Therefore, the motion of cells is the result of polymerization and
depolymerization of tubulin and actin filaments in combination with the activity of motor
proteins, and the formation of focal contacts. As shown in figure 5, cell motility manifests
itself with the occurrence of cell crawling by which cells move or slide on a flat substrate.
Cell crawling, can be represented as the cyclic repetition of three different stages: protrusion,
attachment and contraction. During protrusion, actin polymerization extends the leading cell
margin creating microspikes and lamellipodia, consequently the cell’s structure gets stretched
and the edge moves forward. Meanwhile, the production of new focal contacts, containing
integrin, is carried out and the leading edge of the cell attaches to the substrate. Finally, during

contraction, the cell uses the newly generated focal contacts as an anchor to pull (or push)




2. Cellular function and response

itself over the underlying surface. Focal contacts at the trailing edge of the cell are released in

order to allow the movement.

It is of course clear that the details of cell attachment and motility are cell specific. For the
purpose of this research, it is however assumed that the simplistic model proposed herein can
give unambiguous insight into the mechanisms of cell motility and adhesion which give
significant contribution during the online analysis of cellular adhesion kinetics on QCRs,

namely the analysis of visco-elastic properties at the cell-sensor interface.

Actin cortex
Lamellipodium Substrate

Cortex under tension

| Actin polymerization
at plus end protudes
lamellipodium

Movement of unpolymerized actin

Myosin II

Contraction

-

~

Focal contacts
(contain integrins)

-

Figure 5 - Steps during cell crawling over a surface [4].

2.5. Membrane Impedance

From an electrical point of view, the cellular membrane can be seen as an insulating layer that
separates two conductive solutions. Therefore, its capacitance can be calculated from the area
(4) and thickness (d) of the layer along with the relative permittivity of the material (&,) using

the following relation:

10
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c =552 (1)
where ¢ is the permittivity of vacuum (8.85¢"* C/Vm) and &, is the membrane permittivity.
As a result, with a total lipid bilayer thickness of 8 nm, the membrane capacitance has a value
of approximately 0.01 pF/um? for most of biological membranes. As well, due to the presence
of ionic channels permeating the membrane, there is a resistivity behaviour and the total
resistance of the cellular membrane is given by the parallel combination of all the ionic
channels which are open at a given time. Moreover, approximating a single ionic channel with
a cylinder of known length (/) and cross-sectional area (4) filled with a solution of known

electrical resistivity (p.) the resistance R can be estimated as:
/
R = p_e (2)

The ion channel density is relatively low and the resulting membrane resistance per unit area
ranges from 1 MQum? up to 100 GQum? depending of the cell type without significantly alter

the capacitance. Thus, the simplest model of a cellular membrane is a parallel RC circuit.

However, when actively driving the membrane over a wide frequency range it is important to
consider also the dispersive behaviour of biological materials. At low frequencies, they
express very high dielectric constants which fall off in fairly distinct steps with increasing
excitation frequency. As well, the conductivity increases in steps with increasing frequency.
H.P. Schwan [30] showed that the electrical properties of biological materials are
characterized by three distinct regions of dispersion named o, B and y which are placed at low
frequency (50 to 200 Hz), radio frequency (0.1 to 10 MHz) and microwave frequency (> 1
GHz) respectively. Different mechanisms of dispersion account for each region [31, 32]. The
first dispersion is caused by polarization of the counterion atmosphere surrounding the cell.
The B dispersion has been recognized as a Maxwell-Wagner relaxation due to electrical
charging of the cell membrane. The last region of dispersion originates from the dispersive
behaviour of water molecules which are abundantly present in biological tissues. Finally, each
region of dispersion can sometimes be further differentiated and express multiple relaxational

behaviours due to additional smaller magnitude fine structure effects.
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3. FUNDAMENTALS

The following chapter will introduce the basic concepts and the theory necessary for the
understanding of the sensors’ principles and the modelling of the sensor data acquired during
the experiments. The chapter is divided in three main sections. The first introduces the AT-cut
quartz crystal resonators along with the classical models used for the impedance analysis.
The second section focuses on microelectrode impedance spectroscopy applied for the
measurement of the trans-epithelial impedance of the cell layer during cultivation
experiments. Models for the interface between the electrode-electrolyte interface and for the
cell layer will be proposed. Finally, the third section will describe the injection molding

technology applied for fabrication of cheap disposables.

3.1. The Quartz Crystal Resonator

The Quartz Crystal Resonator (QCR) is a resonant device consisting of a piece of
piezoelectric material. It is realized by precisely cutting a slab from a single crystal of quartz
(figure 6A) with specific orientation with respect to the crystallographic axes. Due to the
piezoelectric effect, internal mechanical stress is produced within the material, and therefore
the crystal can be induced to vibrate, when a pair of conducting electrodes is affixed to the
QCR unit and periodic voltage is applied. Furthermore, when the QCR is made to oscillate to

one of its mechanical resonances, the amplitude of such vibration, will reach a maximum.

As with all solid structures a quartz crystal resonator can express different kinds of bulk
acoustic wave modes at the resonance frequencies. Note that the crystal can also oscillate at
overtones of every fundamental mode and that the existing modes can sum up to form
somewhat complicated resonances modes. Therefore, it is preferably to have the possibility to
select only one particular mode and suppress the unwanted ones so that the resonator is
oscillating at only one fundamental mode. This selection demands the crystal slab to have
proper shape and be cut at a specific crystallographic orientation. The AT-cut quartz crystal,
which is used in the present work has a fundamental frequency of 10 MHz, and belongs,
together with the BT-cut, to the rotated Y-cut family. Such orientation oscillates in the
thickness shear modes and is obtained by rotation of the Y-cut plate about the X-axis as

shown in figure 6B.

12
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Figure 6 - The quartz crystal. (A) Assignment of axes to the quartz crystal. (B) AT-cut quartz crystal plate.

The AT-cut, also reveals very good temperature stability which is due to the presence of
temperature coefficients of the elastic stiffness constants compensating each other at some
specific angles of cut. Thus, it is possible to obtain high degree of frequency stability under
changing temperatures by precisely controlling the angle of cut. Therefore, the reference
angle for the AT-cut slightly varies with design, i.e., with overtone, plate contour, temperature

coefficient of frequency etc, and it has a value of about -35°15’ to the Z-axis of the crystal.
3.1.1. Model of the sensor

For a generic acoustic-wave sensor, the basic principle of operation consists of a wave
travelling within a confining structure so that a standing wave with distinct frequency is
produced. The geometrical dimensions of the confinement structure together with the
travelling velocity of the wave, determine the resonant frequency of the device. The QCRs
used in this work have a resonant frequency of 10MHz which leads to a thickness value of
166pm. The diameter of the crystal plate is 8mm, whereas the diameters of the ground
electrode, faced to the liquid phase, and the working electrode are respectively 6.5mm and

3mm.

3.1.1.1. The thickness shear mode and acoustic load concept

The geometrical boundaries that concern to the AT-quartz crystal resonator employed in this
study consist of a pair of circular electrodes placed on the main surfaces of the disk so that,
when a voltage is applied, the resulting electrical field is parallel to the resonator plate

thickness. Therefore, the thickness shear mode that arises due to piezoelectric properties and

13



3. Fundamentals

the crystalline orientation consists of a clean shear deformation of the crystal in X-direction
(fig 6). The resulting standing wave is perpendicular to the main surfaces [35, 36], as it is
shown in figure 7a. The relation that describes the frequency fj of the resulting mechanical
resonance in relation with the acoustic velocity v, of the propagating plane wave and the

crystal thickness d, is the following:

A%
f":Nzc; , N=1,3,5,... (3)

q

In this context, for the purpose of modeling, the shear vibration resulting from the application
of alternating voltage across the crystal is treated as an acoustic wave propagating in a
multilayer structure. This phenomenon is the physical background of the Acoustic Load
Concept (ALC) by means of which an acoustic-electrical behavior including the resonance
phenomenon can be derived for the quartz crystal resonator [36 — 41]. The multilayer
arrangement is generally composed by a stack of different non-piezoelectric layers joined to a
piezoelectric layer (the crystal resonator plate). Thus, in this configuration, the acoustic wave
propagates through all adjacent layers, translating and deforming them, thereby probing their
acoustical properties. Therefore, the resulting electrical impedance that can be observed at the
QCR’s electrodes is influenced by the acoustic load due to the superposition of all layers. In
the present work, the stack is constituted by the resonator plate, the conducting electrodes
deposited on the main surfaces, and the cell culture medium, which is in contact with the big
electrode. The acoustic load due to the conducting electrodes can be assumed to be constant,
thus observed changes of the electrical response of the QCR can be mainly attributed to
variations of acoustic properties of the cell layer adhering to the electrode. Note that the
sensitive domain is restricted within the penetration depth & of the acoustic shear wave into

the liquid:
5:1/2/7/i,oa)i 4)

Using & =271 [IOMHz 3nd the viscosity (7) and density (p) of water the penetration depth is
found to be about 180 nm. Therefore, the acoustic wave decays before reaching the surface of

the liquid and the liquid film can be treated as semi-infinite (figure 7b).
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Figure 7 — The acoustic-wave sensor. (a) thickness shear mode. (b) QCR in contact with a liquid.

Finally, for the special case of a QCR presented here, the acoustic load impedance (Z;) of a
single non piezoelectric coating coupled with the resonator is determined by the load density

pr and the complex shear modulus G, and it is defined as:

Z, = j\p,G, tan[a) /%dLJ
‘ )

Penetration of the acoustic wave into the coating can therefore be employed to probe its
mechanical properties along with its thickness and the acoustic properties at the upper film
surface. The information about energy stored into the medium due to the elastic behavior is
found in the imaginary part of Z;, whereas the part relative to kinetic energy, which cannot be
reversibly transformed (dissipated), is represented by the real part of Z; and refers to the

attenuation of the acoustic shear wave.

3.1.1.2. The Transmission-Line Model

The propagation of acoustic waves in the multilayer structure introduced requires applying the
theory of wave propagation and it is usually presented as transmission line in analogy to
electrical waves. Supposing all layers homogeneous and considering the high aspect ratio
between the quartz disc and its thickness, it is reasonable to derive the wave propagation in a
one-dimensional model [38, 40]. Therefore, a primary correlation of the acoustic wave
propagation and the electrical impedance, measured at the electrodes of the sensor, can be
formulated by use of the so called Transmission-Line Model (TLM). Using this equivalent

circuit approach, the wave propagation is described in analogy to electrical waves travelling
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across the device thickness and into the adjacent layers. Moreover, as it will be explained,
near resonance it is possible to develop the model into a particular notation, where physical

parameters can be summarized in lumped equivalent electrical values.

By means of the TLM, the crystal resonator is represented as a three port black box. Two of
them (E-F, G-H) are acoustic ports and represent the main surfaces of the crystal plate. The
third one (A-B), is the electrical port which corresponds to the contact electrodes. The
transformation of mechanical displacement into the electrical signal and vice versa, or in other
words the coupling between the acoustic variables and the electrical port, is performed
through the transformer. As well, every non-piezoelectric adjacent layer is represented as a
two-port transmission line and a generic load can be attached at the end of the line. Finally,
the resulting acoustic load Z; which is seen at port E-F of the transmission line (shown in
figure 8) would be the result from the contribution of all layers placed on the quartz surface.
Thus, the acoustic load summarizes all acoustically relevant information and it does not play
any role whether this load is generated by a single coating, by a multilayer arrangement or a
semi-infinite material. For this reasons, any change in the acoustic load impedance would
result in a change of the electrical impedance seen at the electrical port of the QCR.
Therefore, these changes are responsible for the frequency shift and attenuation change of the
acoustic device. Note that the electrodes are acoustically thin layers and their contribution can
be considered constant during the experiments, therefore their effect is included into the
quartz block by introducing an effective quartz crystal thickness. Figure 8 represents the
common situation where an acoustic load is acting at one acoustic port (E-F) while a stress-

free surface is connected at the acoustic port G-H.
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Figure 8 — Schematic representation of the transmission line model

The electrical response of such configuration can be expressed as [41]:

16



3. Fundamentals

a V4
. 2tan(2qj—jZL
Z,=——|1-2x Z (6)
J&0 q I—J—Lcot(a’q)
cq
where
qu = quq
_ P (7)
a,=ad, G_q

are respectively the characteristic acoustic impedance of the quartz and the phase shift of the

wave within the crystal. G is the quartz complex shear modulus and it is in general a

complex value:
G,=G, +jG, (8)

where G is the so-called shear storage modulus accounting for acoustic energy storage and

G, is the shear loss modulus accounting for acoustic energy dissipation. Cjrepresents the

static capacitance created by the parallel-plate capacitor due to the electrodes placed on the

main surfaces of the crystal at a distance 4 _.Considering the dielectric permittivity of the

crystal £, and an effective area A4, for the electrodes:
A
C, =&, L )
dq

Finally, qu is the electromechanical coupling coefficient which can be calculated as 8.8% for

the thickness shear mode in the AT-cut crystal [40, 42, 43].

3.1.1.3. The modified Butterworth van Dyke Model

The expression (4) representing the electrical response seen at the electrical port of the QCR

can be rewritten in order to describe the impedance Z, as the result of a parallel circuit

consisting of a static capacitance C, and a motional impedance Z, . Moreover, the motional

impedance can be further split into two parts 7z’ and Z ' representing respectively the
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unloaded quartz (Z, =0) and the load applied. As well, near resonance it is possible to

approximate the acoustic phase shift with @ = N7 so that:

4a

t | (10)
2) V-

Consequently, the approximated electrical quartz impedance Z, can be represented, in the

vicinity of the resonance, by means of equivalent circuit elements in the so called modified

Butterworth-Van Dyke Model, shown in figure 9. The only real electrical value is the static

capacitance C,(7) whereas the capacitance C, is due to the parasitic introduced by the

ext

electrical contacts along with connection to measurement instruments and surrounding

medium.
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Figure 9 —The modified Butterworth-Van Dyke Model with simultaneous mass and liquid loading [9]

Finally, the lumped equivalent electrical values of the motional arm, for the unperturbed QCR

motional impedance Z° , depending on geometric and acoustic sensor properties, are defined

as follow [40, 44]:
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8k,
C,=Ciyaz (11)
C = <, (12)
‘ I_Sk;
N
T _ P, (13)
T 8Ckia}  8Aye;
PR 14
, = = . (14)
coC, 8Cok,c,

3.1.1.4. The load motional impedance

The imaginary and real parts of the acoustic load impedance are directly related respectively
to the frequency shift Af of the resonant frequency and to changes AR of the resistance in the

motional arm of the BDV equivalent circuit:

__ Im(ZL)

of =1, ., (15)
_ Re(ZL)

AR =2w,L, = (16)

In terms of Eq. (5), when a thin and rigid film is deposited on the QCR it reflects into a real

and large G, and a small d, . In this situation, the device works in the so called gravimetric
regime. Furthermore, considering that the phase shift ¢ within the layer is small enough to

approximate the tan-function by its argument the acoustic load of a thin rigid layer is:
Zrig :japLdL (17)

where the only parameter influencing the load is the areal mass density of the layer 0,d, and

the electrical response it is only influenced by a mass change on the surface. Applying (15)
and (16) leads to an equation very similar to what shown in 1959 by Sauerbery [45]:

2P
B, =217 P

cq

(18)
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AR, =0 (19)

rig

which means (in principle) that a rigid coating does not add acoustic losses. Finally, even
though in the general case (5) cannot be represented by means of single lumped elements of
the BDV-model, the contribution to the load motional impedance due to rigid loading can be

described with the inductance L in series with L _:

___pd,
- TP 20
T ACK Z, w (20)

q —c¢qs

A second kind of typical load commonly applied to the QCR consists of a semi-infinite

Newtonian liquid which only attenuates the acoustic shear wave without showing any elastic

behavior. This situation is also known as non-gravimetric regime. In this case, G, is only

characterized by the shear loss modulus so that G, = GL = jwl,, . Moreover, due to the semi-

infinite assumption d,, >>,/277, /‘Eh qa)j and the tan-function in (5) equals to one. Therefore,

the surface acoustic impedance generated by a pure viscous liquid loading only depends, by a

linear relationship, on the density-viscosity product:

e : /CUpiﬂi
Zliq = .]a)loliqnliq :(1+.]) % (21)

Here z, has both nonzero real and imaginary part that is to say that liquid loading expresses

both frequency shift and increased damping. Applying again (15) and (16) leads to [46 — 48]:

B, =17 —“\/[;—’:Zm" (22)

0. N,
AR, =4f, L, Y ?’qn”q (23)

q

Finally, also in this case Z, can be represented by means of single lumped elements in the

motional arm of the modified BDV-model [9]:
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th — jT pliq’]liq (24)
4Cok, 2,0, \ 20,
T pliq’?liq (25)

R, =
oacklz,\ 2w,

The last case considered here is when a QCR with a thin rigid layer works in a Newtonian
liquid. In these circumstances the acoustic loads are approximately additive and the total

acoustic load can be obtained from superposition of the two single acoustic loads:

. N
Zrig+liq :Zrig +Zliq :prLdL +(1+J) % (26)

Also frequency shift and increased damping can be derived in the same fashion, from

superposition of single contributions due to thin rigid film and semi-infinite Newtonian liquid.

3.1.2. Impedance analysis of the shear wave resonator

The acoustic load impedance Z,, and consequently also Z ,, is directly related with the

el ?

frequency shift and the change in the motional resistance. When only 7z ° is present in the

motional arm, the resonance frequency can be easily calculated as

1
fVCS - (27)
* amfLc,
And the motional conductance maximum is
Gmax,O = Gel (fres,O ) = Re(Zel res,0 ))_1 = Rq_l (28)

When an acoustic load is present the load motional impedance Z' =R, + ja)(L”.g +L,l.q)

lig
comes into play in the motional arm of the equivalent circuit and the resonance frequency is

decreased to

_ 1
o flL, +L, +L

fres 3 (29)

lig q

while the conductance maximum becomes
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-1
Gmax = Gel (fres ) = (Rq + Rliq ) (30)

Therefore, characterization of the acoustic load applied to the QCR can be performed by

following changes of the resonance frequency and conductance maximum acquired through

impedance analysis of the crystal resonator [9, 10].
3.2. Microelectrode impedance spectroscopy

Impedance spectroscopy (IS) is a method of characterizing many of the electrical properties of
materials and their interfaces with electronically conducting electrodes. It may be used to
investigate the dynamics of bound or mobile charge in the bulk or interfacial regions of any
kind of solid or liquid material. Electrical measurements to evaluate the electrochemical
behavior of electrode and/or electrolyte materials are usually made with cells having two
electrodes applied to the faces of a sample. The general approach is to apply an electrical

stimulus to the electrodes and observe the response [50].

Figure 10 shows a schematic draw of the trans-epithelial impedance measurement applied in
this work. The ITO electrodes are deposited on the glass cover placed on top of the biosensor
array. The voltage applied at the ITO microelectrode generates the electric field which crosses
the measurement chamber through the culture media and reaches the cell layer lying on the

QCR’s ground electrode underneath.

Glass cover ITO electrode ~ Electric field

Bioreactor

(—

QCR Ground electrode I N cell layer

Figure 10 — Schematic draw of the trans-epithelial impedance measurement with simulated electric field

The trans-epithelial impedance spectroscopy of the cell layer proliferating within the
biosensor array acts as a function of several parameters and the correlation between the
impedance and the surface coverage is quite complicated. However, the cell layer, as well as
the metal-electrolyte interface can be modelled using passive circuit elements. Therefore,
changes of the measured electrical impedance over a well defined frequency range can be

related to the parameters changes of the equivalent circuit, which reflect the status of the cell-
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electrode interface, i.e. the cell-electrode gap change, as well as the electrochemical

equilibrium at the metal-electrolyte interface.
3.2.1. The metal-electrolyte interface

A typical circuit used in electrochemistry [50] to describe the metal-electrode interface is

shown in Figure 11.

C
Il
i

’1
Rs .7
Meta Rw ~---» Electrolyte
Rct
A
Cw

Figure 11 — Equivalent circuit commonly used in electrochemistry

The capacitor C; represents the interfacial capacitance accounting for electrical double layer
and the diffuse layer arising at the metal/electrolyte interface. R, represents the resistance to
the charge flow across the interface. Its value may result from the combination of different
contributions such as diffusion of reactants to and from the electrode or chemical reactions at
the electrode. However, for voltage values less than 50mV peak, the charge transfer through
the double layer due to the applied potential tends to dominate the overall current [22]. Ry
and Cyw are the components of the Warburg impedance which takes into account the
movement of ions in response to an applied electric field. The resistor Ry stands for the
resistance of the solution through which all the current must pass to reach the ground

electrode.

In contrast to C; and R;. which could be considered as ideal circuits elements, Rw and Cyw are
not ideal because they change with the frequency. That is, the diffusional impedance tends to
zero with increasing excitation frequency because it is more and more difficult for the ions to
follow the applied field and the effects of the diffuse ion cloud become less significant. For
the materials and the frequency range employed in this work, it was experimentally

determined that the contribution of the Warburg impedance could be neglected.

3.2.1.1. Interface capacitance

The model which first described the electrical double layer was developed by Helmholtz in
the 1850’s. The double layer capacitance Cy described by this model is the consequence of

electron transfer reactions which result in the formation of an electrified interface at the
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boundary between metal and electrolyte. This results in two layers of charge (the double
layer) and a potential drop that is confined within the electrolyte to a distance from the
electrode known as outer Helmholtz Plane (OHP). The result is equivalent to a simple
capacitor with a value determined by the permittivity of the electrolyte (gog;), the area of the

interface (A) and the distance of the OHP from the metal electrode (dopp):

E.E
CH_VO

dOHP

€1y

where Cy is the capacitance per unit area (F/m?), ¢ is the relative permittivity of the
electrolyte and g is the relative permittivity of vacuum. Assuming, for physiological saline at
25°C, a value of dopp equal to 0.5 nm and &, ranging from 6 to 78 the Helmholz capacitance
can be roughly estimated with a value of few pF/um?” [51]. This model, however, neglects the
observed dependency of capacitance on the applied potential. Therefore, the Helmholz model
was modified in 1910 to 1913 by Gouy and Chapman in order to account for this dependency.
The new model considers mobile ions at the electrode surface allowing the capacity to change
in response to an applied potential. By this assumption and for voltage values less than

100mV peak the voltage drop across the space charge region can be estimated as:

V(x)= Voe[_;;J (32)

where V) is the potential at the electrode, x is the distance from the electrode and Lp is the

Debye length which can be calculated in an electrolyte as follow:

[, e0kT
L, = ”_02 (33)
2N 4q°1

where k is the Boltzmann constant, T is the absolute temperature in Kelvin, N4 is the
Avogadro number, ¢ is the elementary charge and / is the ionic strength of the electrolyte in
mole/m’. The capacitance per unit area resulting from the Gouy-Chapman model can be

calculated by:
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Cg = £r80 cosh o (34)
L, 27,

where z is the valence of the ions and V; is the thermal voltage. The first term of (34)
expresses the capacitance per unit area of a parallel plate capacitor and the hyperbolic cosine

compensates for the effects of mobile charges.

The total interface capacitance C;is given by the Gouy-Chapman-Stern model as follow:

L:L+L (35)
c, ¢, Co

A detailed theoretical derivation of the interfacial capacitance can be found in [52].

3.2.1.2. Solution resistance

The solution resistance Rg is the resistance measured between the ITO working electrode and
the QCR’s ground electrode. It can be determined from the spreading resistance which models
the effects of the current spreading out into solution from the localized electrode to a distant
counter electrode. Its value can be obtained by integration of the series resistance of shells of
solution centered at the electrode with the solution resistance given by:
— pell
R = el 36
y (36)
where p,; is the electrical resistivity of the electrolyte, 4 is the cross-section area through

which the current must pass and / is the length. The spreading resistance of a circular

electrode with radius 7 is given by:

- P _ ,0\/7_T (37)

were Ag; is the area of the circular electrode [53]

Finally, the complete circuit model assumed for the metal-electrolyte interface is shown in
figure 12. This model simplifies the one presented in figure 11 by neglecting the Warburg
contribution and it is well suited for electrodes systems in pure electrolytes. However, when
proteins or other additional elements are present in solution it may be necessary to use

empirical methods to determine the electrode model parameters. Also, inhomogeneous
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electrical fields could be generated by the electrode geometry and a more complicated

behavior than predicted by the model may be observed in practice.

C
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Metal Ret —AN\—----» Electrolyte
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Figure 12 — Circuit model employed for explaining the contribution of the metal-electrolyte interface.

3.2.2. Cell layer electric model

A brief description of the membrane impedance was already given in paragraph 1.5 where a
parallel RC circuit was suggested as the simplest way to model the cell membrane in terms of
electrical parameters [21, 54]. Typical values for the cell membrane capacitance and
resistance were also given. However, for the purpose of modelling the contribution of the cell
layer on the impedance change measured at the electrodes, it should be pointed out that the
single cell membrane resistance as well as the single cell membrane capacitance cannot be
employed directly. The reason is to find in the frequency range at which the impedance
measurements are here performed. The impedance spectra are acquired between 100 kHz and
10 MHz in which the B dispersion normally takes place. Therefore, the measured capacitance
and resistance introduced by the cell layer show a value that is frequency dependent. As a
rule, decreasing dielectric constant and increasing conductivity are responsible for decreasing

capacitance and decreasing resistance values respectively.

3.2.2.1. Relaxation and dispersion

Assuming the B dispersion being originated from a single relaxation mechanism, this can be
described by first order differential equations which lead to single time constant responses
[32]. Therefore, when a voltage step is applied to a sample, its polarisation can be
characterised as a first order process with a relaxation time T which depends on the physical
process involved:
- Dy — Dy
D(r) = DW+W (38)

where D, represents the “instantaneous” (high frequency) polarisation of the sample, while

Dy is the response obtained long after the application of the step (low frequency). By Laplace
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transformation the response in the frequency domain can be obtained. Also considering the

real part of the complex permittivity ¢ = D/E and C = ¢ A/d it is possible to show that:

. L Eg =&
= 28 Ze 39
E(w) Eo 1+ jwr (39)
clw)=c, + S5 -Co (40)
1+ jowr

where the subscript s stands for “static” since &, refers to the permittivity of vacuum and Cjto
the static capacitance of the QCR. According to equations (39) and (40), the permittivity (and
consequently the capacitance) drops off in a distinct step going from one constant value s to
another €., over about one decade as the frequency increases. The frequency f., where the
average value between the two levels occurs, is known as the characteristic frequency. The

relaxation time T can be easily obtained from the characteristic frequency as follow:

r=_1 (41)

277,
An increase in conductivity O is also associated to the drop in permittivity by the following

relation:
o, -0y =2t (42)

Due to the distribution of cell sizes and their complex organization in real biological materials
a number of relaxation processes often occur in parallel so that the total electrical response
could be characterised by more than one time constant. Moreover, if the relaxation times are
not enough separated the material will exhibit a single broader dispersion with smoother

changes between permittivity values.

3.2.2.2. Maxwell-Wagner effects

The Maxwell-Wagner effect caused by cell membranes has been recognised as the physical
basis for the B dispersion. The Maxwell-Wagner effect consists of a relaxation process which
takes place when an electric current has to cross an interface between two different dielectrics.
In order to model biological systems, the general Maxwell-Wagner theory can be extended to
a dilute suspension of spheres surrounded by a thin membrane [32]. However, in order to

develop an equivalent electrical model it is assumed that the electrical properties of a cell
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layer adhering on the sensor electrode can be better described by a capacitor with two
dielectric slabs placed in series between the plates (rather than coated spheres in dilute
suspension). Each slab has a resistance R; in parallel with a capacitance C; and a time

constant T; =. R;C;. From the total admittance of such a capacitor and provided that

Y = jeU'+1/R, the resultant capacitance and conductance are:

C:Im(Y): | T +T, —T+W T T,T 43)

@w R +R, 1+ w’r?

2 _
l=Re( )= 1 1+ @ [r(r, +1,)-17,] (44)
R R, +R, 1+ a’r?
where:
Rit, +R1y _ RR)\C, +C

=R HRT 1Ry (C + ) (45)

R R, R +R,

is the time constant of the whole system and is equivalent to the relaxation time introduced
with Eq. 41. The system capacitance and resistance values monotonically decrease with

increasing frequency and converge both at low and high frequencies:

_ C1R12 + C2R22

(Rl "'Rz)
2
= GG and R, = RRy(C, +Cy) [ 47)
G +G Rlcl2 +R2C22

Thus, with the parallel model of two slabs in series it is possible to describe a classical
dispersion. The dispersion is due to the parallel of a capacitance with a conductance for each
dielectric so that the interface can be charged by the conductivity. This model is shown in
figure 13 and will be used for describing the change of the trans-epithelial impedance

observed over time during cell proliferation.
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Figure 13 — Circuit model employed for explaining the contribution of the cell layer.
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3.3. Injection molding technology

Injection molding is a very cost-effective means for the production of three-dimensional
plastic parts with high throughput. Most of the time the produced parts require little or no
finishing and very complex shapes can be formed. During the injection molding process solid
granules of thermoplastic resins are melted, injected into a hollow cavity space (mold) built to
the shape of the desired product, and then cooled back to a solid state in the new desired form.
In order to fill the empty form, the mold is mounted in an injection molding machine that is

automatically looping through the steps of the molding cycle:

* Closing of the cavity. The clamping mechanism rapidly opens and closes the mold
with the necessary clamping force.

* Injection of the molten polymer into the cavity spaces. The injection unit presses the
melt into the mold with a pressure that is largely dependent on the conformation of the
product and the material being injected. Also, the clamping mechanism must supply
sufficient clamping force in order to counteract the pressure rising within the cavity
and keep the mold close during this phase.

* Mold pack and hold. During this step, a final fill pressure is maintained in order to
pack the cavity and preserve the internal mold pressure until solidification of the part.

* Cooling of the part. Time during which the part is cooled down before ejection.
Uniform and properly controlled cooling of the part can help preventing warpage and
achieve minimum cycle times.

* Opening of the cavity and ejection of the part. The part should be removed quickly and
without damage which could occur if the part is ejected too cold or too hot. Normally,

all molds have an automatic ejection mechanism.
3.3.1. Mold design and fabrication

When designing a mold cavity the manufacturing process must be always considered. During
the stages of the injection molding cycle there are many factors affecting the quality of the
parts as well as the repeatability of the process. Therefore, during part design it is important to
bear in mind few important guidelines that will help minimize problems during molding and

improve the final result:

e The wall thickness should be minimised as much as possible in order to reduce the

effect of shrinkage.
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» Large variations and abrupt changes in wall thickness should be avoided for reduction
of differential shrinkage which could lead to part deformation and warpage.

* Sharp corners should be avoided for minimisation of stress within the part.

* Parts should be designed with a minimum of 0.5° draft angle in order to facilitate their

ejection from the form.

Once the shape of the parts has been defined, additional effort should be given in order to
complete the design of the mold cavity. At first, the running system should be included for
transporting the melt from the nozzle to the cavity in the most uniform way and with
minimum pressure and temperature drops. The gate is the channel through which the molten
polymer flows into the cavity. It connects the runner to the part and it is normally a highly
stressed area. Therefore, it is of importance to find a gate with geometry and location that do
not adversely affect the appearance and properties of the product. A properly designed gate

should address the following issues:

e [t should ensure a balanced melt flow for rapid and uniform filling of the cavity in
order to avoid over-packing of some areas of the part.

*  Whenever possible, it should be placed in the thickest section of the part so that the
injected material would flow from thick to thin sections.

e It should not be placed near an area with a large variation in wall thickness.

* It should ensure filling of the mold under realistic temperatures and pressures.

e It should minimize weld lines and position them in non-critical areas of the part.

* It should prevent “jetting” by providing smooth and uniform material flow.

» It should avoid air entrapment in the part.

* It should avoid visual distraction from the overall part appearance.

A second issue to be considered when designing the mold cavity is the evacuation of air as the
form is being filled during injection. Therefore, vent grooves should be appropriately placed
around the part and at the end of the flow paths. Inappropriate venting may be responsible for
slow and incomplete fill along with air bubbles and weak weld lines. Moreover, compressed

trapped air could heat up enough to ignite and leave burn marks.

As a final point, ejection of the part should be addressed in order to reliably and quickly
remove the part from the cavity. Thus, ejection pins must be properly placed in order to
actively push the part out of the form. Moreover, it is very important to ensure that as the

mold opens, the parts will stay on the side from which they will be ejected. For this reason, if
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the product will not naturally stay on that side, features such as undercuts should be
introduced to ensure that the part will be where required for ejection. In order to ensure good
and reliable ejection, the number of pins should be enough to distribute the necessary force so
that the part is not affected or damaged. Furthermore, the pins should be as large as possible
and evenly placed at symmetrical locations. Also, some of them should be placed near the

corners.
3.3.2. Influence of processing parameters

During the injection molding cycle there are many variables affecting the quality of the
fabricated product. Only the most significant process parameters will be considered in this

frame.

Injection fill rate. It has a big effect on melt viscosity and orientation and consequently on

warpage due to differential shrinkage. Because of the augmented shear heating, an increase of
fill rate is comparable to raising the melt temperature and it can facilitate the filling of cavities
owing to decreased material viscosity. However, a large increase of the shear rates may also
result in degradation of the polymer, cavity gassing and hence air bubbles in the product. A

good balance between injection speed and shear rate should be found for optimum filling.

Melt temperature. It has direct influence on the polymer flow. With most polymers, an

increase of melt temperature leads to a reduction of material viscosity and shear stress along
with improved flow into the cavity. Moreover, each polymer has a recommended temperature
range and it is important to select an appropriate temperature window for preventing the
occurrence of material degradation. Also, the melt temperature has a direct influence on part

shrinkage so that decreasing its value the volume shrinkage is reduced.

Mold temperature. Higher mold temperatures can reduce the melt flow resistance. Also, the

selection of the mold temperature is important for preventing the premature solidification of

the melt and to ensure the complete filling of the cavity.

Packing pressure. How well a part is packed out is of primary importance when considering

warpage, shrinkage, and defects such as sink marks. To produce a uniform volumetric
shrinkage, the pressure in the cavity must be properly controlled by selecting the optimal

packing profile.
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The design of such a complex system for online monitoring of dielectric and conductive
properties of the cell monolayer along with visco-elastic properties at the cell-sensor
interface has to be carried out with several criteria in mind. All features must be designed in
view of the fabrication technology that is available, in conjunction with several other issues.
Among these, biocompatibility, maintenance of sterility and physiochemical environment (pH,
temperature, etc.) during experiments, minimizations of death volume for supply of media and
stimuli, packaging, handling, connections and electrical interfaces with low parasitic for
extraction of the electrical signals are the most significant. Moreover, all these aspects must

be collectively considered and a trade off has to be attained for the best overall solution.
4.1. Resin selection

Defining the polymer to be used for the production of the disposable device is a very
important choice which should be done in the early phase of the design process. The selection
of the resin must combine application related demands with the influence of the material on
the molding process itself. A medical grade of transparent polypropylene from LyondellBasell

Polymers was selected for the fabrication of the disposable devices.

Polypropylene (PP) is the resin of choice for many injection molded applications because of
its low cost and light weight. However, medical applications like this go far beyond these two
characteristics. One key property which makes polypropylene so attractive for the market of
medical disposables is that it can be steam or irradiation sterilized and still maintains
sufficient physical properties to perform its intended function. Also, it has very low water
absorption, it is very resistant to chemicals and it does not easily deteriorate during storage.
As an example, most disposable syringes today are made of polypropylene. The drawbacks of
polypropylene are that it exhibits a relatively high shrinkage and as a consequence it has a
greater tendency to warp and form sink marks. However, these tendencies can be effectively

counteracted with a proper design of the part and by adjusting the molding conditions.

4.2. Microfluidic network design and simulation
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Identical proliferation and stimulation conditions among all bioreactor units, along with equal
flow distribution above all QCRs were the major constraints to be considered for the design.
These conditions were of great importance for the assumption that the cell communities,
namely the cells proliferating on the surface of a single QCR, in the biosensor array are
affected by the same environmental conditions. Moreover, equal flow distribution, was very
important in order to obtain the same partitioning of the cell suspension on the surface of each
sensor during the cell seeding procedure and provide the same starting condition on each
sensor. Therefore, the microfluidic network had to be designed with a symmetric structure in
order to provide the same fluidic resistance through parallel microfluidic paths. Also, a
compromise between minimum dead volume and minimum shear stress on cells had to be
found for the design of the micro-channel network. This means that the maximum allowable
shear stress during seeding of cells limits the miniaturization of micro channels. Moreover,
the internal volume of the bioreactor unit cannot be too small in order to provide a buffer
capacity that can maintain constant environmental condition at the cell layer. Finally,
constraints introduced by the injection molding process for the fabrication, e.g. avoiding
hidden structures, had to be taken into account. The bioreactor unit with 4 sensors in parallel
was developed based on an existing micro fluidic bioreactor for a single QCR (I 14 mm)
[11]. Figure 14 shows how the four bioreactor units and the flow distribution network have
been merged within the same device: the flow distribution network lays on the bottom side of
the device, whereas the 4 bioreactor units are placed on the top side of the bioreactor array.
Each bioreactor unit has two inlets and one outlet and the connections between the two sides
are realized through holes. The total internal volume of the device, including the flow
distribution network and the 4 bioreactor units, is [l ml. Fluid flow is in parallel to the sensor
surface to minimize mechanical force on cells. QCRs are fixed to the bottom side of the
device using paraffin. The contact area between cells and sensor has a diameter of 4.5 mm.
Glass plates cover the bioreactor units and enable the acquisition of light microscopy pictures.
The areas highlighted with darker colour on the top side of the device have a thicker cross
section compared to the rest and allow the correct alignment of the glass plates during the
assembly procedure. Moreover, they also partly compensate for the differential shrinkage due
to the fabrication process, improving the quality of the devices. Details concerning the
optimization of the injection molding process will be given in a later paragraph. The flow
distribution network has separate flow paths for stimuli as well as culture medium and cells.

All implemented features are fully symmetric in order to assure identical hydraulic
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resistances. Standard HPLC fittings, valves and capillaries are used for the connection of an

external flow injection system.

3 6
To hioreactor chip Inlet for stimuli
4

Waste from ;—D

bioreactor chip
BOTTOM SIDE O 5
Flow distribution network Q T @ Do

To bioreactor chip / K \ /

TOP SIDE
Bioreactor units

1/2

Inlet for cell
suspension or
buffer solution

Outlet to
Inlet from <] ————— O fow net.

(waste)

Figure 14. Biosensor array with embedded flow distribution network on the bottom side and four bioreactor
units on the top side. Four QCRs (10 MHz, [0 8mm) are fixed to the bottom side of each bioreactor unit with
paraffin. The channel cross section is 1.0 x 0.8 mm, as a compromise between maximum tolerable shear stress
and minimum stimulus consumption.

4.1.1. COMSOL simulations

The flow velocity profile in the bioreactor unit was simulated using COMSOL Multiphysics.
The main focus here was the evaluation of how asymmetries due to fabrication accuracy can
influence the velocity field distribution within the channel network. This was done in order to
further validate the hypothesis of identical flow conditions on the surface of each QCR. A
typical value of tolerance that occurs during fabrication of the molding form is + 0.05 mm per
10 mm, which reduces the tolerances for smaller sizes. For a channel cross section of 1 mm x
0.8 mm a reasonable value of +0.025 mm was selected. Also the estimation of the shear
forces acting on the cell layer was of interest. In fact, MDCK cells revealed to be relatively
sensitive to shear forces [55]. Therefore, a second simulation was performed in order to
exclude that the cell layer could be under stress due to the flow-through regime applied to the
biosensor array during cell proliferation. In order to effectively include the influence of the
fabrication accuracy, the computational fluid dynamics (CFD) model of the microfluidic
network that was implemented in COMSOL Multiphysics, had to couple three different
application modes, simultaneously affecting each other. The application modes which were
employed are the “Solid, Stress-Strain”, the “Incompressible Navier-Stokes” and the “Moving
Mesh”. The latter was used in order to couple the mesh with the deformations of the

microfluidic network, which were introduced through static distributed loads implemented
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with the “Solid, Stress-Strain” application mode. The Incompressible Navier-Stokes module
was then coupled to the moving mesh so that the simulated flow profile would reflect any
deformation of the geometry. Furthermore, in order to optimize the memory usage during
simulation, symmetry boundaries were introduced within the CFD model so that only a
fraction of the whole microfluidic network had to be implemented. Figure 15a shows the
model used for the simulation of the overall flow profile and estimation of the shear forces
acting on the cell layer. Figure 15b shows the model implemented for evaluation of the
influence of fabrication accuracy. Due to higher memory usage, the model had to be further

reduced introducing additional symmetry boundary conditions.

xle-3

a)-

Figure 15. CFD models implemented in COMSOL Multiphysics for the simulation of the flow regime within
the channel network. a) Model used for the evaluation of the velocity field and shear forces. b) Model used for
the estimation of influence of fabrication accuracy.

The results of the simulation for the estimation of the shear forces on the cell layer are shown
in figure 16. Figure 16a shows the slice plots of the simulated flow velocity profile and the
estimated shear force [57] at 100 um over the cell layer. In a reasonable range of flow rates up
to several ml/h for a single bioreactor unit, the flow velocity is <<l mm/s with a resulting
maximum shear stress of about 13.3 pPa. For a comparison, the effects of shear stress on
MDCK cells were previously investigated [56] showing morphological changes of the
cytoskeleton starting from a shear stress of 9 mPa which is of about three orders of magnitude
higher than calculated here. Also, preliminary experiments of cells cultivated in flasks placed
on a shaker showed no significant differences in reference to a non-moving flask. Therefore,
it can be stated that the influence of shear stress on the cell layer can be neglected for the
range of flow rates here employed. With regard to the low flow rate the transport of species
nearby the QCR due to convective mass transfer in addition to diffusion is comparably low.
Figure 16b shows the plot of the velocity field along the dashed line at 100 pm over the cell

layer.
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Figure 16. a) Detail of the simulated flow velocity profile and estimated shear force at 100 um over the cell
layer with a flow rate of 1 ml/h. b) Plot of the velocity field along the dashed line at 100 pm over the cell layer

The result of the simulation concerning the influence on the velocity field caused by

asymmetries is shown in figure 17. Figure 17a shows the result of the simulation in the plane

parallel to the sensor surface. Figure 17b shows the velocity field plot along the dashed lines,

at 100 um over the cell layer. The model takes into account asymmetries due to a fabrication

accuracy of + 0.025 mm. The variation of the velocity field values near the cell layer is less

than 3% compared to an ideally symmetric device. Based on this result it can be assumed that

all sensors are affected by the same flow regime.
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Figure 17. a) Simulated flow velocity profile within the micro-channels of the bioreactor unit with a flow rate
of 1 ml/h. b) Plot of velocity field along marked red lines at 100 pm over the cell layer.

4.3.

Molding process simulation and optimization

In order to optimize the geometries for the injection molding process, 3D models of the

biosensor array were developed as basis for CFD models simulated using Moldflow code. The
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filling behaviour of the mold cavity, dependent on geometry, processing/material parameters
and gate geometry/location were analyzed. For the final assembly of the micro-fluidic
biosensor array it is very important to obtain parts with a flat surface and good dimensional
accuracy. Therefore, the warpage and the volumetric shrinkage were chosen as criteria for
part quality evaluation. It is known that polypropylene has a relatively large shrinkage factor
which normally ranges between 1.2% and 2.2%. Therefore, it was very important to minimise
this value as much as possible, especially in terms of the differential shrinkage that could
generate stresses within the part and eventually deform or warp the flat surface. The first step
of the simulation process was the calculation of the best gate location for the injection of the
melt into the form. Next, an optimal gate geometry which could minimise shrinkage and
warpage with a defined set of parameters was selected. Then, once the gate geometry has been
chosen, the best processing parameters for minimum shrinkage and warpage were

investigated.

4.3.1. Gate location

The simulation results to find the best gate location revealed that this is placed in the central
area of the device. However, injecting the molten polymer from this area would mean to
modify the geometry so that the functionality of the micro-fluidic network would be
negatively affected. Therefore, the gate had to be placed on the side of the device which
represented the second best choice for the location of the injection point. Figure 18 shows the

top and the side view of the simulation results with the two considered gate locations.

Scale (70 mm)

Figure 18. Top and side view of the gate location simulation results.
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4.3.2. Optimisation of the gate geometry

Three different CFD models with dissimilar gate geometries were implemented and
simulated. The gate geometries which were considered are the flash gate, employed for
fabrication of an early prototype of the device, the pinpoint gate and a triangular shaped gate.
For the last two solutions, a hole has been placed in front of the injection point in order to
induce the melt to spread into the form and avoid jetting problems during injection molding of
the parts. Jetting occurs when polymer melt is pushed at a high velocity through restrictive
areas into open, thicker areas, without forming contact with the mold wall. Jetting leads to
part weakness, surface blemishes, and to a multiplicity of internal defects. The analysis of the
filling behaviour of the mold, dependent on the three different gate geometries, was conducted
by keeping constant the set of parameters, such as temperature, injection speed, pressure and
clamping force, related to the fabrication process. The chosen set of parameters was the one
used for the fabrication of the first prototype of the device. Figure 19 shows how the gate
geometry can influence the shrinkage of the part leading to a more or less pronounced
deformation respect to the desired shape. In figure 19, the simulation results relative to the
deformation of the CFD model with triangular gate are shown. A magnification factor equal
to 30 has been used for visualization of the deformed shape in figure 19a. Moreover, values of
deflection and volumetric shrinkage calculated at 50 selected nodes of the mesh have been
chosen in order to compare the results here obtained. The nodes are placed along 5 lines of 10
nodes each and they are shown in figure 19b. The data points are plotted from the leftmost to
the rightmost point of the line. Figure 19¢ shows the graphs with the comprehensive data from
all CFD models implemented. The colors employed recall the ones used in figure 19b so that
each line can be recognized by referring to that specific color. In each case, the deflection is
larger in the proximity of the borders of the device and it has a minimum in proximity of the
centre. As well, the volumetric shrinkage is slightly higher near the edges but it does not show
any minimum in the central area. However, the shrinkage has a very pronounced maximum
near the injection point in the case of the flash gate and the pinpoint gate. Such maximum
value is almost not expressed in the case of the triangular gate. The optimal gate geometry,
which gives the minimum deformation and volumetric shrinkage, is the triangular gate. The
maximum average volumetric shrinkage is obtained with the pinpoint gate while the

maximum deformation comes from the flash gate geometry.
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Figure 19. Simulated deformation and volumetric shrinkage of the molding injected biosensor array. a) Front
view and b) top view of the deformed shape. The points highlighted correspond to the nodes of the mesh selected
for the evaluation of the deflection and volumetric shrinkage. c) Plot for the comparison of the deflection and
volumetric shrinkage values obtained from the simulation of all the three CFD models.

Based on these results, the gate with triangular geometry has been chosen for the fabrication

of the molding injection form of the new device.
4.3.3. Optimization of process parameters

Injection molding process conditions must be accurately optimised in order to obtain parts of
high quality. From the very beginning, it turns out that the potentially influential variables
affecting the final result are numerous. Therefore, a wide set of parameters, such as injection
time, injection speed, mold temperature, melt temperature, packing pressure, packing time
and cooling time had to be considered during the optimization. Moreover, the processing
variables do not influence the product quality separately but they extensively interact with
each other and contribute to the result in different combinations. The process variables with
the greatest impact on warpage and volumetric shrinkage are the mold temperature, the melt
temperature, the injection time and the packing pressure over time [58, 59]. Regarding the
warpage, the most influencing process variable is the packing pressure. Very important is also
the contribution generated by the interaction between the mold temperature and melt

temperature. The injection time, because of its short duration, has instead limited influence on
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the quality of the product. Nevertheless, in order to avoid differential cooling across the part
that will induce warpage it is preferable to have the shortest possible injection time. On the
other side, the shrinkage is mostly affected by the melt temperature. As well, the packing
profile is of significance in order to acquire an even volume shrinkage. In this frame a
constant packing pressure over time is to prefer in comparison with a linear increasing or
decreasing packing profile. A compromise between processing parameters needed to be found
in order to obtain both minimum shrinkage and warpage. The optimal injection profile
selected is shown in table 1. Table 2 shows the setting for the packing phase of the injection
molding process. The melt and the mold temperatures were respectively set at 230 °C and 40

°C with a cooling time of 40s.

Table I: Optimised injection profile for the fabrication process of the disposable devices

Injection profile Stepl Step2 Step3 Step4 Step 5
Injected volume [cm’] 10 4 4 4 1
Flow rate [cm’/s] 30 25 20 15 10

Table II: Optimised packing profile for the fabrication process of the disposable devices

Packing profile Stepl1 Step2  Step 3
Time[s] 0.5 1 18
Pressure [bar] 150 125 75

Figure 20a shows the simulated residence time distribution of the melt flowing into the mold
(with triangular gate) of the biosensor array. All cavities could be filled without air traps and
minimum shrinkage to achieve the required fabrication accuracy. A standard injection
molding machine from Arburg (Allrounder 320S) was employed for the fabrication of devices
made of medical grade of polypropylene. Figure 20b shows the new fabricated biosensor

array.
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Figure 20. a) Simulated residence time distribution of the melt flowing into the molding form and b) fabricated
disposable biosensor array (b).
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5.FABRICATION OF SENSORS AND
MEASUREMENT TECHNOLOGY

The fabrication of the sensors along with their placement into the biosensor array for the
implementation of one single measurement unit will be described. Different processes were
compared for the fabrication of the sensors. Gold electrodes were deposited on blank quartz
discs and glass chips with transparent ITO microelectrodes were fabricated out of ITO coated
glass wafers. Concerning the deposition of gold electrodes on the quartz discs, the main issue
was to achieve a good and reliable metal deposition on the edge of the crystal in order to
provide electrical contacts on the same side of the QCR. Evaporation and magnetron
sputtering were evaluated and a set of shadow masks with a holder was fabricated in order to
produce 16 QCR simultaneously. Glass chips with ITO microelectrodes were fabricated out
of ITO coated glass wafers. Laser ablation and wet etching were compared for the structuring
of the ITO electrodes. Laser ablation represents a quick and flexible solution for the
fabrication of prototypes during optimisation. However, wet etching provides a “cleaner”
result and should be the choice for the fabrication of the ultimate devices. The design of the
sensor electronics will then be described in terms of architecture and performance. A simple
equivalent circuit of the analog interface will be introduced and used for the estimation of the
parasitic components due to the circuitry. Also, simple rules will be suggested for
dimensioning the reference resistor embedded in the electronics. For correct acquisition of
impedance values, a standard calibration procedure with references was performed. Finally,
preliminary measurements were carried out in order to characterize the overall performance
of the sensor array in terms of sensitivity, drift and standard deviation of the acquired
impedance values. As well, a model of the ITO microelectrodes is proposed for fitting the

impedance data.
5.1. Layout and fabrication of QCRS’ electrodes

A single quartz crystal consists of a disc of 8 mm diameter. A big electrode with connection
to ground should be deposited on the side that will be in contact with liquid phase during the
measurements. A smaller electrode carrying the RF signal is deposited on the other side of the
disc. Both electrodes should be accessible from the same side of the crystal and more
precisely, from the side of the working electrode as shown in figure 21. Therefore, it is very
important to achieve a reliable metal deposition also on the edge of the quartz discs in order to

run the connection to the ground electrode on the same side as the working electrode.
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Figure 21 — Schematic of the quartz crystal resonator showing the electrode layout

Shadow masks have been fabricated for the simultaneous deposition of the desired electrode
layout onto several quartz crystals. The masks are made by laser cutting (Nd:YAG laser with
A = 1064 nm) of 0.2 mm thick stainless steel sheets. Each mask is composed of three elements
stacked on top of each other having the function of providing the shadow mask for the ground
electrode, housing for the crystals and the shadow mask for the working electrode
respectively. Four of these stacks are placed in a holder which keeps them together during the
deposition process. The holder has been fabricated with the dimension of a 6 inches wafer.
Figure 22a shows an exploded view of the assembly employed for the simultaneous electrode
deposition on 16 quartz crystals. Figure 22b shows a picture of the fabricated masks with

holder and deposited electrodes.

Working electrode
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Crystals" housing
™

Quartz crystals
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a)
Figure 22 — a) Exploded view of the assembly employed for the simultaneous electrode deposition on 16 quartz

crystals. b) Picture of the fabricated masks with holder and quartz crystals after electrode deposition.

Metal evaporation and magnetron sputtering techniques have been compared for the
deposition of the metal. Evaporation produced electrodes with very sharp edges and well
defined shapes. However, due to the absence of plasma, the deposition of the metal on the

edge of the crystal could not be achieved. Sputtering suffered more of the planarity of the
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masks and in case of deformation some metal was deposited underneath the mask affecting
the shape of the electrodes. However, the metal could be deposited on the edge of the discs in
a reliable manner achieving an electrical connection with resistance less than 0.5 Q over the
edge. Therefore, magnetron sputtering was used for electrode deposition. Gold was used as
the electrode substance. An under-layer of titanium was employed to promote good adhesion
to the substrate. In order to evaluate the performance, some of the QCRs obtained were
mounted on a standard holder and impedance spectra were acquired. Figure 23 shows the
impedance spectra of a fabricated QCR having a minimum series resistance of 41.6 Q and a

quality factor of about 23900 in air.
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Figure 23 — Resonance impedance spectra with modulus and phase of a fabricated QCR in air.

5.2. Layout and fabrication of transparent ITO

microelectrodes

Thin films of ITO (In,O3/Sn0O;) deposited on glass are commonly used as transparent
electrical conductors in touch panels, solar cells, liquid crystals or as coating for heat mirrors
and electromagnetic shielding. ITO films can be deposited by chemical vapour deposition,
sputtering or evaporation. The required patterned conductive electrodes are often achieved by
means of chemical etching [62]. Chemical etching is relatively cheap. However, some issues
like durability and adhesion of the photoresist in different chemical etchants, undercutting and
areas of unetched ITO films can be involved. Moreover, the performance depends on the
deposition method and on the Sn/In ratio of the ITO film. Also, the chemical etching involves
the fabrication of masks which imply that changes to the layout can be achieved only through
the realisation of a new mask, which represents an additional cost. Laser ablation can
considered as an alternative for the patterning of ITO conductive electrode shapes [63 — 65]. It

involves more expensive and bulky equipment but it provides higher degree of flexibility for
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the purpose of fast prototyping of devices during the optimisation of the design. Different
patterns can be quickly realised just by changing the file describing the geometry to
implement. These two techniques were investigated and compared for the fabrication of the
transparent ITO microelectrodes employed in this work. ITO coated glass wafers with a
diameter of 100 mm were used in both cases. The nominal thickness of the ITO layer was
450 nm giving a resistance of 4 (/square. Figure 24a shows the geometry of the electrodes
designed for the trans-epithelial impedance measurement. The round electrode in the centre is
used as the working electrode. The second electrode, with the shape of a ring, has been
introduced to be employed as guard electrode. Figure 24b shows the picture of a glass chip

with ITO microelectrodes fabricated by wet etching process.

R1.2

2) R2.1 R14 b)

Figure 24 — a) Schematic showing the geometry of the ITO microelectrodes designed for the trans-epithelial

impedance measurement. b) Picture of a glass chip with ITO microelectrodes fabricated by wet etching process.

5.2.1. Laser ablation of ITO layers

A pulsed Nd:YAG laser with wavelength A = 1064 nm, maximum output power of 5 W and a
spot size of 60 um was used. The laser was focused perpendicularly on the ITO surface and a
single scan was run for the removal of the deposited ITO layer. Table III presents a review of

the laser parameters tested in order to find the optimum configuration.

Table III: laser parameters tested during the optimisation of the laser ablation process of the ITO layers.

Power [W] Laser speed [mm/s] Pulse frequency [kHz]
0.5 100 0-20-30-40

1 50 —100 - 300 0-10-20-30-40
2 50 — 100 —300 0-10-20-30

3 50— 100 —300 10-20-30

5 50 —100 - 300 20-30
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Criteria for the evaluation of the performance were the resistance value of the ITO, the quality
of the edge created by the laser and the roughness of the glass in the areas where the laser has
been focused. The best results were obtained at the speed of 100 mm/s with a pulse frequency
of 20 kHz and power ranging from 2 to 3 W. Figure 25a shows a detail of the edge of an ITO
layer after the laser ablation. The graph in figure 25b represents a profilometer scan across the
edge of the structured layer. The plot reveals a smooth edge and a ridge protruding at the
border of the ITO layer due to melting of the material. As well, the roughness of the substrate
is increased of four times in the areas were the laser was focused. This is because the glass

substrate partly absorbs the laser beam and gets damaged from the local heat generated.

' 100 um 01 ! ! 1 !
—_— I I I I
% 7 0.05F - ———— —gpogen—— — — — F-———=- H--- - - - F-——————=
» = I I I I
~ Ofewmin™ L A T AN
I I I I
005 e
3 01F------ J‘ ,,,,,,, L ,,,,,, J‘ ,,,,,,, L ,,,,,,,
| I | I
. ! B g_ I I I I
N 015 - 1emehe- R b
\ ‘ 02f - R S - A
4 I I I I
| | | |

‘ £ 025~~~
\ s B s T, [t R
\ L -0.35 1 |
‘ 0 . :
a) b) mm
Figure 25 — a) Detail of a laser ablated area at the edge of the ITO layer. ITO: lighter area on the left of the
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picture. Glass substrate: darker area on the right. b) Plot obtained from a profilometer scan of the ITO layer

across the edge.

5.2.2. Wet etching procedure and mask fabrication

Etching of the electrodes was performed using 6 M HCI, 0.2 M FeCl; as etchant [62] and
AZ1518 as photoresist. First tests of etching at room temperature showed an etching rate of
11.7 £ 1 nm/min. A mechanical profiler was used for the characterization. The temperature
increase made the etching more effective. However, the edges of the ITO structures became
“jagged” probably due to creeping of the etchant under the resist. Therefore, etching time was
limited to 20-25 min at 50°C with a nominal thickness of 450 nm for the ITO layer. The
resistance value and color of the etched ITO film were applied as control parameters during
the final electrode fabrication. A 5 inches dark field chrome mask plate was produced by a
private company and allowed the fabrication of four glass chips out of each glass wafer.

Figure 26a shows the design used for the fabrication of the chrome mask. A picture of one
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fabricated microelectrode and a detail of the edge of the etched ITO layer are shown in figure

26b and figure 26¢ respectively.

Figure 26 — a) Design of the chrome mask used during the wet etching process. b) Picture of one fabricated ITO

microelectrode. ¢) Detail of the same ITO microelectrode showing the edge of the ITO layer. ITO: lighter area on the left

of the picture. Glass substrate after etching: darker area on the right.

5.2.3. Comparison of laser ablation and wet etching

Pulsed Nd:YAG laser with wavelength A = 1064 nm is suitable for fabrication of prototypes.

However, it suffers of some disadvantages:

» At this wavelength the beam energy is partly absorbed by the glass substrate which
gets slightly damaged during the process. Yet, other studies revealed that a better
performance could be achieved with a laser with shorter wavelength [64]

» The laser patterning produced structures with somewhat more irregular edges than
obtained with chemical etching. This is probably due to melting of the ITO layer
during the ablation process. Also, melting of the ITO produced the formation of ridges

protruding at the border of the layer.

These features are in general not desirable because they may be the source of distortion of the
generated electric field. Therefore, chemical etching has been chosen for the fabrication of the

final devices.

5.3. The measurement unit

Figure 27 shows how the QCRs and the glass chips with the ITO microelectrodes are
embedded within the microfluidic device to implement one of the 16 measurement units of

the biosensor array. The glass cover and the plastic parts are joined using a biocompatible
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epoxy resin whereas the QCRs are fixed in the biosensor array with paraffin. Using paraffin
provides support to the QCRs along with effective sealing of the microfluidic network at the
sensors positions without raising biocompatibility issues. Moreover, thanks to its low melting
temperature, paraffin gives the possibility to achieve an effective but reversible mounting of
the resonators which represent a very important feature in order to be able to retrieve the
sensors before disposing the microfluidic device after use. However, this solution introduces
additional damping on the QCRs. Therefore, special care is necessary to achieve proper
mounting of the QCRs with the minimum amount of paraffin. Fig .27 shows in detail how
QCRs are mounted within the biosensor units. The spring contact tips are used for electrical
connection to the sensor interface electronics located under the array. The resonator ground
electrode is always on top, in contact with the liquid phase, whereas the backsides as well as
the spring pins are protected from these media via the paraffin sealing. O-rings are introduced
in order to provide sealing against the overpressure which can be applied to the backside of all

QCREs.
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’;\’ ”””” \ Glass cover v /| Ground
7 ’ electrode
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QCR QO-ring
N QCR %
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Figure 27 — Schematic with top view and cross section of a measurement unit of the biosensor array
including QCR and ITO microelectrodes with spring contacts for electrical connection to RF and GND

potential.
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5.4. Measurement electronics

Sensor electronics consisting of an analog interface with an amplification stage and
multiplexing capability were developed for the acquisition of the sensors impedance as a
function of frequency with an in-house developed miniaturized impedance analyzer [16]. The
multiplexer is controlled through the digital bits available on the impedance analyzer and it
allows fast switching between the 16 QCRs and the 16 ITO microelectrodes along with
selection of the relative reference impedance. Both wideband analog switches and a high
frequency electromechanical relay were employed as a compromise to benefit from the
advantages of the two solutions. Compared to electromechanical relays, analog switches are
very small providing fast and bounceless operation with longer lifetime due to the absence of
moving parts. Instead, electromechanical relays have a wider bandwidth; they provide almost
ideal electrical connection when conducting, absence of crosstalk, no leakage currents, and
comparably neglectable parasitic capacitance to the ground potential. Therefore, two sets of
analog switches were implemented to achieve fast switching among the 16 QCRs and the 16
ITO respectively whereas an ultra-miniature relay from Teledyne has been employed for the
selection between one of these two groups of sensors along with its reference impedance. The
maximum switching time is given by the time necessary to switch between the two groups of
sensors and it has a value of approximately 4 ms. This delay is not significant compared to the
time needed for impedance spectrum acquisition (LIl s/ spectrum). Moreover, thanks to the
synchronization between the digital outputs and the spectra acquisition it does not imply any
loss of data when switching during the measurement. A block schematic of the developed
electronics is shown in figure 28a. The circuit was optimized for fast switching and
impedance spectra acquisition in a frequency range between 1 and 100 MHz. The electrical
circuit in figure 28b was used as a model for characterization of the printed circuit board
(PCB) and estimation of parasitic during the optimization of the board. Zr and Zgcr are
respectively the reference resistor for the impedance measurement and the electrical
impedance of the QCR connected to the interface. C, is the parasitic capacitance to ground
introduced by the input stage of the amplifiers, the multiplexer and by wiring. C. is due to

routing of the connections and the layout on the PCB.
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Figure 28 a) Sensor interface electronics for the biosensor array with multiplexer (16x) and analog input stage.
b) Model of the analog interface used for the estimation of the parasitic components.

The estimation of the values for the parasitic capacitors was carried out by fitting the model
with the data acquired from measurements with open circuit and short circuit load. Values
equal to 85 pf and 0.9 pf were obtained respectively for C, and C.. The influence of C. is
small in the frequency range of interest and it has little influence on the overall performance
of the electronics. C, instead, has a significantly bigger value which considerably affects the
measurement by reducing the bandwidth of the circuit. Indeed, (neglecting C.) Zr and C,
form a low pass filter between Vg, and Vy. Therefore, once the value of the parasitic
capacitance C, is known and the maximum frequency f; at which to measure is given, the

value of the reference resistor Zr should be selected as follow:

1
ZpS— 48
k 27C, f (48)

N

Moreover, it has been shown [66] that the measurement error can be minimized by choosing

the reference resistor:
Zp = V2R LOAD (49)

Therefore, a compromise between (48) and (49) should be achieved when measuring a big

impedance value over a wide frequency range.

5.4.1. Impedance analysis

Impedance spectra were acquired during experiments with the miniaturized impedance
analyzer (MIA). However, also a commercial network analyzer system has been initially

employed for comparison (Hewlett Packard 4395A, 801 data points per spectrum, [67]). Both
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systems require a standard calibration procedure with references. Therefore, the measurement
data after calibration are similar. However, the calibration routine of the commercial system is
limited to 50 Q, while the MIA has the advantage to allow a reference-calibration with
arbitrary resistance values, which can be closer to the sensor’s series resistance, reducing the
measurement errors in case of higher loads. Raw measurement data was acquired and a three
point offline-calibration was performed independently for each sensor as described in [60] for
further compensation of the parasitic components and correct measurement of the impedance
values. An additional fit algorithm (polynomial regression 7t order) was then applied to the
QCR calibrated spectra in the vicinity of the admittance maximum in order to obtain a more
precise read-out of the resonance frequency (f..s) and conductance maximum (G.,y) [66]
values. Averaging was instead applied to improve the signal to noise ratio when measuring

the ITO microelectrodes impedance.
5.5. Characterization of the sensor array

In order to verify the correct functionality of the sensor array, test measurements with water-
glycerol solutions of 0%, 5% and 10% v/v of glycerol in water [61] were done. Figure 29a
shows the spectra with magnitude and phase of a QCR mounted in the biosensor array
acquired in air and in water. The minimum series resistance in water is of about 1 kQ. As a
compromise between (48) and (49) the reference resistor of the electronic interface has been
dimensioned to 390 Q. Due to the paraffin, a relatively high damping is present in air. When
measuring in water, however, a similar response is obtained with or without the presence of
the paraffin sealing. Hence, this solution does not significantly compromise measurements
performed in contact with liquid phase. Figure 29b shows a graph with the motional resistance
shifts of the QCRs at the resonance frequency due the load of the water-glycerol solutions.
The resistance shifts are relative to distilled water. The difference between the continuous
line, representing the experimental data, and the dashed line, showing the calculated
theoretical values, can be attributed to the paraffin layer which contributes with a small

additional load on the QCRs.
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Figure 29 — a) Impedance spectra with magnitude and phase of a QCR mounted in the biosensor array in air and
in water b) Measured and nominal values for the motional resistance shifts of the QCRs mounted in the
biosensor array. The nominal values are calculated as a function of pr. All values are relative to distilled water.

Error bars refer to repeated experiments.

ITO microelectrode spectra were also acquired in parallel. The value of the reference resistor
mounted in the analog interface was selected for measurements in highly conductive
solutions. Therefore, changes in glycerol concentration were not detectable by this
configuration. However, further measurements were performed using different conductivity
calibration solutions and the media used for the cultivation of MDCK cells. Figure 30a shows
the raw measurement data acquired with the MIA. The real and the imaginary part of the
voltage divider ratio Vy/Vsie obtained using a reference resistor of 300Q are plotted. The
measurements show that the cell culture medium containing 10% of fetal calf serum
(10% FCS) employed during the cell proliferation has a conductivity value half way between
the solution with conductivity 12880 puS/cm and phosphate buffer saline solution (PBS, 15800
uS/cm), giving a value of 14300 uS/cm. Also, the real part of the voltage divider ratio had a
value of about 0.31 at low frequency when measuring on 10% FCS. Reducing the value of the
reference resistor to 200Q2 increased the ratio to a value of 0.42 improving the sensitivity for
measurements on similar loads. Following measurements on the ITO microelectrodes were
performed using a 200Q reference resistor, which is consistent with Eq. 48 and Eq.49. The
voltage applied had amplitude of 80 mV. Although applying smaller voltages would minimize
non-linear effects, an 80 mV amplitude excitation was preferred because of the better signal to
noise ratio. Also, this value is within the upper range of naturally occurring membrane
potentials. Yet, it has proven to have no significant influence on the electrical parameters of
the MDCK cell monolayer [54]. Figure 30b shows a spectrum acquired from the ITO
microelectrodes in 10% FCS (calibrated data) in the frequency range 100 kHz — 10 MHz,
defined for the cell experiments. The graph shows a load which is mainly resistive ranging

from a minimum value of 135 Q at 350 kHz to a maximum value of 139 Q at 10MHz.

52



5. Fabrication of sensors and measurement technology

T T
| — Air
4+ — 84 uS/cm Ho.8
|
|

Phase } }

—— 1413 uS/cm
~— 5000 uS/cm

|
|
|
>
@
&

—— 12880 uS/em ||

|
! 10% FCS
+— ——pBs no4

"""" Imaginary part

Real part

|

|

|

|

|

|

|

|

|

o

o
Imginarypart
Magnitude [Q]

3

N
N

=T 1 o2

-0.4

114
-0.6 1

10
b) Frequency [Hz]

7

Y
> - 4%

a) 10 Frequency [Hz] '
Figure 30 — a) real and the imaginary part of the voltage divider ratio Vy;/Vg,. acquired from one ITO
microelectrode for different conductivity calibration solutions and for the media used for the cultivation of
MDCK cells. b) Spectrum with calibrated data acquired with 10% FCS.

An equivalent electrical circuit was also developed for fitting the spectra measured with the
ITO microelectrodes. PBS and cell culture medium were used in this frame. Figure 31a shows
a schematic of the equivalent circuit employed. The calibration routine has been performed at
the A-B plane. Therefore, the measured spectra are determined by the contribution of the ITO
electrode in series with the electrolyte solution. Values of C; and Rg were estimated in
accordance with eq. (35) and (37) respectively. The value of R was determined
experimentally by measuring the DC current flowing through a big electrode placed in the
solution. Ryto1 and Ryro, are the values of DC resistance measured for the ITO electrodes
between the points 1-2 and 2-3 respectively. The remaining parameters, Lito1, Crro1, Litoz
and Cirop, were determined by a least squares fit of the measured data. With the exclusion of
Rg, all the values obtained for PBS and cell culture medium are similar to each other. The
contribution of the cell layer is not included in this model and will be explained in a later
paragraph. Figure 31b shows the comparison between a measured impedance spectrum and

the result of the fitting obtained using the model just described.
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Figure 31 — a) Schematic of the equivalent circuit employed to fit the spectra acquired from the ITO
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microelectrodes. b) Plot representing magnitude and phase of a measured spectrum with the result of the fitting

obtained with the model described.
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Table IV summarizes the parameter values used to fit the spectra acquired in 10%FCS cell

culture medium.

Table IV: Model parameters, fitted to the measured impedance spectrum depicted in figure 31b.

Rs R C Riro1 Ritoz Ciro1 Ciroz Liro: Liton

[Q] [kQem’]  [fFum’]  [Q] [Q] [fF/um’]  [fF/um’]  [fH/um’] [fH/pm’]

133841 45k+04 560+ 60 3143 4403 177+12 5342  62+09 4865
5.5.1. Signal drift, precision and accuracy

Measurements over several hours in air, in PBS and in cell culture medium were performed to
assess the stability of the measurement array as well as eventual drifts. The measurement
system was placed into a custom made heating jacket connected to a thermostat for
temperature control. Measured data for the QCRs and the ITO microelectrodes show that with
a stability of 0.1 °C there is no actual need for temperature compensation. Concerning the
QCRs, no significant drift was observed in air. A small resonant frequency drift of about
9 Hz/day along with a change in the minimum resistance of 3 /day were detected in cell
culture medium. However, the frequency and resistance values tend to stabilize over a time
span of few days. As well, when flushing PBS afterwards an opposite drift with similar
dynamics was detected. Therefore, absorption/desorption of medium components on the
electrode surface were assumed to be the cause of this drift. A moving average with a 30
samples window was applied and a standard deviation of 0.4 Hz for the QCRs in air was
determined. The value of standard deviation with liquid load was ranging from 2.5 to 9 Hz.
The lower precision in water is clearly related to the higher damping of the sensor while its
variability from sensor to sensor is associated to the paraffin mounting which was done
manually. The readout of the magnitude value at the resonant frequency was less affected by
circumstances related to the load or the assembly procedure, giving at all conditions a
standard deviation of approximately 0.15 Q. The ITO microelectrodes did not show any drift
behaviour. Spectra could be acquired with a standard deviation of 0.055 Q for the magnitude
and 0.02° for the phase. Finally, to address the measurement accuracy, impedance spectra of
the QCRs and the ITO microelectrodes were acquired with the Hewlett Packard 4395A
impedance analyzer which was taken as a benchmark. Impedance magnitude and phase data
obtained using the measurement array properly fit with the data obtained using the reference
instrument with a relative error lower than 1%. Therefore, the measurement system

implemented offers comparable measurement accuracy the Hewlett Packard 4395A.
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The present chapter will describe the full architecture of the biosensor. The microfluidic
biosensor array along with the measurement unit composed by the sensor electronics and the
miniaturized impedance analyzer has been discussed in the previous chapters. Therefore, the
following paragraphs will focus on the description of the implemented microscopy pictures
time lapse acquisition and of the flow injection system. Also, the implementation of an
integrated shut off valve will be discussed at the end. This additional feature has the

advantage to reduce the need of external HPLC equipment.

6.1. Overview of the measurement system

The microfluidic biosensor has been designed to be operated in flow-through and
overpressure regime. An external flow injection system was used for automated and
parallelized media feed as well as the control of the overpressure regime. This approach
enables well defined proliferation and stimulation conditions. Besides, it prevents the
accumulation of contaminants. Figure 32a shows an exploded view of the biosensor array
including sensors, electrical connections, gaskets and fittings. This assembly is fixed on the
PCB board through a special support with connection to the compressed air used to apply the
overpressure. An external frame clamps the electronic board, the support and the microfluidic
device together so that the o-rings are sufficiently compressed and can seal against the applied
overpressure. The complete assembly is surrounded by a customized heating jacket connected
to a thermostat for precise temperature control at 37°C. Figure 32b shows the fully assembled
biosensor array with external equipment. A block schematic of the system with all connected
devices is represented in figure 32c. The major components of the sensor system are the
disposable biosensor array, the sensor interface electronics with a multiplexed analog stage, a
miniaturized impedance analyzer, a flow injection system, a light stereo microscope (M205A)
from Leica Microsystems and a nitrogen supply for overpressure control. With the exclusion
of the thermostat, all devices were remotely controlled through a computer interface. The
pressure regulation block consists of a manual regulation valve supported by a pressure sensor

employed for fine adjustment and continuous monitoring of the pressure value.
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Figure 32 a) 3D model of the biosensor array. b) Micro fluidic biosensor array connected to the miniaturized
impedance analyzer and placed in a heating jacket with transparent cover allowing for light microscopy observation of
the sensor surfaces. ¢) Block schematic of the system implemented with all connected devices

6.2. Multi-position time lapse microscopy

Performing time lapse microscopy over a sensor array means to implement a “multi-position
experiment loop”. That is to say that besides acquiring pictures with defined time intervals
there must be the possibility to constantly move the sensor array under the microscope
objective (or vice versa) and acquire focused images for each sensor location. As well, the
movements of the microscope should be synchronized with the picture acquisition. Therefore

a stereo light microscope (model: M205A from Leica Microsystems) with motor-focus and a
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XY table were employed for this purpose. Customized C++ software based on the Leica
Abstract Hardware Model (AHM) [68] was developed. The purpose of the AHM is to provide
a high-level access to microscopic hardware components. The model tries to give an abstract
view on hardware parts and it is defined by a set of C++ header files, providing a set of virtual
C++ classes (interfaces). In the AHM any connected hardware system can be exposed in a
tree like structure where each node in the tree represents a hardware unit. The software
provides control over all parts of the microscope, namely the zoom stage, the diaphragm, the
motor focus and the position of the XY table under it. Moreover, it gives the possibility to
save the status at 16 positions and to loop over these positions with a time interval which can
be defined by the user. Pictures are acquired through a high resolution digital camera and
proprietary software from Leica. At the beginning of the experiment, after the sensor positions
are saved, the multi-position experiment loop is started and synchronized with the picture
acquisition. Pictures taken from different positions are sorted and saved in different folders at

the end of each experiment.

6.3. Flow injection system

The external flow injection system was implemented in order to provide continuous medium
supply and parallelized stimulation of each independent bioreactor unit. Figure 33 shows a
schematic with the main components of the flow system. A multi-channel syringe pump
system from Cetoni (Germany) is attached for fast and well defined dispensing and medium
feed. Dispensing of the culture medium during the proliferation process and the seeding of
cells into each bioreactor unit can be respectively done through the inlets A and B.
Furthermore, each unit is connected to dedicated inlets (S1-S4) for applying different stimuli
in parallel. Multi-position valves at the inlets are used for flushing, cleaning and removal of
residuals like gas bubbles and maintenance of the overpressure regime. A nitrogen bottle with
pressure regulation valve is connected to the fluidic network as well as to the backside of all
QCRs for applying a static overpressure. The reason for having overpressure in the system is
that it prevents degassing of the medium and the consequent formation of gas bubbles in the
channel network during long term experiments. Moreover, by this approach the same static
pressure can be applied to both sides of the resonators avoiding bending of the quartz disc as
well as mechanical instability. The connection between the external flow injection system and
the micro fluidic biosensor array is achieved through standard HPLC equipment (tubing,
valves and fittings). Thus, the fluidic part of the fully assembled sensor system follows the

closed system architecture with no direct contact to gas phase.
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Figure 33 - Schematic of the flow injection system for culture medium feed and parallelized stimulation

6.3.1. Integrated shut off valves

The main idea of having a disposable device is to reduce time consuming washing procedures
and decrease the risk of contamination. Ideally, everything that comes in contact with cells
should be disposable. Unfortunately, HPLC equipment like fittings and valves cannot be
considered disposable. Therefore, additional effort was given in order to integrate shut off
valves within the microfluidic device and reduce the need of external components. Several
kind of microvalves based on different working principles can be found in the literature [69].
However, their realization is often complicated and not suitable for disposables [70]. Yet,
simpler realizations do not offer sufficient performance in terms of the displacement provided
for the actuation of the valve [71] to be integrated into this microfluidic device. Therefore, a
working principle similar to [72] was selected for the realization of a custom made
pneumatically actuated shut off valve implemented using a thin silicone membrane. Figure
34a shows cross section of a shut off valve explaining the working principle. The liquid
comes into a channel passing through a hole placed on top of it. A flexible membrane made of
a thin sheet of silicone seals the channel from the bottom side. A plastic plate with holes
placed at the same positions as the inlets made for the liquid is pressed against the membrane.

When pressure Pv is applied through these holes the membrane deforms until it occludes the
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way to the liquid flowing in. As the pressure is released the membrane goes back to its
original form and liquid can flow again. Thus, in this configuration the rubber sheet has not
only the function of sealing the microfluidic channels, but it is also employed as an elastic
membrane for the integration of pneumatically actuated shut off valves. Also, due to the
phenomenon of force multiplication, which is obtained in hydraulic systems by altering the
effective area on which a pressure is applied, the ratio [Jv/[li should be selected >1.
Therefore, the valve was implemented using values of 1.0 mm and 1.3 mm for Ui and Uv
respectively which gave an amplification factor of 1.69 when considering the forces Fv and Fi
originating from Pv and Pi respectively. Additionally, the channel geometry was especially
modified at the inlets in order to provide additional room to facilitate the deformation of the
membrane. The bottom view of the microfluidic device highlighting the areas modified for

the implementation of the shut off valves is represented in figure 34b.
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Figure 34 —a) Cross section of a shut off valve. The response of the valve depends on the dimensions Ov, i

and t. b) Bottom view of the microfluidic device. The areas modified for the implementation of the shut off

valves are highlighted with red circles.

Since, the silicone rubber is permeable to N, gas (and to gasses in general) the actuation of the
valve with compressed air would lead to the introduction of air bubbles into the microfluidic
channels due to the applied pressure. As workaround, pressurized water was used instead of
gas for the actuation of the valve. This was done because water has a bigger molecule than
gasses and it does not permeate through the silicone lattice. Figure 35a shows a schematic of
the fluidic connections realized to actuate the valve. The characterization of the valve was
performed for two values of the pressure Pv. In this frame, the pressure Pv was set to a
constant value and the liquid flow through the valve was measured for several values of
pressure Pi. Figure 35b shows the characteristic curves of the valve obtained for Pv values of

2 and 3 bar. With an overpressure of 0.3 bar during cell culture experiments the working point
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of the valve would be placed at Pi = 1.3 bar. Hence,

the curves represented in the graph reveal

that Pv = 2 bar is suitable to be employed for the actuation of the valves integrated in the

micro-fluidic biosensor array.
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Figure 35 — a) Schematic of the fluidic connections realized to actuate the valve. b) Characteristic curves of the

valve obtained for Pv = 2 bar and for Pv = 3 bar.
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The implementation of an appropriate protocol to apply during the experimental activities as
well as the early interpretation of the experimental data acquired imply a stage of
characterization of the measurement system in terms of handling issues. In fact, this is the
early prototype a complex system combining several aspects. Therefore, it is important to
dedicate additional time to the initial assessment in order to find out does and don'ts for the
implementation of an appropriate experimental protocol. Hence, the following chapter will be
dedicated to describe the main findings which lead to the implementation of an optimal
experimental protocol. The sensor response to the liquid flow and to changes in the
composition of media will be addressed. As well, issues related to the cell seeding procedure
and to the cell stimulation will be presented. Finally, a detailed description of the optimised

experimental procedure will be provided to the reader.

7.1.  Response to liquid flow

As it will be explained in the following chapter, the flow rate of 1 ml/h has been selected to be
employed for the cell proliferation. However, higher flow rates may need to be applied during
some steps of an experiment e.g. for fast stimulation of the cell layer. Therefore, the response
of the sensors to different flow rates was investigated. Flow rates ranging from 1 ml/h up to
16 ml/h were considered. In this range, the ITO microelectrodes revealed not to be sensitive to
the liquid flow. However, the QCRs showed a response starting from 4 ml/h, especially in the
resonant frequency value. The response is most likely due to a small bending of the crystal
under the flow regime. This originates from the force acting on the crystal due to the pressure
drop in the capillaries downstream the sensor. Figure 36a shows the resonant frequency shift
of the QCRs with the different flow rates considered. A first small response was observed
with flow rate of 4 ml/h. The resistance shift versus flow rate is represented in figure 36b.
Here the first response could be observed from the flow rate of 8 ml/h whereas at 4 ml/h no
resistance shifts were recognised. The entity of the error bars can be mostly accredited to the
manual assembly of the QCRs with paraffin which introduces a term of variation in the

response of the devices.
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Figure 36 — a) Plot of the resonant frequency shift of the QCRs versus flow rate. b) Plot of the resistance

minimum shift of the QCRs versus flow rate

Accordingly, the 6 ml/h was selected as the maximum value of the flow rate suitable to be
employed during cell experiments. The value represents a good compromise between the need
to provide quick stimulation and the necessity to eliminate measurement effects due to the

flowing medium.
7.2.  Changes in the composition of cell culture media

Preliminary measurements were done in order to verify the sensitivity of the measured ITO
spectra to small changes in the composition of the media used during the experiments. Cell
culture medium containing 10% of Fetal Calf Serum (10% FCS) was employed during cell
proliferation. For the stimulation experiments, serum free medium was instead used. 10%
FCS is obtained from 500 ml of Roswell Park Memorial Institute medium 1640 (RPMI 1640)
by adding 50 ml FCS, 5 ml of penicillin/streptomycin and 10 ml of 1 M N-2-
Hydroxyethylpiperazine-N'-2-Ethanesulfonic Acid (HEPES). Serum free medium comes from
the same RPMI 1640 medium with the only addition of 10 ml of 1 M HEPES. RPMI 1640 is a
basal medium consisting of vitamins, amino acids, salts, glucose, glutathione and a pH
indicator. It contains no proteins or growth promoting agents. Therefore, it requires
supplementation to be a “complete” medium. The reason of using serum free medium during
the cell stimulation is to prevent unspecific carrier and capture effects leading to a decrease of
biological active component concentration. This applies for example when stimulating with
Hepatocyte Growth Factor (HGF) or when dispensing trypsin, an enzyme employed to induce
cell detachment. The two different media compositions have comparable physical properties

in terms density and viscosity. Therefore, QCRs could not distinguish them. As well,
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alteration in the media composition did not produce any measurement effect. Also the ITO
microelectrodes were not able to distinguish between serum free medium and 10% FCS
medium. However, they were sensitive to modification of the media composition due to cell
metabolism. Serum free and 10% FCS media were aged by proliferation of MDCK-II cells for
five days so that acidification would take place. Impedance spectra were acquired with fresh
media and then with aged media flushed into the microfluidic biosensor array at the flow rate
of 6 ml/h. Both media gave a similar read-out consisting of an increase of about 4.5 Q in the
magnitude at all frequencies and a neglectable phase shift of the impedance spectra in respect
to fresh media. Aged media had a PH value of about 6.5 in comparison of a PH of about 7.5
for fresh media. This suggests that the ITO microelectrodes response may be dependent on the
PH value of the solution [73]. Media taken from cell culture flasks after one day of
proliferation could not be distinguished from the fresh media. Figure 37a and 37b show the
change in the magnitude values of the measured ITO spectra at four selected frequencies after

flushing of aged serum free medium and of aged 10% FCS medium respectively.
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Figure 37 — Changes in the magnitude values of the measured ITO spectra at four selected frequencies after
flushing of a) aged serum free medium and of b) aged 10% FCS medium. Aged media are flushed at minute five

in both experiments.

The measurements done with the acidified media served to prove that the two kinds of media
employed during the experiments with cells have the same properties in terms of the
measured spectra. This information was an essential achievement in order to exclude
measurement effects due to changes in the properties of the solution when exchanging from
10% FCS medium to serum free medium e.g. during cell stimulation experiments. Also, due
to the constant flow through regime applied during the cell proliferation/stimulation

experiments acidification of the media is normally assumed not to take place.
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7.3. Cell seeding procedure

In disagreement with the assumption done in relation to the symmetrical structure of the
microfluidic network, inhomogeneous distribution of cells was initially observed after the
seeding procedure. Therefore, optimisation of the protocol applied during the seeding of cells
into the biosensor array needed to be performed in order to satisfy the claim that cells are
equally distributed on the surface of all QCRs at the beginning of each experiment.
Experiments with ink visually confirmed that the flow is uniformly distributed throughout the
microfluidic device. Thus, the reason for the unexpected phenomenon observed is to find
elsewhere. The explanation can be found in the fact that after cells have been harvested and
suspended they quickly start to attach to the capillaries of the flow injection system and to
each other forming clogs. Also, due to the small size of the capillaries cells quickly deposit
driven by gravitational forces and accumulate in short time at the bottom. These two facts
together make so that if the cell suspension is flushed into the capillaries at a too slow flow
rate or the flow stops even for a short time the cells are not evenly spread in the volume. As a
consequence, when this suspension reaches a point where the flow divides in two channels the
cells may not split equally and different numbers of cells reach different sensors. The outcome
of the optimization is in agreement with these hypotheses. Indeed, it was found out that a
relatively high flow rate (90 ml/h) is necessary to obtain repeatable and homogeneous cell
coverage of all sensors in the array. Also, initially flushing a small volume of cell suspension
to the waste and then switching to the biosensor array “runtime” significantly improved the

reliability of the seeding procedure.
7.4. Stimulation of cells

Standard cell cultures are done in flasks, well plates or Petri dishes. In this context, the
stimulation of the cells is normally done by adding a substance (or a mixture) in the cell
culture medium or by exchanging the entire medium which was surrounding the cells during
proliferation against another solution. This means that the stimulant is normally applied
rapidly and then left in contact with the cells for the following time. By using coloured
solutions, it has been estimated that a minimum dispensed volume of Iml per bioreactor unit
is necessary to exchange the liquid contained in the microfluidic channels. At the flow rate of
1 ml/h (the same as used during cell proliferation) it would take one hour to apply the
stimulation to the cell layer. In order to be able to compare standard cell cultures done in

flasks with the results obtained with the biosensor array, higher flow rates should be
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employed during the stimulation of cells. As well, the flow rate should not exceed a certain
value not to induce any sensor response as seen in paragraph 7.1. Therefore, a volume of 1.5
ml dispensed at the flow rate of 6 ml/h has been employed as the initial step of all
stimulations in order to achieve quick exchange of the medium present within the channels
against the stimulus to be applied. As shown previously, this flow rate does not affect the
resonator response extensively. Moreover, as it was proven with the COMSOL simulations
introduced at paragraph 4.1.1 it does not imply any significant shear stress on the cell layer
which could affect the cellular behaviour. Once the channels are filled with the solution
containing the stimulant the flow rate can be set back to 1 ml/h for the remaining time of
stimulation. Due to the overpressure regime, pre-compression of the syringe was necessary in
order to avoid backflow of medium and reduce the risk of contamination from the waste bottle

when applying a stimulus or dispensing media from a newly connected syringe.
7.5. Optimised experimental procedure

All micro fluidic channels were flushed several times with Mucasol 2.5% v/v and n-octyl-B-
glucopyranosid 0,1% for cleaning and sterilization after the assembly of the fluidic biosensor
array and the flow injection system. Subsequently, the system was flushed for one hour with
full culture medium (RPMI 1640 with 10% v/v Fetal Calf Serum, 1% v/v
Penicillin/Streptomycin, 20 mM HEPES). At this frame point, also the sensor signal
acquisition was started in order to acquire a stable baseline before cells could be transferred
into the biosensor array. After being cultivated in conventional cell culture for two days,
MDCK-II cells were harvested, counted and transferred into a plastic syringe with full culture
medium. Cell counts of 0.4 Mio cells/ml, of 0.3 Mio cells/ml and 0.2 Mio cells/ml were used
in order to obtain initial grades of confluence of ~50%, ~35% and ~20% respectively. During
cell seeding, a volume of 1.5 ml of cell suspension dispensed with a flow rate of 90 ml/h
provided homogeneous coverage of each QCR of the biosensor array. After seeding, the flow
was stopped for a time of 15 min in order to let the cells settle down and start to attach to the
gold surface of the QCRs. The height of the micro fluid channel above the QCRs is of only
1.3 mm. Therefore, the difference in settling time between cells nearby the glass plate and the
sensor surface can be neglected. After waiting, the culture medium was dispensed by a
syringe pump at the flow rate of 1 ml/h during cell cultivation. At this time point cells just
settled and are very loosely attached to the gold surface. However, the flow rare applied is so
small that it does not have the strength to move the cells away from their positions.

Experiments to determine the impact of the flow rate on the cell proliferation will be
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presented in the following chapter. The cells seeded on the QCRs were simultaneously
developing on each sensor of the array, which symmetry ensured a comparable confluency
and identical proliferation conditions. A static overpressure of 0.3 bar was applied. During all
experiments impedance spectra were acquired at the rate of 2 spectra/min/sensor. Microscopy
pictures of all sensor surfaces were periodically acquired during the complete duration of each
experiment. As already described, the measurement system was placed on the XY table of a
fully automated microscope which could be controlled via computer interface. Thus, the
location and the focus position of all sensors were saved in a file at the beginning of the
experiments and then looped by the custom made positioning software. This allowed the
implementation of a multi-position time lapse picture acquisition. Pictures were taken at the
rate of 6 pictures/h/sensor during cell proliferation and stimulation. Stimulation was applied
after a minimum proliferation time of 24 hours. At the end of each experiment the adherent
cell layer was removed by means of Trypsin in RPMI 1640. The micro fluidic system was
then washed with Mucasol 2.5% and filled again with full culture medium for the start of the

next experiment.
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This chapter will lead the reader through a selected set of results obtained in the course of a
specific sequence of experiments designed to elucidate the influence of environmental
parameters on the cells cultivated in the biosensor array. The experiments will be presented
in different sections dedicated to exemplify how each parameter is reflected on the sensors’
response. The first paragraph will present the normal cell proliferation and cell detachment
followed by starvation experiments with non-flowing medium and with serum free medium
(flowing). Then, the impact of the flow regime and of the cell distribution will be introduced
followed by HGF stimulation experiments. Along with the results, every section will provide
interpretations of the measured data for an understanding of the cellular behaviour. This,
suggesting that the developed biosensor array could be successfully employed as a support to
standard techniques for acquiring deeper insight into that complex system of communication
that governs basic cellular activities and coordinates cell actions. In comparison with
previous works, the possibility of comparing cell populations simultaneously proliferating in
the biosensor array represented a significant step forward for the evaluation of cellular
responses under the same experimental conditions. ITO microelectrodes were implemented
into the sensor array in a later phase of the development. Therefore, only preliminary
experiments for characterization of the response to the cell proliferation could be performed

in a reasonable time before running the HGF stimulation.

8.1. Cell proliferation and cell detachment

Considering that MDCK-II cells can proliferate for three/four days in a T75 cell culture flask
filled with approximately 15 ml 10% FCS medium, a quick estimation of the amount of media
that should be flushed each hour through every measurement unit can be done by dividing
these 15 ml by 84 hours (3.5 days). Considering that each bioreactor chip holds 4
measurement units fed in parallel, this leads to a need of about 0.7 ml/hr/bioreactor chip.
Provided that this is a very rough estimation of the media consumption, a consistent safety
margin was added to it and the flow rate of 1 ml/h was set for the first cell proliferation
experiments. In this frame it was also assumed that the internal volume of the micro-fluidic
device provides enough buffer capacity to ensure constant proliferation conditions for the cell
layer. Later experiments, carried out to verify the impact of the flow regime on the cell
proliferation, confirmed that 1 ml/h is an optimal parameter for the growth of MDCK-II cells

in the biosensor array.
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8.1.1. QCRs response

Figure 38 shows the measurement data acquired from the QCRs of one bioreactor chip during
a 2 days proliferation experiment along with microscopy pictures of the cells proliferating on
a sensor electrode. The graph in figure 38a shows the comprehensive data from the
experiment whereas figure 38b and 38c represent respectively zooms of the curve during the
first five hours after seeding of cells and at the end of the experiment when trypsin was
dispensed to induce cell detachment. Figure 38d shows a sequence of microscopy pictures

taken from QCR4 with a time interval of 12 hours.
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Figure 38 — a) Comprehensive data acquired from one bioreactor chip during a 2 days proliferation experiment.
b) Zoom over the first five hours after seeding of cells. ¢) Zoom over the last 50 minutes of the experiment,

during flushing of trypsin. d) Sequence of microscopy pictures taken with a time interval of 12 hours.
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Considering that cells proliferate over an area of 12.5 mm?, several thousands of cells are
randomly spread to cover the sensitive area of the QCRs. Hence, sensor signals provide an
averaged read-out over the complete cell monolayer and a response of at least several
hundreds of cells is required to observe significant changes in the measurement curves.
Moreover, due to the constant proliferation condition guaranteed by the continuous medium
feed it is assumed that only cell-covered parts of the surface contribute to the impedance
spectrum shift. As well, dead cells or cell fragments floating in the bulk medium do not
contribute to the sensor signal shifts. Negative shifts in the resonance frequency (4f) and in
the conductance maxima (AG,,,) of the QCRs were observed already few minutes after the
cells reached the sensor surface and started the adhesion process. Due to the initial cell
attachment the greatest shifts were observed in the first hour after cell seeding. Sensor signal
shifts due to cell division and accumulation are neglectable in this phase. Afterwards, the cell
attachment can be considered completed and a slow and constant decrease of the measured
quantities was recognised for each sensor. This is related due to an increasing acoustic load
which, in agreement with microscope pictures, reflects the cell proliferation kinetics. A
frequency deviation of 370+ 183 Hz and a corresponding load resistance shift of
1006 £ 516 Q were observed for confluent monolayers on a row of seven experiments.
Results are somewhat similar to [6]. The big variation around the average values should not
surprise. A cell culture is a complex biological system affected by many factors which are
sometimes not fully understood. Even with the same nominal experimental conditions it is not
possible to obtain 100% repeatability and each kind of experiment had to be performed
several times in order to provide satisfactory statistics. Therefore, rather than only focusing on
absolute values of frequency and resistance shift the analysis also considered the qualitative
shape of the curves as well as the kinetics and the comparison of relative changes between the
sensors of the array during a single experiment. Even though many of the details concerning
the regulation of cell adhesion processes and the consequent sensor responses remain to be
understood, four types of processes were here assumed to contribute to the QCR signals
during the experiments:

» the initial cell binding to the sensor surface which implies the formation of focal

contacts, leading to the first sensor response;
» the motility associated with the spreading of cells on the surface which increases the
contact area leading to oscillations of the sensor signals;
» the modification of the adhesion properties along with number or type of binding

proteins and strength of adhesion,;
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» modifications in the cytoskeleton of the cells which influence, for example, their
rigidity and consequently have an effect on the conductance maximum (and possibly
the resonant frequency).

To verify the effect of cell detachment trypsin was dispensed with a flow rate of 6 ml/h at the
end of the experiments. Trypsin is an enzyme secreted in the duodenum which can hydrolyse
the proteins responsible for forming the focal contacts between the cells and the sensor
surface. Therefore, applying trypsin resulted in a relatively fast rounding up of cells and
detachment from the sensor. As a result, the acoustic load on the sensor surface decreased
quickly and an increase in the resonant frequency and conductance maximum could be
observed within ten minutes with a phase shift of ~ 4 min in between. Both f; and G,,,, went

back to their initial values after ~20 min.

8.1.2. ITO microelectrodes response

The sensor response of the ITO microelectrodes during the cell proliferation was measured
contemporaneously with the one of the QCRs. This provided significant additional
information for the characterisation of the cell behaviour during growth. Spectra in the
frequency range 200 kHz — 10 MHz were acquired with an occurrence of 72 spectra/hour. The
spectra were then fitted by means of the electrical model obtained combining in series the
models proposed in the previous paragraphs. All the parameters introduced at paragraph 5.5
and estimated for the measurement unit filled with 10% FCS without cells were kept constant.
Only the values of the equivalent components C;, C,, R; and R, introduced (at paragraph
3.2.2.2) to describe the contribution of the cell layer were varied in order to fit the model for
following the changes of the spectra during cell proliferation. Figure 39 shows the spectra
acquired from the ITO microelectrodes during a proliferation experiment with a time interval
of 12 hours between spectra. Two different representations are here represented. Plots of
magnitude and phase versus frequency are shown in figure 39a while a representation in the
complex plane is given in figure 39b. The dotted lines correspond to the spectra obtained from
fitting the equivalent electric circuit with a least square algorithm to the measured data. The
cell confluency on the sensor surface at the beginning of the experiment was ~ 30% and a

confluent layer was formed after ~ 45 hours.
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Figure 39 — Spectra acquired from the ITO microelectrodes during cell proliferation in two different

representations. a) Plots of magnitude and phase versus frequency. b) Representation of the spectra in the

complex plane. The spectra were measured during the same experiment which QCRs data is shown in figure 38.

Bearing in mind the complexity of the system being characterised, the result of fitting can be
considered satisfactory. However, due to the partial electrode coverage the values obtained
over time do not only account for the cell membrane resistance and capacitance but also for
the fraction of free area on the electrode surface, namely the reciprocal of cell confluency.
Therefore, an attempt to relate the confluency to the model parameters has been done. In this
frame, the shifts of the spectrum occurring during cell proliferation at fixed frequencies and
the values of the model parameters obtained from the fit were correlated to the grade of
confluency observed with the microscope. As a result, a quadratic dependency between the

electrode cell coverage and the model parameters has been found according to the following

equations:
electrode _area
Cip=mpy — (50)
confluency
2
_ confluency
Ry =m (51)

s

2
electrode _area

Figure 40 shows the shifts in magnitude and phase of the measured ITO microelectrodes
spectra at seven selected frequencies during cell proliferation along with the comparison with
the curves obtained from the equivalent electrical model. The curves are obtained from the

spectra shown in figure 39.
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Figure 40 — Graph showing the magnitude and phase shifts of the ITO microelectrodes spectra at seven
selected frequencies measured during cell proliferation. The dashed line represents the comparison with the

curves obtained from the spectra calculated using the equivalent electrical model.

At confluency lower than [B0%, the curves extracted from the spectra calculated by feeding
the electrical model with the parameters given by (50) and (51) do not closely follow the
experimental data both in the magnitude and in the phase. However, the match between the
model and the experimental curves significantly improves with increasing confluency. As
well, the model gave the best correlation to the experimental data in the frequencies spanning
from 200 kHz to 3MHz. The values obtained for R;, were then fed into (46) and an
estimation of the transepithelial resistance could be carried out by relating the so calculated Ry
to the area of the confluent cell layer. This led to a transepithelial resistance value of
153.6 + 44.3 Qcm? which is in agreement with values found elsewere [54, 95].

Concerning the cell proliferation kinetics analysis, three different phases distinguishing the
cells behaviour could be recognised during each experiment. No sensor response could be
related to the initial adhesion. During the first stage, called the lag phase, only a small step in
the spectra could be observed at all frequencies right after cell seeding. There was little or no
increase in cell number and the magnitude shift oscillated around a stable mean value during
the following few hours. Nevertheless, cells were metabolically active increasing in size and
showing some degree of motility. It is assumed that during this time, the cells are
"conditioning" the media, undergoing internal cytoskeletal and enzyme changes and adjusting
to the new environment. This phase had time duration of 5.7 = 4.0 h. The cell distribution on
the sensor surface after cell seeding is assumed to have considerable influence on the time
extent of the lag phase. This was then followed by a proliferation phase during which the cell

number increased constantly. At this point the spectra started to show increased shifts at
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frequencies lower than 1 MHz, whereas only smaller changes could be recognized in the
higher frequency range. The growth continued as long as cells had free surface to support the
increasing cell number. Due to the constant flow regime applied, nutrient depletion or waste
accumulation were assumed not to be limiting factors for cell growth. During the final phase
the number of cells remained constant and a plateau in the sensor signals could be observed.
Over a set of seven experiments a magnitude shift equal to 9.1 £ 1.5 Q and a phase shift
corresponding to 3.8 £ 1.0 °© were obtained for confluent cell layers. At the end of the
experiments trypsin was dispensed to induce cell detachment. As response, the phase went
back to the initial value whereas the magnitude shift reduced to a value always lower than 2 Q
after some oscillations. Figure 4la shows the data obtained from a typical proliferation
experiment with highlight on the three phases previously explained. A graph with a zoom on
the first 12 hours of experiment is represented in figure 41b. Figure 41¢ show the zoom over

the last 50 minutes of experiment when trypsin was dispensed.
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Figure 41 — a) Time plot of the shifts of the measured spectra at selected frequencies during a typical
proliferation experiment. The three phases identified to distinguish different cell behavior are highlighted. b)
Graph with a zoom on the first 12 hours of experiment showing the end of the lag phase and the beginning of
the proliferation phase. The spike is due to the high flow rate applied during the seeding procedure. ¢) Zoom

over the last 50 minutes of experiment during dispensing of trypsin.
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8.2. Cell starvation

To verify the hypothesis that the internal volume of the device can provide enough buffer
capacity cell starvation experiments with constant flow and with no flow were compared. For
the stop-flow experiments, the flow of medium (10% FCS) was stopped after cells have been
proliferating for 15 hours. The response was then compared with that obtained by exchanging
10% FCS medium against serum free medium in flow through regime. Figure 42a shows the
result of the stop flow experiment. No response can be observed during the first hour. Then, a
significant decrease in resonant frequency takes place during a period of roughly four hours
suggesting a strong increase in adhesion strength of the cell monolayer due to a change in
medium composition. This is followed by a phase of 10 to 15 hours where neither shifts in the
measured impedance spectra nor significant changes in the cell morphology can be observed.
After this, the resonant frequency and conductance maximum start to increase with a time
shift of ~ 1 hour in between indicating the cell death. Figure 42b shows the outcome of
experiment performed by exchanging the 10% FCS medium against the serum free medium in
flow through regime. No response could be detected during the first 4 hours after the
exchange of medium. Only a small oscillation of the conductance curve after 4-6 hours
followed by a plateau could be observed. This, suggesting that no changes other than a
gradual decrease in the proliferation rate of the cell layer can be attributed to nutriment

starvation during the first hours after medium exchange.
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Figure 42 — a) Stop flow experiment: 10% FCS medium was flushed at 1 ml/h for the first 15 hours of
proliferation after which the flow was stopped. b) Nutriment starvation: 10% FCS medium was flushed at 1

ml/h for the first 15 hours of proliferation after which serum free medium was replaced and flushed at 1 ml/h.

The comparison of the two experiments reveals that the changes observed in the sensor signal
after the stop of flow are most likely due to accumulation of metabolic waste products rather

than depletion of nutrients. As well, the buffer capacity provided by the 100 pl of medium
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surrounding the cell layer is sufficient to maintain constant proliferation conditions for about

1 hour after the stop of flow.

8.3. Impact of the flow regime on cell proliferation

The flow-regime nearby the sensor surface can have a major impact on the development of
the cell culture. The COMSOL simulation results previously introduced revealed that the
influence of the shear forces exerted on the cell layer by the liquid flow can be neglected.
However, the convective mass transfer is regarded as an important factor for the cellular
micro environment and hence for the measured cellular response on the QCRs. Therefore, the
impact of the cell culture medium flowing in the closed micro-fluidic channels on the cell
proliferation was analyzed. In this frame, MDCK-II cells were seeded into a single bioreactor
chip and were cultivated at different culture medium flow rates in the range from 0.5 ml/h to
2.5 ml/h over several hours. For comparison cells were also cultivated in a conventional cell
culture flask placed on a shaker located in an incubator. The setup was used to simulate
medium flow on top of the adherent cell layer in conventional cell culture comparable to the
situation in the biosensor array. The major difference is that the signaling proteins secreted
into the extracellular medium remain in the flask, and cannot be washed out. The minimum
cycle time which could be set for the shaker was approximately 9 s resulting in a slightly
higher flow rate compared to the conditions in the bioreactor chip. Confluency, motility and
morphology of cells were analyzed based on the light microscopy pictures acquired from the
surface of all QCRs. When cultivating MDCK-II cells in a conventional cell culture flask on
the shaker no significant differences in reference to a non-moving flask could be detected.
Microscopy pictures showed a comparable cell morphology and cell division rate. Figure 43
shows the measurement data obtained from two experiments performed applying flow rates at
the extremes of the range defined for this experimental phase. Figure 43a shows shifts in the
series resonance frequency (4f) and conductance maximum (AG,.) of 4 QCRs at the
minimum flow rate applied, corresponding to total 0.5 ml/h for a single bioreactor chip. Two
hours after seeding cells into the device sensor signals confirm normal adhesion of cells on
the QCR compared to a flow rate of Iml/h. In the following 10 h Af exhibits a plateau or
temporarily increases (QCR3), while AG,,,, decreases slightly. According to microscopy
pictures, the plateau observed in Af for QCR1, QCR2, QCR4 could be attributed to an almost
constant number of cells adherent on the sensor surface, thus a minimum cell division rate.
Figure 43b shows the cellular response at the highest flow rate applied, which corresponds to

2.5 ml/h. In the first two hours the adhesion and proliferation kinetics observed through the
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sensor signals and microscope pictures are comparable to what documented for the
proliferation at 0.5 ml/h. In contrast after 3 to 5 h cells started to die and detach from the
surface. Short term alterations of signals in both experiments can be mainly attributed to cell
motility, while deviations in between QCRs are mainly due to a slightly different confluency

and cell distribution on the sensor surface.

QCR2 —— QCR3
S e I

a) time(hours) b) time(hours)

Figure 43 — a) Response of MDCK-II cells proliferating in a bioreactor chip at the culture medium flow rate of

0.5 ml/h and b) at the culture medium flow rate of 2.5 ml/h.

When comparing sensor signals with cell cultivation in flasks on a shaker, it can be concluded
that fluid movement is not the governing factor for the cellular response at flow rates on the
range of few tens of ml/h. Also, the COMSOL simulations results presented in a previous
paragraph depicted that shear stress due to fluid flow does not play a role in the bioreactor
chip. When decreasing the flow rate to 0.5 ml/h, first the cell division rate is reduced, but cells
are still alive indicating insufficient yet not critical nutrient supply and removal of metabolic
waste products. Conversely, when increasing the flow rate up to several ml/h, the convective
mass transfer interferes with the cellular micro environment inducing cell death. With regard
to the results from cell cultivation in flasks placed on a shaker, it is possible to assume that
above a certain flow rate a washing out of species secreted in the extracellular medium due to
convective mass transfer leads to cell dead. Therefore, the flow-regime and thus the flow rate
has major impact e.g. on the cell division rate of MDCK-II cells. It can be stated that for the
proliferation of MDCK-II cells in flow-through regime only a limited range of flow rates can

be used for certain micro channel geometry.
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8.4. Impact of cell distribution on proliferation

Kinetics

Concerning the large number (several thousands) of cells proliferating in the biosensor array,
they can be considered as randomly distributed. However, dissimilar shifts in the electrical
impedance spectrum can be attributed to differences in the cell distribution and hence a cell
distribution dependent cellular response. In order to investigate this aspect, cell counts of 0.4
Mio cells/ml and 0.2 Mio cells/ml were used giving initial grade of confluence of ~50% and
~20% respectively. These two situations were employed to analyze to what extent differences
in the initial confluency of the cell layer combined with the cell distribution may affect the
cellular behavior in terms of the proliferation kinetics. Figure 44 shows the comparison of
microscopy pictures obtained from two experiments where the two different initial cell counts
were used. The pictures show the condition of the cells laying on the surface of each sensor
shortly after the cell seeding procedure and after 20 hours of proliferation. In figure 44a and
44c the cell distributions on all 4 QCRs of a bioreactor chip, with initial cell counts of
respectively 0.2 Mio cells/ml and 0.4 Mio cells/ml, are shown. Pictures of MDCK-II cells
after 20 hours of proliferation, taken from the same areas, are shown in figure 44b and 44d.
Although there is a similar confluency, significant variations in cell distributions on the sensor
surface can be observed with the initial concentration of 0.2 Mio cells/ml. Also the
comparison of the sensor surfaces after 20 hours of proliferation show significant differences.
In fact, QCR 1 of figure 44b is almost confluent while the other three have lower confluency:
QCR 2 and QCR 3 are almost identical to each other with the lowest amount of cells, whereas
QCR 4 shows a condition in between the latter and QCR 1. On the other side, with the initial
cell concentration of 0.4 Mio cells/ml differences on the initial cell distribution are less
obvious to notice. At the beginning of the experiment (figure 44c), all sensor surfaces look
similar and after 20 hours of proliferation all QCRs are covered with a confluent layer of
cells. Such differences in the initial cell distribution led not only to changes in the absolute
values of the measured signals, but also to differences in the proliferation kinetics between

sensors in the case of lower initial cell concentration.
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Figure 44 - MDCK-II cells distribution after seeding procedure (a and c) and after 20 hours of proliferation (b
and d) on all four QCRs of the bioreactor chip with a) initial concentration of cells equal to 0.2 Mio cells/ml and
¢) 0.4 Mio cells/ml.

Figure 45 shows the resonance frequency shift of experiments with initial confluency of 20%
(figure 45a) and 50% (figure 45b). Resonant frequency shifts relative to the value of the
baseline acquired before seeding of cells are considered. During the first 30 min, a similar
response consisting of fast decrease of resonance frequency can be observed in both curves.
This is mainly due to the mass load of cells settling on the resonators and starting the adhesion
process after the dispensing procedure. The lower shifts observed in graph a), in comparison

with graph b), are due to a lower initial load on the QCRs related to the initial confluency.
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After the first hour, the proliferation process started and little differences could be observed
between the chambers with 50% initial confluency. On the other hand, chambers with 20%
initial confluency showed greater differences between the signals of the QCRs. In this case,
the frequency shift curves also have different shapes. This is because the proliferation kinetics
is not the same on the surface of each sensor. For instance, the series resonance frequency
shift of QCR 3 in figure 45a differs in a way that after the initial decrease, due to cell seeding,
it quickly reaches a plateau and it starts to significantly decrease only after 12 hours of
cultivation. All the other QCRs instead, show a constant decrease from the very beginning of
the cultivation. Also, for a given time point, relative changes in between absolute values are

higher with 20% initial confluency than in the case with 50% initial confluency.

Initial confluency 20 % Initial confluency 50 %
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Figure 45 - Cell adhesion kinetics during proliferation of MDCK-II cells on QCRs with (a) 20% and (b) 50%
initial confluency

To facilitate the comparison of the two situations, two different quantities were employed. In
order to be able to quantify differences between the absolute values of resonance frequency
and conductance maximum shifts a percentage variation between sensors was used. For a
single experiment, this value was defined for each QCR as the frequency shift difference
between the QCR being examined and a QCR chosen as reference, divided by the maximum

frequency shift of the reference, as expressed in (52).

A A
Variation i =100* fQCR =! fQCR = (5 2)

Af MAX gcr  rer

Figure 46 shows the bar plots comparing the calculated percentage deviations among series
resonance frequencies and conductance maxima in different experiments. The values are
calculated taking QCRI1 as the reference. Concerning the series resonance frequencies, the
variation between the QCRs responses reached a maximum of 35% with the initial confluency
of 50%. With the lower initial confluency instead the minimum variation was greater than

39% with a maximum of 50%. The variation between the values of conductance maxima was

79



8. Cell culture experiments

even more remarkable: it had values ranging from 13% to 40% for the experiments with the
higher initial confluency and values almost three times as higher, ranging from 42% to 116%,

for the experiments with the lower initial confluency.
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Figure 46 - Maximum variation of a) series resonance frequencies and b) conductance maxima between QCR2-
4 referring to QCR1 averaged over 5 experiments.
For the comparison of the initial proliferation kinetics, a time constant based exponential

behaviour was instead used:

t

Kinetics = Ofyp| 1—e ™ (53)

where 7; is the kinetics time constant and Af, is the value of the frequency shift after 10

hours of cultivation. A comparison between the data acquired during the cell cultivation
experiments and the calculated exponential curves is shown in figure 47a. The comparison
between the time constants is shown in figure 47b. In this case it is possible to observe that
the average time constant calculated from the cultivation experiments with 20% initial
confluency is more than twice the one obtained for the experiments with 50% initial
confluency. Moreover, in the first case there is a much bigger variance from the average value
which suggests again the higher influence of the distribution of cells on their behavior during

the first hours of cultivation.
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Figure 47 - a) Fitting of the experimental data with a time constant based exponential behavior. b) Comparison
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of the time constants calculated for the evaluation of the initial cell behavior during cultivation experiments.
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8.5. Cell stimulation with Hepatocyte growth factor

In molecular cell biology the analysis of the interaction between HGF and epithelial cells is of
special relevance. HGF is a stromal-derived multipotent polypeptide that regulates cell growth
and motility of several cell lines, including MDCK-II cells. In fact, it has been discovered
through its property to induce the growth of hepatocyte cell cultures but it also has the
property to trigger scattering of epithelial cells [90, 91]. It mediates multiple biological
responses including mitogenesis, motogenesis and morphogenesis in a wide range of tissues
by activation of its associated tyrosine kinase receptor Methionine proto-oncogene (MET).
Therefore, it plays an important role in tissue repair due to an increased proliferative activity
and cell motility [89, 94]. The HGF-MET system is necessary for embryonic development.
However, abnormal MET signaling contributes tumor genesis and metastasis [2, 3]. Although
HGF is mostly known to have anti-apoptotic properties the MET receptor is remarkably able
to promote apoptotic responses of few cell lines [93], which is again very important for the
regulation of the survival/apoptosis balance during the development of tumors. By altering the
cytoskeleton and morphology of cells, which is accomplished by a number of different
proteins [88], HGF stimulation of MDCK-II cells triggers the formation of leading edge
protrusions required for forward movement. Cell motility is also accompanied by a
considerable decrease in number and size of stress fibers [90]. A decrease in cell-cell adhesion
molecules and the subsequent loss of cell-cell contacts and cell motility can be observed at the

microscope.

By triggering different structural changes within the cytoskeleton of the cell, HGF is likely to
modify the acoustic load of a cell layer laying on a QCR. As well, the impedance spectra
measured from the ITO microelectrodes were assumed to be affected by two factors combined

with the HGF stimulation:

> the HGF mediated activation of membrane K" currents [94], leading to a change in the
resistivity of the cell membrane;
» the decrease in cell-cell contacts produced by the cell scattering, leading to an increase

in conductive paths through the cell layer.

Therefore, HGF stimulation surely represents an attractive stimulant to be applied to adherent
cells growing into the microfluidic biosensor array for investigating the kinetics of HGF
response mediated by changes in the acoustic load on QCRs and in the trans-epithelial

impedance spectrum. Special focus was on the short term cellular response directly after HGF
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receptor triggering. In conventional cell culture experiments cell motility can firstly be
observed on light microscope pictures after 1 h. Previous results published by the same group
using a bioreactor unit with a single QCR showed that HGF involves at concentrations >10
ng/ml a change in acoustic shear wave propagation, respectively cell adhesion, on the sensor
[12]. Here, the influence of two different HGF concentrations (80 ng/ml and 40ng/ml) and
cell confluency at the time of stimulation (50% and 90%) has been investigated with the new
biosensor array. Especially the comparison of sensor signal changes and optically observable
cell motility were of interest. The cell count of 0.2 Mio cells/ml was used for all experiments.
In analogy with the protocol applied in standard cell cultures, cells were let proliferate until
they reached the desired confluency. Then, 10% FCS medium was exchanged against serum
free medium. The lack of serum led to a slightly decreased proliferation rate. After 5 hours of
equilibration HGF in serum free medium was dispensed. Flow through regime was applied
during each step of the experimental procedure which enabled well defined stimulation
conditions without critical accumulation of contaminants. When stimulating at 50%
confluency, cells spread in a time scale of hours over the surface and the colony formation
disappeared. With 40 ng/ml of HGF concentration, the observed cell motility was slower and
less pronounced. When applying the 80 ng/ml HGF concentration cells spread much faster up
to a plateau or saturation. When stimulating at 90% confluency, although cell spreading could
not take place due to the lack of free surface, reduced cell-cell contacts and increased cell
motility expressed in a quick rearrangement of the cell layer could be observed. Figure 48
shows a sequence of microscopy pictures with 2 hours interval in between illustrating the
effect of HGF stimulation (80 ng/ml) performed on MDKC-II cells grown into the
microfluidic biosensor array. The time ranges from two hours before until four hours after the
stimulation. A significant increase in cell motility and consequent scatter of cells can be

recognized already two hours after stimulation.

Figure 48 - Sequence of pictures showing the effect of HGF stimulation on MDKC-II into the microfluidic

biosensor array. Two different cell colonies are highlighted for better comparison: cells show almost no motility

during the two hours before stimulation whereas obvious scatter can be seen during the following hours.
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8.5.1. QCRs response

In a time scale of tens of minutes no response like changes in cell morphology or cell motility
could be observed on microscope pictures taken from a conventional cell culture. Compared
to the results in 24-well plates, cell scatter (on 50% confluency experiments) was less
prominent in the micro-fluidic biosensor array, probably due to the reduced space. In a time
frame of 1 h after stimulation with HGF only a small cellular response could be observed in
microscopy pictures. More significant changes in cell morphology appeared >2 h after
beginning of treatment with HGF as already shown in figure 48. Figure 49 shows the sensor
signal during the first hours of HGF stimulation at 80 ng/ml concentration. Over a time period
of ~25 min a slightly decrease in f; and G, was measured. Although cells were in contact
with serum free culture medium, sensor signal changes could be mainly attributed to cell
proliferation. Afterwards, the frequency shift curves started to increase with variable slope or
flattened and increased with a delay of 1 to 2 hours. Between 2.5 and 3.5 hours after
stimulation a local maximum was reached and then the curves decreased again as during
normal cell proliferation. The conductance maximum curve showed a different behavior.
After the first 25 min, it strongly decreased down to a local minimum before increasing to a
local maximum and stabilizing after ~3.5 hours. Besides showing difference in the extent of
frequency and conductance shifts, similar kinetics of HGF response were detected both with

50% confluency and 90% confluency.
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Figure 49 — QCRs’ sensor signal shortly before and during the first four hours of HGF stimulation. Cell
confluency: 50%. HGF concentration: 80 ng/ml. Shifts are calculated from the beginning of this time window in

order to superimpose the signals and be able compare them at a glance.

A cellular response could be detected within a time of 30 min, even though no obvious visual

changes in cell morphology as well as cell motility could be observed. This means that the
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acoustic load, respectively stiffness and density, of the cell-sensor interface changed
significantly before the scatter took place. However, due to the sensitivity of the QCRs to the
spatial distribution of the cell colonies, changing between experiments, a strict
characterization of the sensor response in terms of frequency and conductance shifts could not
be performed. Nevertheless, the oscillations observed in f; and G,,,., Which are regarded as a
decrease in adhesion strength combined with increased viscous behavior during cell
movement, allowed the identification of a time window of [# hours for the main HGF

response along with turning points at 30 min, 1 hour, 2 hours and 2.5 hours after stimulation.

8.5.2. ITO microelectrodes response

Already during cell proliferation experiments, the measurement signals obtained from ITO
microelectrodes showed little sensitivity to changes induced by a cell layer with confluency
lower than 30%. This can be related to the relatively high portion of free sensor area which
introduces a low resistance path in parallel to the cell layer. Running HGF stimulation at 50%
cell confluency provided a good read-out from the transepithelial impedance measurement.
However, the HGF mediated sensor responses obtained when stimulating at 50% cell
confluency were similar to what obtained at 90% confluency. This is valid for both the
amplitude shifts and the kinetics of the response. Figure 50 shows the response of at 50%
confluency cell layer stimulated with HGF concentration of 80 ng/ml. Responses to HGF

concentration of 40 ng/ml are similar.
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Figure 50 — ITO microelectrodes’ sensor signal shortly before and during first hours of HGF stimulation. Cell

confluency: 50%. HGF concentration: 80 ng/ml. Shifts are calculated from the beginning of this time window.

After 15 min from HGF stimulation, the magnitude of the spectrum starts to increase until a
local maximum is reached after [BO min. Then, the curves start to recover towards the initial

value which is reached within the following three and half hours. The phase curves show
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negative shifts with the same dynamics. The magnitude and phase shifts recorded during the
experiments were the following: AMagnitude =1.16 £ 0.26 QQ, APhase =-0.56 £ 0.19 °.

To explain the changes in the sensor signal, it was assumed that only the HGF mediated
activation of membrane K+ currents [94] and the decrease in cell-cell contacts contribute to
the observed changes in the ITO microelectrode spectrum. Higher K+ currents mean an
increased outflow of positive potassium ions from the cell membrane. Since decreased cell-
cell contacts should reduce the overall resistance between the electrodes by increasing the
number of conductive paths through the cell layer, it was assumed that the increased
magnitude is dominated by the increase of K+ currents through the cell membrane. However,
the mechanism of how this would affect the sensor response is not fully understood. One
possible explanation may be that the altered ion exchange through the cell membrane could
modify the equilibrium between the free ions (which are assumed to be the mobile charge
carriers) and the ion-pairs (which are assumed not to contribute to the transport of charge)

[96] so that the resulting conductivity of the medium is reduced.
8.6. Discussion of results

Preliminary tests performed in order to characterize the response of the sensor array to
different experimental parameters revealed the QCRs to be sensitive to liquid flows greater
than 4 ml/h. As well, the ITO microelectrodes showed a response to acidification of medium
produced by the cell metabolism. Yet, serum free medium and 10% FCS medium could not be
distinguished by any of the sensors. This gave a limitation to the maximum flow rate allowed.
As well, it means that the two media could be exchanged during cell cultivation experiments
without triggering any sensor response which would not be generated by changes taking place
in the cell layer. As a result, an optimal experimental protocol common to all experiments
could be implemented along with a seeding procedure for equal partitioning of the cell
suspension on each QCR of the array. Furthermore, cell experiments were carried out
following a sequence intended for the characterization of the sensor response to the cell
behaviour in relation to different cultivation conditions in a step by step procedure. Firstly, the
sensor responses to cell proliferation and cell detachment were investigated and a statistic of
the sensors signal shifts at confluency could be performed. Also, an equivalent electric model
following the changes in the microelectrodes’ spectra according to cell confluency could be
implemented. Next, cell starvation experiments comparing flowing and static 10% FCS
medium with flowing and static serum free medium were performed in order to address the

buffer capacity of the microfluidic system in terms of time after stop of flow. As a result it
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was found that the microfluidic device provides a sufficient buffer capacity to maintain
constant proliferation conditions during [l hour without medium exchange. Moreover, sensor
signals revealed that changes in the mechanical properties of the cell layer seem to be
triggered by accumulation of metabolic waste products rather than depletion of nutrients. In
the following set of experiments, the optimal flow rate for cell proliferation was also found.
Responses obtained at different flow rates revealed the flow of 1 ml/h being an optimal
parameter for cell growth and confirmed the assumptions initially done to perform the first
proliferation experiments. Thanks to its specific design, the biosensor array also allowed
analysing the impact of the spatial cell distribution on the proliferation kinetics. In this frame,
low cell confluency ([L20%) at the beginning of the proliferation lead to a more variable
response (when compared with 50% initial cell confluency) both in terms of absolute values
and signal kinetics which could be good represented using a time constant based exponential
behaviour. The symmetry of the device along with well defined dispensing procedures
allowed to equally dispense MDCK-II cells inside each bioreactor unit. Also equal
proliferation conditions were guaranteed by the symmetric design of the biosensor array.
Therefore, for each single experiment dissimilarities of cell proliferation kinetics on the
surface of different sensors could be directly attributed to different spatial cell distributions.
This suggests that different processes may take place within the cell layer during growth
depending on the initial cell configuration. At last, the response to HGF stimulation was
considered. QCRs could recognise changes in adhesion strength and viscosity of the cell layer
whereas the ITO electrodes showed sensitivity mainly to alteration of the ion exchange
through the cellular membrane. Both responses took place within minutes from the
stimulation and before anything could be observed through the microscope.

As it has just been mentioned, QCRs and ITO microelectrodes revealed to be sensitive to
different properties of the cell layer. Therefore, combining the data acquired from both sensor
principles provided complementary information for characterizing the cell behaviour during
growth and stimulation. Due to their sensitivity to the mechanical properties of the
cytoskeleton, especially in the close vicinity of the sensor surface, QCRs could follow in real-
time the increase in acoustic load in a timeframe of minutes after cell seeding. This is directly
linked to the development of focal contacts during initial cell attachment on the sensor
surface. During the following few hours cell division was not taking place. However,
successive shifts in resonant frequency and conductance maximum could be attributed to
increased cell size through inspection of microscopy pictures. Once cell proliferation started

no changes from the previous kinetics could be observed. Therefore, it was concluded that
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although the QCRs are sensitive to changes in the mechanical properties of the cell layer they
cannot distinguish between increased cell number and augmented cell size during cell growth.
Conversely, ITO microelectrodes responses did not show obvious relation to the initial cell
attachment. However, they could recognise different cell behaviours during cell cultivation,
namely an initial lag phase where no cell division takes place, followed by a cell proliferation
stage and a final plateau phase where cell division is drastically reduced due to high
confluency. As well, the ITO microelectrodes response recorded during HGF stimulation,
lead to the assumption that this sensing principle may be sensitive to variation of the ion
exchange through the cell membrane. However, further investigations should be done in this

direction in order to clarify this theory and better characterise the sensor response.
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9. CONCLUSIONS AND OUTLOOK

The design, simulation and fabrication of a new disposable microfluidic biosensor array
conceived for the cultivation and online monitoring of adherent cells were presented. As well,
impedance measurements on QCRs and transparent ITO microelectrodes were performed
during cultivation and stimulation of MDCK-II cells. The results obtained corroborated the
usability of the biosensor array as a tool for biological research. The device implemented is a
biosensor array made of 16 QCRs and a microfluidic network allowing simultaneous multiple
cell culture experiments in flow-through regime. In order to assume the cells lying on the
different sensors being affected by the same experimental conditions, the microfluidic
network was realized with a completely symmetrical structure. Therefore, the different paths
leading to each sensor ought to have the same flow resistance and provide an equal flow
distribution above all QCRs. During the design phase, COMSOL simulations addressing the
influence of asymmetries within the microfluidic network, proved the assumption that the
influence of fabrication tolerances on the flow regime could be neglected and further
supported the hypothesis of identical experimental conditions above the sensors of the array.
Moreover, the influence of the flow of media on the cell layer was address