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KURZFASSUNG

Diese Arbeit behandelt elektrische Impedanzmessang adhéarenten biologischen
Zellkulturen. Der variable Bedeckungsgrad (Konflziewon Elektrodenflachen durch

adharente Zellen geht mit einer Anderung der dkaitien Impedanz gegeniiber der
Nahrlésung einher. Die Konfluenz vergroRert sichispielsweise aufgrund von

Zellwachstum oder verringert sich durch Seneszelez dul3ere toxische Einflisse. Eine
weitere Quelle fir Impedanzénderung sind die Vesénay der Zellen selbst, wie hier
bei der induzierten Differenzierung von Stammzeblenbachtet werden konnte.

Die im Rahmen dieser Arbeit entwickelten Sensoresidren auf Glaschips mit
definierten metallischen Elektrodenstrukturen, die direktem Kontakt mit dem
Nahrmedium bzw. den Zellen stehen. Ein darauf aighdes modulares Sensorsystem
erlaubt die Reinigung und Wiederverwendung deresetgten Chips. Um Anwendern in
der Zellkulturtechnik moglichst grof3e Flexibilitétu geben war der Einsatz einer
drahtlosen Messtechnik gefordert. Hierbei wurde3groert auf die Kompatibilitat zu
bestehenden Zellkulturwerkzeugen und —materialedagy, sodass konventionelle 6-well
Microtiter-Platten als Basis und Kontaminationssztgewahlt wurden.

Der drahtlose Ansatz zur Messtechnik kommt ohneusibzw. Batterien aus und basiert
auf einem patentierten Ablauf. Hierbei wird aus d@émdie drahtlose Kommunikation
erforderlichen Hochfrequenz-Feld, in Anlehnung @& Badio Frequency Identification
(RFID) Technologie, Energie gewonnen.

Die Sensoren selbst arbeiten im Frequenzbereictbuma 5kHz, wobei die meisten
hier prasentierten Untersuchungen bekH@ durchgefiihrt wurden. Die Elektronik der
Sensorschnittstelle wurde besonders energieeffidiemensioniert.

Messungen an 3T3 Mausembryo-Fibroblasten, wie auah menschlichen
mesenchymalen Stammzellen, wurden in Kurzzeit- ¢his3 Tage) und Langzeit-
versuchen (bis zu 4 Wochen) ausgefiihrt. Bei deroblasten konnte das Mel3system zur
Bewertung des Wachstumsverhaltens und der Terrmamgerdurch hochtoxische
Substanzen eingesetzt werden. Dabei wurde auch stéarker Einfluss der
Inkubatoratmosphére auf die Messergebnisse erkamstiesondere durch den Verlust
von Nahrmedium durch Verdunstung.

Die mesenchymalen Stammzellen wurden einer osteogeand adipogenen
Differenzierung unterworfen. Die dabei gewonnendbdateigen, dass charakteristische
Impedanzénderungen bereits binnen 24 Stunden naclinduzierten Differenzierung
erkennbar sind, wogegen konventionelle Farbemethogist nach 5 bis 7 Tagen
zuverlassige Ergebnisse liefern.






SUMMARY

This work concerns electrical impedance measuresnent adherent biological cell

cultures. The variable coverage (confluence) ottedele structures by adherent cells
alters the electrical impedance with respect to ¢bé culture medium. Confluence

increases e.g. by cell growth or decreases by senes or external toxic influences.
Another source for impedance variation is the ckan§ the cells, e.g. by induced
differentiation of stem cells.

The invented sensor is based on glass chips cgrsjectrode structures which are in
direct contact with the cells and the culture mediarhe introduction of a modular
sensor system allows cleaning and reuse of theosehips. A maximum of flexibility
for the operators in the cell culture laboratoryaishieved by the implementation of
wireless technique, where one constraint was thepatibility to established cell culture
tools and materials. Thus, conventional 6-well wiiter-plates were chosen for both, as
a rack and as contamination protection unit.

The wireless approach does not rely on batteries isrbased on a patented energy
storage procedure. There, energy is taken fromatie frequency-field which is present
in wireless communication. The technique relies Radio Frequency Identification
(RFID) technology.

The sensors are operated in a frequency range éetBe and 58Hz, most
investigations were performed at H8z. The presented electronic readout system was
specially invented for high energy efficiency besmicommercially available systems
exceeded power constraints.

Measurements on 3T3 embryonic mouse fibroblastsyedlsas on human mesenchymal
stem cells, were performed in short-term (up t@®s)l and long-term-measurements (up
to 4 weeks). The monitoring of fibroblasts was usedxamine cell growth behavior and
the influence of highly toxic substances on theteieal impedance. There, also a strong
influence of the incubator atmosphere on the measents was found, which is caused
by the loss of culture medium due to evaporation.

Osteogenic and adipogenic differentiation was ieduto the mesenchymal stem
cells. The results show that characteristic impedachanges were found within
24 hours, while conventional staining methods sheliable results only after 5 to 7 days
of culture time.
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List of Abbreviations

Abbreviation

Description
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EDTA
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GLP
HEPES
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IDES
ISO
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Alternating Current
Analog-to-Digital-Converter
Austrian Institute of Technology

Amplitude Shift Keying
Cell Adhesion Molecule

Cell Sensor Electronics Control,

PC control software of the invented measuremeriesys
Cycling Redundancy Chechsum
4',6-Diamidin-2-phenylindol

Dezi-Bel unit in which the reference value isaarier signal.
Direct Current

Discrete Fourier Analysis

Dulbecco’s Modified Eagle Medium
Deoxyribonucleic acid

Device Under Test

Escherichia Coli (bacteria species)

Electric Cell Substrate Impedance Sensing,
a trademark of Applied Biophyics
Extracellular Matrix
Trypsin-Ethylenediaminetetraacetic-Acid
Ethanol

Fetal Bovine Serum, also called FCS.

Fetal Calf Serum, also called FBS.
Gain-Bandwidth (Product)

Good Clinical Practice

Green Fluorescent Protein

Good Laboratory Practice
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OECD
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Low Temperature Co-firing Ceramics
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Personal Computer

Printed Circuit Board
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Programmable Interrupt Controller,

a microcontroller family oMicrochip
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Radio Frequency
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Root Mean Square
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Trademark of a polyimide produced bBE
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Microcontroller

List of Constants

Symbol Description Value Unit
€ Absolute permittivity 8.8544- 10 As(Vm)*!
Ho Magnetic permeability 1.25@6 10° Vs(Am)*
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F Faraday constant 9.648510 Asmol*
R Gas constant 8.3184 J(molK)™




List of Variables

This is not a complete list but an overview of thest important variables.

Symbol Description Unit
Cx Concentration of a certain speciesf an electrolyte mah’
Co Capacity of the diffusion layer of an electrolyte F
CoL Capacity of an electrochemical double layer F
Cs Capacity of the idealized polarizable electrode F
D Diffusion constant of a certain substance 2sth
fo Base frequency, e.g. 13.56 MHz of the RFID-system z H
fc Clock frequency of a microcontrollde = 1/Tc Hz
fse Subcarrier frequency. 250 kHz for the presented Hz

RFID-system
fx Frequency of a certain probe sigrfal= 1/Tx. Hz
G Gap distance between two adjacent fingers of arSIDE m
Kw Frequency-independent factor of Qm?s?
the Warburg-impedance
Ly, Ly Coil inductance of base station and tag, respdgtive H
n Electrode reaction valence -
R Charge transfer resistance Q
Tc Clock period of a microcontrollef: = 1. s
Tx Period of a certain probe sign@j = 1. s
Vop Peak-to-peak value of a sinusoidal waveform \
w Width of a finger of an IDES m
& Relative permittivity of a certain substance -
A Limiting conductivity of a certain substance mSmol*
A Finger-periods + W of an IDES m
o Electrical conductivity of a certain substance m$
w Circular frequency st

xi






Chapter 1
| NTRODUCTION

Cells can be viewed as both, tools for processiagianand objects of research. Among
the first applications of cell cultures was spe8ascharomyces Cervisiaéhich conduct

a transformation of sugar to alcohol and carborxide Conventionally, this species
plays a major role in the production of wine an@h&he art of brewery was already
known several thousands years ago in ancient Eddgiadays however, yeast cells as
well as bacteria, e.gz=scherichia coli(E. coli), found a variety of other applications.
Notably, the introduction of special genes allotws modification of cell metabolism to
cover a broad field of functions for the productmiichemical substances. Other types of
cells, fungi, are mostly unwanted guests in miaptdgical laboratories and can also be
hazardous parasites for humans, but they may &adifers, too. For instance, the active
component of the antibiotic Penicillin is produdgda fungus of clasBenicillium which
and was discovered lexander Flemingat St. Mary’s Hospital, London in 1928. This
discovery initiated a major step forward in the mablsystem and was awarded with the
Nobel Price in 1945 [Schmitz 2007, Nobel Prize].

In recent years, mesenchymal stem cells (MSC) vedei attention for
biotechnological and biomedical applications. Ire tfield of stem cell therapy cell
cultures of high quality are needed, but up to rthere are no standardized methods
available to quantify MSCs. In vitro cultivationksiown to diminish MSC quality which
undermines novel techniques and clinical utilizatifikassem and Abdallah 2008,
Roobrouck et al. 2008]. Impedance measurements beayan appropriate tool for
guantification of MSCs quality.

Another use of cell cultures, whose importance @tiouously rising, is the
replacement of toxicity tests which conventionalyy on animal experiments. Today,
established methods for the assessment of theitioxit chemicals or pharmaceutical
products correlate well witm vitro-methods at short-term applications. In contras, t
detection of chronic toxicology can hardly be refuced in cell cultures with
conventional techniques and is still not satisflyngolved. For each investigation
adherent cells of a certain cell type need to baadied from their surface and for a
continuous measurement each evaluation requiresowts cell sample. Also, the
detachment process itself, as well as the emplayednicals, e.g. Trypsin, Trypsin-
Ethylenediaminetetraacetic-Acid (EDTA) combination Accutase/Accutase Il, cause
stress on cells and destroy the cell culture matrix
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Conventional methods for acute toxicity, like theutral red uptake test (NRU, see
Appendix A) or the release of Lactate Dehydrogenagealefect cell membranes are
based on massive cell damage which is not expectdie case of chronic toxicity. In
contrast, cell proliferations, morphological chasigenodifications of the cytosceleton
and in the cell-matrix contacts are indicatorsgarumber of harmful influences. They do
not cause an immediate cell death but will resutbixic long-term effects. Most of those
toxic effects affect the cell membrane and resukthanges of the electric properties of
the cell cultures and can be registered by an iupesl monitoring. This opens up the
way to apply impedance measurements for the deteofitoxic effects.

Consequently the realization and validation of decteonic impedance monitoring
system for adherent cell cultures are topic of #isk. A wireless approach is presented
which limits cable connections and gives operatomsaximized freedom of movement.

1.1. Current Measurement Methods on Cell Cultures

1. Inverted Microscope

Two properties of cells generally call for the ude microscope: Firstly, the size of cells
and their organelles are clearly too small to beestigated without magnification.
Secondly and more importantly, the extremely smadlriations in the optical
transparencies/opacities of cells, cell membraogtysol, organelles and the culture
medium require phase contrast techniques.

The inverted configuration of the optical path &essary because the zoom property
of a microscope is among other things limited bg thistance of the objective to the
object. If a microtiter plate or a flask is investied with a conventional microscope the
height of those objects limits the object distaaod, therefore, limits the zoom factor.
Even though it would be possible to flip the flabls procedure cannot be recommended
(and is impossible for microtiter plates) becatmedell layer with a thickness of just 5 to
10 pum would simply dry out. Thus, the whole optiegktem is inverted with a light
source and condenser unit above and the objectl@wvbthe object. iI6 1.1 shows a
microscope including a second optical path forgitali camera.



1.1 CURRENTMEASUREMENTMETHODS ONCELL CULTURES 3

FiG 1.1: An inverted microscope for the inspectiorcell cultures including a digital camera. With péession
of Ehlert & Partner, 53859 Niederkassel-Rheidt,nsary.

2. Fluorescence Microscopy

Fluorescence microscopy is a staining method wisdbased on the property of certain
chemical substances to change their fluorescenbavie when they bind to specific
molecules [Lichtman and Conchello 2005]. The inigeded objects (cells or tissue) are
treated with such chemicals, i.e. fluorescence erarkhose bind to proteins which are
related to processes under investigation or whiehpart of a structure. In the latter case
those proteins, for instance, may be Actin or Tububspectively, which build up the
cytosceleton and microtubuli. The treated cellissue sample is then exposed to light
with a well-defined spectral distribution and theubd markers are thus stimulated to
emit light with a defined, longer wavelength.

Microscopic pictures taken of such cells enableestigation on the localization of
those proteins, .e.g. in the cell nucleus, cytaplas bound to the cell membrane. Hence
proteins or structures can be localized and vizedli Moreover, binding processes and
their dynamics can be studied.

Cell may also be genetically modified to expres®iscent proteins, e.g. the Green
Fluorescent Protein GFP. The necessary ribonualgiat (RNA) synthesis is controlled
by specific substances, known as promoters. Thisvalthe detection of specific cell
types which cannot be clearly identified by a dlzsmicroscopic technique.i&1.2a
shows a picture known as ti&owing California SunshineThere, Escherichia Coli (E.
coli) bacteria cultures were genetically modified express fluorescent proteins
[Tsien 2009].
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In FIG 1.2bNormal Human Dermal Fibroblast§NHDF) are treated with’#-Diamidin-
2-phenylindol (DAPI). The stimulating wavelength 388nm, the emission at 46imn.
DAPI markers are preferred if deoxyribonucleic a¢ip?NA) alone is the subject of
investigation whileAcridin Orangealso emits light if it binds to RNA.

@ (b)

FiG 1.2: Examples for Fluorescent microscopy. @pwing California Sunshinea number of different
Escherichia coli bacteria cultures on a petri dighich were genetically modified to express différen
fluorescent proteins [Tsien 2009]. (b) Glass chifhvAu metal structures (opaque), marker subst@&API
which binds on DNA.

3. Coulter Counter

In 1956 Wallace H. Coulter introduced a novel comt principle for cells
[Coulter 1956]. Here, particles or cells in a weddctrolytic solution are guided through
a small hole from one basin into another. Eachrvegehas an integrated electrode. A
voltage between those electrodes forms a measuteroaa inside the tube. When the
particles or cells pass the hole they replace tietisn and cause a change in the
measured impedance between the electrodes. Thigelaan be further processed. If a
well defined volume of the electrolyte passes thke lthe particle density can therefore
be determined. The shapes of the pulses also mrdufdrmation on the size of the
particle which in turn depicts information on theesdistribution. K 1.3a shows a detalil
from the original drawings in [Coulter 1956] while FIG 1.3b a modern Coulter counter
is shown.
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T

T CLhg

TR !

(@) (b)

FiG 1.3:(a) Detail of the original setup introduced in [Couli®56]. Two electrode€ andD are positioned in
a cell suspension sameand a reservoiB. Both volumes are connected via an aperfur& pumping system
built up by a vacuum from outl€t via ventF starts a sample flow through The outlet on the left of vert
leads to a mercury-based pumping system (not sheigh does also start and stop a counting eleicson
being in contact witlC andD. OutletO and veniG are for fast regeneration of the system pressura further
counting.(b) Z1 series Coulter Counter Cell and Particle Courgaitable for counting cells or particles with
diameters in the range of 1 um to 120 um. With jsion ofBeckman Coulter, IncMiami, USA.

4. Flow Cytometry

Flow cytometry is conventionally used for countingprting, and investigation of
microscopic particles as well as cells suspendedfiamving in a proper dilution liquid
[Dittrich 1975]. It allows the determination of th@roperties of single cells flowing
through a measurement capillary. A monochromagjhtlbeam, e.g. a laser, is focused
onto the flow in this tube. Specific detectors gmalthe light scattered from the particles
and cells also registering one or more fluorescesgeals emitted from the cells. Each
particle or cell in the liquid scatters light incharacteristic way when it passes the
capillary. The scatter-signal in forward-directignused to detect the cell volume while
the signal of a detector in a 90° angle gives imition about the inner complexity of a
cell (shape of the nucleus, roughness of the memsjaBefore the analysis takes place
cells can in addition be marked by a treatment vatients containing fluorescent
components (e.g. antibodies). A combination ofstattered and fluorescent light is then
analyzed. Fluctuations of the detector signalsnatlte characterization of cells and their
components and can even be used for deriving csiodls regarding the cellular
metabolism.
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1.2. Performance Characteristics

Basic properties of a cell culture can be inspectétth an inverted microscope, e.g.
confluence or morphology. Such work is currentlyneomanually, even though
automated systems are under investigationt[ai. 2005, Moscelliet al. 2011]. The only
active component is a light source. Apart from thhts method is non-invasive but
during visual inspection culture medium and théscelay cool down. Such temperature-
shock can be minimized by heat-able cross-tabléstagcopy is the first step for almost
any investigation on cell cultures. Neverthelebs, information value is limited by the
optical resolution of about |im. Also, details of the inner structure are hiddeor a
more detailed analysis on a molecular level fluceese microscopy is heeded.

Fluorescence microscopy allows the detection ofymeugnts and dynamic processes
within a cell culture and is also useful for idéioition of specific structures, e.g.
organelles, the cytosceleton, or DNA. Dependinghenused marker some methods only
show viable cells while others show both viable dedd cells. Information of details on
the viability can also be achieved.

If a marker is added to a cell culture, this cwtwill not be used for further
experiments since the marker substance can be twxe& chemical reaction with the
substance during the test may occur. For instatihee,use of DAPI requires the cell
culture to be washed and incubated with methantdo,Amarker molecules are often
larger than the substance under test (antigenahtibveactions) and thus influence
system kinetics. Many conventional markers lacklasfg-term stability and repeated
stimulation leads to bleaching, long-term teststhezefore not applicable. Furthermore,
there is only a limited number of markers availallich are useful for the detection of
a certain event and the executed procedure isgdyroietermined by the selected marker.
In many applications only endpoint detection islizeal because some processes (e. g.
hybridization processes) are merely possible unekdlt defined process parameters in
incubators (temperature, G@tmosphere). Moreover, the analysis is punctual an
online-monitoring of the kinetics is not possible.

Coulter Counter and Flow Cytometry basically diffiertheir means of detection and
represent single-analysis methods where cell @dtureed to be extracted from their
matrix and brought into suspensions. Thus, infoilmnatbout the cell matrix is lost.
Single cells show a different behavior comparea tell matrix because of the absence
of signal paths and cell-cell-interactions. In sacéystem, a long-term online-monitoring
cannot be carried out without the extraction ofjrcells.

1.3. Impedance Measurement as a Tool in Microbiology

A non-invasive detection system allows a continumasitoring of the same cell culture
over a long period. In the 1920’s first impedanceasurements on cell cultures were



1.4THESISOUTLINE 7

carried out. These, and further measurements ds itethe following decades, were
primarily performed on suspension cultures commasigd in an industrial scale [Fricke
1925, Colvinet al. 1977, Cadet al. 1978].

Experiments with adherent cell cultures startedthie late 1970's and several
experiments were published tyar Giaeverand Charles R. Keesen the 1980’s and
early 1990’s. Since then, investigations in impegameasurements on different types of
adherent cells were continued and multiple sensomgtries presented [Giaever and
Keese 1984, Ehredt al. 1997, Acea Biosiences 2009]. Today's applied gataand
currents do not show signs of a harmful influence cell cultures. The absence of
specific markers enables continuous measurementsetincultures and reduces the
hazardous potential for operators since DNA-markere often mutagenic and
cancerogenic substances (e.g. DAPI, Methylene bludpechst 33342).

In this work an interdigitated electrode structaethe sensing device is combined
with a novel wireless impedance measurement teabrtig be operated within the humid
atmosphere of an incubator. Initial experiments foe verification of the system
functionality on 3T3 mouse embryonic fibroblast$ [Todaro and Green 1963] are
followed by a long-term monitoring over three weekehuman mesenchymal stem cells
(hMSC).

1.4. Thesis outline

The introduction is followed by chapter 2 which ciéises cell biology and the required
laboratory environment. Generally, biologic celtssé cell-type-specific requirements for
optimal growth and proliferation conditions. A wigeused and standardized set of
materials and methods for their handling which mpooates culture flasks, sterilization
techniques and devices such as an incubator oniada flow cabinet, is presented.

Chapter 3 introduces the impedance sensing metbgg@nd describes a biological
cell and its environment from an electrical poifitview, in detail the capacitive and
conductive properties of the cytoplasm, the celmbrane, and the extracellular matrix
and the culture medium. The geometric and elepimperties of a cell culture allow a
variety of impedance sensor structures. Some afthee presented followed by a
characterization of the selected sensor geometdy tha specification of the sensor
device.

Chapter 4 describes the impedance measurement getwjreless approach for a
comfortable handling of the system within the ladory environment is presented. That
requires the design of an RF-interface and a measamt technique with low power
consumption. The requirements for the RF-interface discussed and a realization is

" 373 is a labeling suggested in [Todaro and Gré@&8Jland represents an initial cell number of & cell
passage every 3 days when this cell line was ésit@l. 3T3 fibroblastor 3T3 cell(culture) are commonly
used abbreviations.
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presented. The operation within the humid enviromngé an incubator is ensured by a
proper silicone-based encapsulation and packadittgeaneasurement electronics.

Experimental results are presented in chapter 5t,Rhe system is tested and an
operation procedure established. It will be sholat the humidity level and the system
temperature have a strong influence on long-termsmements. The proliferation of 3T3
fibroblasts and the proliferation and differentiatiof hMSC to bone and fat cells is
presented.

An outlook on the impedance monitoring techniqugiv&n in chapter 6. Side-effects
such as the sensitivity of the sensor to temperaind humidity as a qualitative indicator
for the incubator atmosphere are examined. Finaliyantages and disadvantages of
impedance monitoring compared to conventional naghare discussed and how those
different techniques of a microbiologist’s toolbmay complement one another.
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Chapter 2

CELL BIOLOGY AND
L ABORATORY ENVIRONMENT

Since the content of this work is the setup of eteonic measurement system for cell
cultures, a brief introduction to the specific pedjes of cells is given here. It includes
the basic inner structure of a cell, its behavidhiw a cell culture, its handling and the

required laboratory environment. The latter is ighhiimportance during the design phase
of the electronic measurement system. Generalrirdtion on the following sections can

be found in [Schmitz 2007, Lodish 2008, Horttral. 2008].

The first microscopic studies on cells as livingemlts were conducted already more
than 400 years ago with small optical lenses preduoy Antoni van Leeuwenhogek
However, microbiology, as we know it today, is éatieely young science and has its
roots in the beginning of the ®@entury. In 1910NVarren H. Lewiscarried out the first
cultivation of cavy cells and was later able totivake cells of chicken’s organs. In the
1950's the culture mediu@ulbecco’s Modified Eagle Mediu@®@MEM) was developed
which based oiarry Eaglés Minimum Essential MediugMEM). Many of today’s cell
studies still rely on these media. They were alseduin this work. In 1961Leonhard
Hayflick rebutted the 40 years persisting dogma of unlunitell division. The latter
being a result of systematic fallibility prevalentthe experiment oAlexis Carre] the
originator of cell cultures in a laboratory enviroant.

2.1. Structure of a Cell

A cell (lat. cellula = small chamber) is conventionally seen as théchast of biological
life. There are unicellular organisms, such as dyét and multicellular organisms
consisting of several different types of cells forg functional units within higher
organisms, e.g. the human body. The size of cealfies typically between 1 and ftn
depending on their type and actual metabolic statene cells may also achieve sizes
above 10Qum, such as the human ovum or megakaryocytes.

Living cells can be categorized into doméhsi.e. Bacteria and Archaea,
summarized as Prokaryotes, and Eukaryotes. Tleg Bitterges into numerous kingdoms

I The domains do not yet represent a fixed systéra.SEparation is based on phylogenetic analysiehss
on the inner structure of the cells. For instargehaea have some properties in common with Eultasyo

11
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one of which being the animal kingdomgR.1 illustrates the fundamental schematic of
a eukaryotic cell.

Fic 2.1: Typical structure of a eukaryotic cell withiganelles.(1) Nucleolus, (2) Nucleus(3) Ribosome,
(4) Vesicle,(5) Rough endoplasmic reticulur(§) Golgi apparatus(7) Cytoskeleton(8) Smooth endoplasmic
reticulum, (9) Mitochondrion, (10) Vacuole, (11) Cytosol, (12) Lysosome,(13) Centriole.

Source: Unified resource locator http://de.wikigedrg/wiki/Datei:Biological_cell.svg downloaded @ctober
2011, originally created by Wikipedia-auth@gczepan1998nd MesserWolandpublished under a Creative
Commons BY-SA 3.0 license. The original work harbenodified. The Creative Commons License is
reprinted in Appendix D.

A eukaryotic cell has a cytoskeleton formed by Adilaments and other components.
The cytoskeleton gives the cell its shape andriguent reorganization enables cell
migration which is a kind of motion.

The outer hull is formed by a lipid double laydre tcell membrane, which is built up
by tightly arranged phospholipids. They consistdiydrophilic head and a tail formed
by a saturated and an unsaturated carbonhydrogen-dhis tail is lipophilic and two of
the layers, oppositely arranged, form the cell memé. Water passes directly through it
but for the ion exchange with the outer environntietmembrane is interstratified with
proteins as ion-channels. The cytoskeleton actanaanchor for several types of such
membrane proteins.I&2.2 illustrates the structure of a cell membraviere details in
context with the electrical properties are providedthe following chapter which
discusses the design of the sensor device.
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FIG 2.2: Structure of a cell membran@) Carbonhydrate chair(2) Phospholipid moleculg(3) Cholesterin,
(4) Cytoskeleton filament,(5) Surface protein,(6) Integral protein,(7) Peripheral protein,(8) Glycolipid,
(9) Channel protein(10) Globular protein(11) Glycoprotein,(12) a-helix.
Source: http://upload.wikimedia.org/wikipedia/commons/4/@ell_membrane_detailed_diagram_de,svgownloaded in

October 2011, created by Wikipedia-authadyOfHats published as public domain. The original work has
been modified.

The inner volume of a cell contains several ordasednd a nucleus. Their boundaries
are also formed by lipid double layer membranese Tésidual volume is filled with
cytosol which is a watery solution with a honeyelikonsistency. Amongst others the
cytosol contains water, electrically neutral molesuproteins and solvated ions.

Animal cells are surrounded by an extracellularredECM), a collective term for
all of its components. Those are water, a netwdrkbers (different kinds of collagen,
Fibrillin, Elastin) and a basic substance consigtifiglycosaminoglycans, proteoglycans
and adhesion proteins. Additionally, it containsrrhones, nutrients, salts, etc. The
functions of the ECM are numerous: mechanical btabnutrient reservaoir, resilience of
tissue, tensile strength of bones and filamentier fimechanisms (e.g. kidney, colon,
lungs, blood-brain-barrier), etc.

2.2. In Vitro Cell Cultures

Generally, the source of a cell line is the coroesfing tissue of a certain animal. First,
the cell type of interest is extracted of the tessund cultivated. This initial culture is
known as the primary culture. The cells grow onr@ppr substrate (polystyrene, glass,
etc) as a two-dimensional cell layer. That popatatgrowth and doubling goes on as
long as cells do not inhibit each other. If inhinit due to the direct contact of cells
among each other starts (known as contact inhibjitihe cell layer needs to be detached,
diluted with fresh culture medium and seeded ageig, with an initial effective
occupied growth area of 20. This procedure is known as a cell passage.
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1. Culture flasks and microtiter plates

The investigated adherent cell cultures are cukiyén flasks. Most of the flasks are one-
way-products made of Polystyrene. This is a hydobph material and adherent cells
cannot always grow on such surfaces. Thus, theritinmg of the flasks are often
modified to become hydrophilic as a part of thedoiion process or may even get a
special coating with complex organic substances foetter cell growth performance.

A test setup requires several samples to be imagstl for a significant analysis. For
this purpose, microtiter plates are used which a@sapof a number of wells in a
common rack. The plate has a cover with condensatimys over each well avoiding
well-to-well cross-contamination. Standard modedsen 6, 12, 24, 48, 96, 128 or 384
wells. HG 2.3 shows a typical microtiter plate and a celiure flask.

(a) (b)

FiG 2.3:(a) 48-well microtiter plate with covetb) Cell culture flasks with 25 chreell growth area filled with
culture medium. The medium is supplemented withnBheed as pH-indicator. Both pictures with perruas
of Corning Inc.(14831 Corning, New York, USA).

2. Culture media

Culture media contain the inevitable nutrients ¢éex cells alive. Additional components
such as a serum stimulate cell growth and doub(hdture media are complex solutions
with dozens of ingredients. Appendix A provides thgredients for DMEM which is
often used for fibroblasts or epithelial cells. Adids and variations of specific media rely
on the used cell culture and the experimental s€@ufture media may be supplemented
with antibiotics and antimycotics to suppress itifaes contamination, e.g. Penicillin and
Streptomycin. However, such substances are notyaldasirable as they may influence
the test results, too.

Modern incubators do often have an active,€éntrol. Then, the gas dissolves in the
medium and stabilizes the pH value. If such a sysi® not available the medium is
supplemented with a proper buffer system, e.g.-By(oxyethyl)-1-piperazineethane-
sulfonic acid (HEPES) or Sodium Bicarbonate NaHCO
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3. Adherence, cell growth and population doubling

Adherent cell cultures attach to a proper surfdaecell adhesion molecules. These, and
several other mechanisms, also allow connectionad@acent cells. Cell adhesion
molecules anchored at the cytosceleton attach ersubstrate. Hence the membrane is
kept within a distance of 20 to 18 to the surface.

Prior seeding the cells are prepared as suspeimsautture medium. There, they have
an almost spherical shape. During attachment arehdmg cells flatten to a height of 5
to 10um. The adhesion process starts within a few m@otee the cells settle down.
See KG 2.4 for an illustration of that procedure.

iz

Settling Adhesion and spreading

FiG 2.4: Settling, adhering and spreading of a simg when seeded onto a substrate in a susperBan.
circular inner part represents the nucleus. Thghtedf the adhered and flattened cell is 5 to 10 fae also
FiG 2.5 for microscopic pictures of such a process.

Generally, the ability for adherence of a cell defseon the cell type. For instande,
vivo lymphocytes flow in the lymphoid system while fiftasts or endothelian cells
adhere to other cells. Thuis, vitro, lymphocytes are cultivated in a solution whereas
fibroblasts grow on a proper substrate. In thafigetl environment cells are exposed to
growth factors stimulating growth and populatiorudiing (depending on the test setup).
This growth factor mixture is part of a serum i ttulture medium, e.g. the Fetal Calf
Serum (FCS, also called Fetal Bovine Serum, FB8)efl adherent cell types grow in a
2-dimensional cell matrix until they are surroundmd other cells or another kind of
border. This natural growth inhibition of adhereell cultures (except several types of
tumor cells) is known as contact inhibition. It meahat cells stop doubling when they
are surrounded by other cells. If a cell culturallsgo on with doubling &ell passage
needs to be conducted, this term is used to deseribmall amount of the cell culture
being seeded on a new substrate. The proceduxplareed in detail in Appendix A.3.

If there is enough space, i.e. contact inhibitisrhindered by a large growth area,
cells show an exponential growth behavior which msedoubling of the cell number
within a defined period of time. As soon as a derteumber of cell doublings took place
(about 56" cell growth is reduced and most cells die. Thisithtion is known as the
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Hayflick-limit, named after Leonard HayflicRl. However, there are several cell lines
which do not show such a limit or have an extendee, e.g. tumor cells, such as the
Hela cell line, or spontaneous immortalized cealishsas the 3T3 fibroblasts.

Adherence is an extremely important feature for utibzed impedance measurement
method. For instance, if cells die, they do oftetadh but remain on the surface as
globular objects. Even if a full layer of such deails or, in the case of contamination, a
confluent layer of bacteria or fungi remains on 8s®nsor its impedance cannot be
distinguished from sensors being free of cells.

H

l 50 prm

3 hours

24 hours 48 hours

FIG 2.5: Phase contrast microscopy of the growth @ 8broblasts within a DMEM nutrient solution in a
culture flask (25 crhgrowth area) made of polystyrene. This cell typahles its number in a period of about
20h. Note, cells do not remain in the same positioh rhigrate. The timestamps refer to the seeding.tim
Pictures were taken at the Austrian Institute affifelogy (AIT).

FIG 2.5 shows the growth of 3T3 fibroblasts. The titaggps refer to the seeding time.
Within the first hour cells settle down and adherethe substrate. After 8 hours their

Bl Chromosomes are terminated by telomeres, i.etitigpeDNA-sequences. Those sequences are not fully
replicated in the case of a cell doubling and #ythundergo a certain length apoptosis is initiafes, a
controlled cell-death. This limitation is an evadutary protection mechanism against abnormal nmartatas
each cell doubling implies the risk of DNA repliicat errors.
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spreading (and also movement) can be observed.pél@tion doubling occurs within
20 hours. Hence, 24 hours after seeding the picthosvs the double number of cells.
Note, some cells are significantly larger than tterg after seeding and require a
comparably large area on the substrate.

After 48 hours the number of cells increased agaid some cells accumulated
enough nutrients and did the necessary preparafammanother doubling within the
following hours.

2.3. Laboratory equipment

Nowadays an operator has numerous tools for handiimd investigating cells. Cell
culture flasks and the culture medium were desdribe the previous section, the
following contents show the most important inveptand devices. Standards such as
EN 12469, EN 61010, EN 12741 with protocols l{keod Laboratory Practicé GLP) or
Good Clinical Practice (GCP) and many more define requirements for thedus
materials, handling and testing procedures.

1. Sterilization Techniques

Working with cell cultures carries the risk of lgical contamination with e.g. bacteria,
fungi or viruses. This risk can be minimized by wieg protective clothes and
sterilization of the used tools and apparatuses.

Two different terms, namely sterilization and dfsttion, are distinguished:
Disinfection is the reduction of augmentable organisms by #ofaof 10. A more
general meaning is the transformation of livingdead matter into a non-infective state.
Sterilizationis the reduction of augmentable organisms by tofasf 1¢. This definition
includes recognition that sterile goods are notssarily free of augmentable organisms.

Please note, systems used in the microbiologidarétory work cannot be made
100% free of living organisms which is reflected bythth@above named definitions. The
following methods describe the most important tégpies for microbiological laboratory
work.

Autoclave
Microorganisms are sensitive to heat and die duemposure to high temperature.

Autoclave systems consist of a heatable presswamiobr which is filled with the items
to be sterilized.

4 Higher temperaturds a fuzzy terminus within this context since sohyperthermophile organisms have
their optimum proliferation temperature above 100The actual record holder is an arch&&ain 121with a
maximum growth temperature of 121 [Kashefi and Lovley 2003]. In contrast, sevenaiteins of animal cells
already denaturize at temperatures exceeding 40 °C.
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Two methods are available, namely dry and wetlgation. The former heats the goods
to 180°C and remains at that temperature for 45 mindtbs.latter has a water reservoir
in the autoclave volume and the chamber is heatd®1°C. The water evaporates until
a saturated vapor atmosphere is established atssyre of 2000Pa. The sterilization
period is 15 to 30 minutes. The advantage of vapdhat (endo-) spores are easier
affected compared to dry heat. Autoclaving may ppliad to all goods which are not
sensitive to heat.

Ethanol, Isopropanol and other disinfectants

A mixture of 70% ethanol (EtOH) and 3% water is widely used for disinfecting all
kinds of surfaces in a laboratory, also for (latgaved) hands and additional instruments.
During this work, ethanol is used for storage & thvented sensor devices and for the
cleaning of the measurement electronics surfacdberQdisinfectants are hydrogen
peroxide HO, (especially in surgery), ethylene oxideHZO in the field of medical
implants, and a number of special chemical mixtures

lonizing irradiation — UV light, electron beam and y-irradiation

Gamma- and x-ray-irradiation as well as electroanb® are used for final sterilization
after e.g. cell culture plastics (disposables sastmicrotiter plates, pipette tips, culture
flasks) are packaged for delivery. These methodsirenthe sterilization of volumes of
several cubic meters within seconds and avoid tecaination.

Exposure to ultraviolet (UV) light is a commonlyeagsmethod in laboratories as a
final sterilization step after cleaning e.g. lamirflow cabinet. For that purpose the
cabinets have UV lamps installed which are illuntéol for several hours. One
disadvantage of UV is that it cannot be used tdligee the interior of opaque casks and
glass usually absorb at this wavelength.

During this work, UV light is utilized to sterilizthe surfaces of those electronic and
mechanical parts of the designed apparatus whiahedine incubator atmosphere with
the microbiological cell cultures. Noticg; and electron beams cannot be used for this
task sincey-sources are only available in very restricted siafaa select and moreover
the high energetic irradiation causes irreversitdenage in the semiconductors of the
measurement electronics [Derbenwick and Gregorpl97

2. Incubator

Cell cultures require specific conditions for thgrowth. This includes the culture
medium, its pH-value and the temperature. Sevérales for stacking and storing cell
culture flasks are available. Typical incubatorseh&wo doors. The outer one provides
the thermal isolation while the inner glass doasids unnecessary atmospheric exchange
with the laboratory environment during a visualp@stion. An incubator, as depicted in
FIG 2.6, provides the necessary atmospheric condifarthe cell cultures.
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FIG 2.6: Incubator with C® and temperature-controlled atmosphere. The ifiniig and racks are made of
stainless steel. On the bottom a reservoir providater for a humidified atmosphere and an extegzal
container is used as a 8upply.

Mammal cells require a temperature of°87for optimal growth. The temperature is
controlled withinx1K. A CO,-source is needed to stabilize the pH-value ofctlieure
medium by diffusion and a water basin at the bottdrthe incubator volume ensures a
sufficiently high humidity to minimize culture meon evaporation. After opening and
closing the incubator the regeneration of the hityniével to values greater than 99
may take several hours.

3. Laminar Flow Cabinet

A Laminar Flow Cabinet is also known baminar Flowor Flow Box Its name results
from the laminar air flow originating from the aientilation system featured above the
cabinets work surface. The air flow is filtered apdovides protection against
microbiological contamination for probes inside tax. Slits at the front of the working
area are intakes for this stream. Additionally, faim the surrounding environment is
ingested into these slits at the opening to thekplace. This ensures protection for the
operator and likewise for the laboratory environiagainst pathogenous substances.
Modern models have integrated UV-fluorescent tubms disinfecting the surfaces,
commonly left running overnight.

In such workbenches culture media are exchangdidcultures are seeded and all
other work is performed which requires the protatiif samples against microbiological
contamination or which calls for a degree of prttecfor the operator.
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FiG 2.7: Class Il laminar flow cabinet. The slits la¢ tedge of the work bench are intakes for a lanfloar of
filtered air coming from the top inside the box.s@J air from the laboratory environment is ingesfEdis
double flow ensures contamination protection inslte work bench and a protection of the operatar the
laboratory against chemicals and microorganismshvbould otherwise get out of this restricted vatum
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Chapter 3
| MPEDANCE SENSING ON CELLS

The evaluation of adherent cell lines via electricapedance measurement is a young
discipline with respect to measurements on susperailtures [Fricke 1925, Fricke and
Curtis 1934, Wheeler and Goldschmidt 1975]. Suspensultures are often assessed in
an industrial production scale while the estimatafnadherent cells still has a highly
experimental or laboratory character. In both cai#srences in the impedance changes
of cells and cell culture, respectively, and the@unding culture medium are recorded.
The growth of cells, as well as their morphologieablution alters the impedance of the
system.

Monitoring suspension cultures is a rather strafghtvard process. E.g. two or four
rod-shaped electrodes made of noble steel can siéigned in the suspension culture
flask and an optional stirring system avoids tleliscsettle down due to gravity [Wheeler
and Goldschmidt 1975]. Suitable electrodes may lkad@ameter of inm and more and
can be fabricated in workshops. In contrast, adtierells require a proper substrate for
settling down, adherence and growth, mostly as adimensional cell layer. Such a
layer has a thickness of less than @® while the culture medium above may have a
height of several millimeters. An impedance measam utilizing two electrodes
positioned in the culture medium e.g. from the tige will generally not allow the
detection of cells as long as no electrode is @/evith cells. Thus, at least one sensing
electrode needs to be part of the growth areaefc#il layer. Sensor structure suitable
for monitoring adherent cells require fabricatioethods based on thick-film and thin-
film technology as well as photo lithography. Thisapter provides information on the
electrical properties of cells and their surrougdenvironment leading to a suitable
sensing electrode geometry, the sensor’s produptiocess and electrical characteristics.

3.1. Electrical Properties of Cells and Culture Medium

1. Cytosol and Culture Medium

The composition of a culture medium is tailoredrtimic the in-vivo-environment of the
investigated cell type. Supplements are added di#pgron the application, i.e. serum,
antimycotics, antibiotics, glucose, and other cloaisi(see Appendix A).

TaBLE 3.1 shows the concentration of ions which are nyai@sponsible for the
electrical conductivity of the cytosol and the exgllular matrix [Lodish 2008]. The

23
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concentrations in ECM are almost the same as inwtidely used culture medium
DMEM. Data for the limiting conductivity are takdrom [Hamannet al. 2007]. Please
note, the constants are only valid for a singletigre in an aqueous solution but in the
present case several solvated ions and supplemesdsto be taken into accoliht They
reduce the effective conductivity. The data agredl with the published values of
1.8S/m and 1.%/m, respectively [Pethig 1984, Ehedtal. 1997].

TABLE 3.1: lon Concentrations and calculated conductsiti
of the Cytosol and the Extracellular Matrix

lon Cytosol ECM
o Coyt Oyt Cecm O
mSm2/mol mol/m? S/m mol/m?® S/m
Na 5.0 12 0.06 144 0.72
K 7.4 139 1.03 4.5 0.03
ca” 2-6.0 <218 0 2 0.02
CI- 7.6 4 0.03 120 0.91
Approx. conductivity - 1.12 - 1.68

As a side note, the strongly different values oflism and potassium in cytosol
compared to ECM are caused by a mechanism knowa'ds-ATPase. This leads to a
membrane potential which is essential for ion ergeawith the environment. For
instance, cells in the human body have resting menab potentials ranging between
-100 and -50nV.

The cytosol has a number of macromolecules sudflyeegen, enzymes, vesicles,
etc. Those and the organelles influence the coidlyctn the cytosol resulting in an
increased effective resistance. The number ordfipeganelles depends on the cell type,
the state of proliferation, the cells age, etG &1 shows confluent 3T3 fibroblasts and,
in contrast, adipocytes.

Data on the electrical conductivity of cytosol i®op, but due to the high
concentration of ions and macromolecules the ddfusonstant for ions is about 4 times
smaller in the cytosol than in the ECM and thead#hce increases to a factor of about 10
for proteins [Hortoret al. 2008].

Bl Notice the used unit for the conductivity An aqueous solution of a specific ion shows anoat linear
relation of the ion concentratianto the electrical conductivityl in the case o€ < (1...10)mol/l. The valid
range for this approximation depends on the ior.tyfherefore, in electrochemical topics ttwncentration-
independent limiting conductivityl, = a/c = (1S/m) / (Imol/m?) = 1Sn¥/mol is used.



3.1ELECTRICAL PROPERTIES OFCELLS AND CULTURE MEDIUM 25

@ (b)

Fic 3.1: (a) 3T3 fibroblasts. Nuclei and organelles are visilegpecially a big number of mitochondr{a)
Adipose tissue with organelles and nuclei displacethe periphery (see arrows) of the cells bydingle big
fat vacuoles . Source of Fig b: http://www.solunitiedostot/kuvat_histologia/sidekudos/1A_57_1ipg
downloaded in February 2012, cutout reprinted weghmission of Kari Téronnen (Coordinator of theuBwitti-
project).

2. Biomembrane: Lipid double layer

From an electrical point of view the bare outet oe#dmbrane can be modeled as a serial
connection of three capacitors (see B.2). A layer with a thickness of 2 tmB in the
middle with & = 2,1 and two hydrophilic parts with = 78 and a thickness of 1 tangh.
Hence the equivalent capacitors have values oft8490mF/nt for the lipophilic part
and 6 to InF/nt for the hydrophilic parts. The effective valuetbét capacitors lying in
series is within a range of 5.5 to &&/nf [Huang and Levitt 1977]. A range of 5 to
13mF/nf at an overall thickness of 5 to & is also reported [Pething 1984].

I h :
I l B

h phil

FiG 3.2: Lipid-double layer and its capacitive behawplit up into one lipophilic and two hydrophilparts.

Small molecules like water, GOand other gases can directly be exchanged betthieen

cytosol and the extracellular matrix whereas iomd bigger molecules need a transport
mechanism which is realized by protein channelsos€hare embedded in the cell
membrane as depicted ircR2.2.
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The ion-channels bestow the membrane an additiohalic behavior which may be
described by an ohmic resistor lying in parallethte overall membrane capacitance. The
kind and number of channels depends on the cedl-tfhe ohmic resistance for bare cell
membranes is about 3Qm?, and for membranes with protein channels theevednges
from 10% to 10 Qm? [Ehretet al. 1997, Costeet al. 1996].

3.2. Electrode Structures

As mentioned in the introduction, the measuremairiciple relies on an impedance
change due to growth, death or changes in the shfapalls. At least two electrodes are
necessary to perform such a measurement and itiqgerat least one of those electrodes
has to be located in the growth area. The hersiastipated adherent cell lines grow as
single cell layers and the bulk media provide tleeeassary reservoir for nutrients (see
chapter 2.2). Those cells need a plane area foesamh otherwise cell growth is
hindered in most cases. Also, comparability toldistaed methods of cell cultivation and
testing procedures has to be then given. The alagdr with a thickness of a few
micrometers is formed. If cells adhere directlytba electrode(s) monitoring is possible.
Consequently, several electrode structures weredated by different research groups.
An overview of the most important is given togethéth a short discussion.

1. Multiple electrodes

I. Giaver and C.R. Keese formed several small eldetspots as sensitive elements with
one large reference electrode on the opposite Shie.sensor connected the four sensing
electrodes simultaneously.

A

N

Fic 3.3: The electrode system presented in [Giaeverkaese 1984]. The sensor device was fabricated on
petri dish.

However, this array seems to be quite insensitiweabse of the very small effective
sensing area of only 0.06&7, i.e. clearly less than 100 cells for most adheosfl
types.

In contrast, an array of individually addressaldéctode dots arranged in a matrix
can be used. Such an array allows a two-dimensimealsurement and if the electrode
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spots are realized with a narrow pitch, e.g. a ns&shof less than 30m, single cells can
be detected, but such sensor geometry is pragticatit used for impedance
measurements on sensors. A suitably large sens#agraquires a dozen or more of such
spots and the same number of electrical connectishigh is accompanied with
fabrication issues. In practice, arrays of thatdkare used for the detection of nerve
action potentials in brains instead of impedancasuements.

2. Single circular electrodes

Another setup proposed by Keese and Giaever ikioegle sensing electrodes. Small
electrodes are part of the growth area for cellgenbigger electrodes are horizontally
and vertically displaced.
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FIG 3.4: The sensor array invented in [Keese and @=aE294]. The small electrode has a diameter of/280
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This electrode structure is used by the HCIS/stem (Electric Cell Substrate Impedance
Sensing)®. An advantage of this technique is the quite unifdield distribution due to
the dislocated outer ring electrode, but the senaiea is still very small, only 2%0m in
diameter, i.e. 0.081n¥. Assuming a cell diameter of 30 to Bt this method would just
allow the detection of 25 to 70 cells, which isextremely small value. This structure is
suitable for the reaction of a full cell layer tetdrgents but not for the detection of cell
growth and doubling. There, an initial cell numlzérjust 3 to 5 cells would be given
which cannot be guaranteed by the seeding procédueach well.

3. Interdigitated structures

Ehretet al.introduced a sensor design which relies on cokw-interdigitated electrode
structures (IDES). Those electrodes are almost smicnin their shape and active
electrode area. In contrast to the previously desdrmethods, they are located on a
common plane cell growth area and both electrodesised for sensing.

50pm

Fic 3.5: Detail of the sensor geometry introducedshrptet al. 1997]. The active sensor area is Bx&.

Fundamentally, the design is not limited to rectdag shapes [Acea Biosiences 2009,
Arnold 2001]. With respect to the circular shape mbst cell-growth wells proper
modifications of the rectangular IDES constructiaas be applied though the sensor
assembly within the metallization process promabesdesign of rectangular electrode
structures.

A clear advantage of IDES is the quite large sansirea. However, it has to be
mentioned that 5% of the growth substrate is not covered with mekattrodes and thus
is not sensitive, but allows an inspection witherted microscopy if optically transparent
substrate materials are used.

1 Today the ECIS system is produced typplied BioPhysicsTo the author's knowledge this company was
originally founded by Charles R. Keese and Ivare@& in 1991. Website www.http://www.biophysics.com
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3.3. Interdigitated Electrode Structure as Sensor

IDES have two characteristic parameters, the figggrG and the finger-widthW (see
FiGc 3.6), which can be modified to design the sersitagion. In [Ehregt al. 1997] both
dimensions are chosen at 50 pm. With cells growingpst equally on both electrodes it
is reasonable to keep the basic structure of tieSiDhamely the equal sizes of finger-gap
and —width of both electrodes. A more detailed ysialof the sensor is done by filling its
imaginary upper space with an electrolyte and dagrgut calculations.

As a first step, a small DC-voltage is applied, athiloes not force an electrochemical
reaction. A characteristic electric field distrilmunt results and an electric current would
follow this path with respect td = gE , with J being the vector of the electric current
density vectorE being the vector of electric field strength, aodbeing the electric
conductivity. RG 3.6 shows the field distribution f@ = W.

g\\\i’!l

FiG 3.6: Cut-out of the cross-section of an IDES witid distribution at two electrodes (black boxeEhe
solid lines split the electrical flux in steps o¥b The arrows represent the electrical field vectdhe shaded
background shows the electrical potential in step$%. 90% of the electric flux between two adjacent
electrodes (i.e. 5% of the flux of a single electrode) appear atightevhich is approximatelG+W.

This graph is representative for sensor geomewi#ls equal finger-widths and -gaps.
About 90% of the electric flux (or electric current) appeathin a height being equal to
the finger-periodl = G + W lgrejaet al. 2004]. This has some substantial consequences:

* The culture medium height probed by the IDES israximately .

* Residual contamination located on the glass substatween
adjacent electrodes influences the impedance. Theller the
finger-period the stronger the influence.
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With respect to the height of a single adherent, eghich is usually between 5 and
10 um, one would first assume to use a finger-pewihin that range. The whole cell
could be detected and cells located in the finggr-gnay also have a significant
influence. Sensor chips with/e= 10 um finger period were produced but showeahstr
deviations of the measured impedances. Residuaamwomation by photoresists or
metallization artifacts from the sputtering procewsy be the reason for that deviations as
the small finger leads to a stronger influencehef$ubstrate surface.

Sensor configurations with finger widths and gap3um and 80 um, respectively,
were used by other research groups [Cerigtttal. 2007a, Ceriottiet al. 2007b]. The
herein presented IDES has a finger-width and -ghpb@®pum. This is a necessary
compromise with respect to the detection accuramytd the greater structures and the
request for reproducible results. Additionally thether large gaps ease microscopic
inspections.

3.4. Sensor Device Construction

Usually adherent cells grow on the electrodes ardsubstrate, thus both materials need
to be selected carefully. If just one componeniugriced the cell growth the measured
proliferation could not be compared with establisiest methods or experiments could
fail [Appendix A, Penniset al. 2011].

1. Metallization

The metal layer has to fulfill three requirements:
* No toxic effect or inhibition of cell growth (oligtynamic effect).
¢ Compatibility to conventional clean-room techniques
* Provide a high electrical conductivity.

The first two conditions are e.g. fulfiled by golhd platinum, but a suitable high
electrical conductivity can only be found for golide. 4.510°S/m instead of
9.4- 10° S/m for platinum. The thickness of a metal layelirsted to about 156m by
the used Lift-Off-Resist (LOR) process presentethin following paragraphs. Also, too
thick metallization may influence cell growth andgmation [Pennisiet al. 2011, Guan
and Kisaalita 2011]. High conductivity is importasince the contact lines to the sensor
field represent serial ohmic resistance. For ir#amhe connection lines of the sensor
geometry, which will be introduced later, cause@des resistance of about Q7or a Pt-
and 6Q for an Au-metallization. The lower value of thenab part of the sensor
impedance was found to be at least @2t a measurement frequency ofkH¥ as
depicted in sectior3.5 Impedance modeEven if the metal thickness was known and
taken into account for the effective sensor impedathe resistance of a platinum layer
would cause an unnecessary uncertainty.



3.4 SENSORDEVICE CONSTRUCTION 31

The evaluation of production costs for the metatian-process in a clean-room lead to
the investigation of screen-printing-based sensodyction methods. Screen-printing is a
more cost-effective way for the production of stawmes down to 5Qm but it was found
that the resulting surface is quite rough and dugsallow the detection of cell growth.
Hence it was necessary to use conventional cleam-réechniques, i.e. sputtering
[Brischweinet al.2007].

2. Substrate materials

The specification of the metallization consecufjvellows the selection of a proper
substrate material. The materials, like the metilon, must not cause toxic effects
during cell growth and need to be compatible to isenductor-processing steps for
electrode pattern design. Investigated materialsewae Low Temperature Cofiring
Ceramics (LTCC), the polyimidéPILEX® from UBE and various glasses.

Polyimide layers were already previously used dsstsates for electrode arrays for
electroencephalography [Stiegl#z al. 2005]. A single foil of UPILEX is highly flexible
which makes handling difficult. In this contextlaaninate was better for handling, but its
roughness also caused problems with the metadiizatvith LOR-processing and
significantly reduced the transmission properties rhicroscopic investigation.I& 3.7
shows both, a single foil and a laminate.

@) (b)

FiG 3.7: UPILEX samples with Bm test structures for the investigation of the affiedtion properties.
(a) UPILEX foil. (b) UPILEX laminate.

The investigated LTCC material wasHeratape HT700from Heraeusand was fired
before metallization. The processed dies were tkdry(a few 10Qum) and fragile. The
edges did sometimes bend up making the photolittpdgr difficult. Even though it was
possible to process some sensor devices withh Structures but the rough surface did
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not allow a proper cleaning and microscopic inspestare not possible with the rather
opague ceramics.

e =R ok o

@) (b)

FiG 3.8:(a) Fired LTCC tape samples with a size of about 20mB88 each. The bent edges are clearly visible.
(b) 5um test structures for the investigation of theattietion properties.

Glass is the material of choice if compatibility éstablished methods, e.g. fluorescence
microscopy, is to be guaranteed. Otherwise UPILEXUM also be a useful substrate.
The floating glasses decided on for this work w45 and D263T, produced by
Schott AGThe latter type was also used in [Rimeneipal. 2009].

3. IDES production

The sensors were designed with an electrode widB®pm and an electrode-electrode-
gap of 5um. The metallization layers were fabricated using OR (lift-off-resist)-
process shown ini 3.9.

The glass substrates were spin-coated with affifitesistLOR 3Aand a positive-tone
photoresisAZ MiR 701 both purchased froflicroChemicals GmbHThe positive resist
was patterned by photolithography@R.9a) and then developed. During the process the
lift-off-resist was under-etched (Fig 3.9b). Subs=atly, a 1Gm thick Ti adhesion layer
followed by a 15Gim thick Au-layer was deposited by a sputter-pred€sg 3.9c). The
under-etched resist formed a shadow mask for thelndeposition. A lift-off of the
residual resists together with the excessive nied#itbn by an acetone-treatment was
then possible (Fig 3.9d).
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vl

(a) (c)

(b) (d)

D Glass substrate

. Metallization D Positive tone photoresist AZ MIF 701

l l Sputter process . Lift-off resist LOR 3A

FiG 3.9: The processing steps for electrode strucutitzng a LOR process.

This production technique is quite easy and cheappared to processing steps with a
hard-mask. One disadvantage is that the layer bk is limited by the lift-off of the
photo resist. If the metallization is too thickaitbridge may be established between the
metal layer on the substrate and on the resistneaihins (seel& 3.9c). Then a lift-off
would cause parts of the metallization to be ripp#dnd would lead to abnormal edges
at the finger structures. Notably, such edges niay be caused by back-sputtering.
FIG 3.10 shows a scan of the glass-metal steps matieawiAtomic Force Microscope.
The edges caused during the sputter and lift-adt@ss are clearly visible. The bumps on
the metal layer may either be larger metallic @ustformed during sputtering,
underlying impurities or residuals of the photoisesfter the lift-off-process Thus,
cleaning of the IDES is extremely important beffirst use. That procedure is described
within this chapter, in section 3@eaning and preparing a sensor device

The possibility of excessive electric fields caubgdoint effects at those edges was
tested by impedance measurements on Phosphater&lf@aline Solution (PBS) at
several excitation voltages and frequencies. Na@ dmany kind of electrolysis or an
abnormal frequency-dependent behavior was found.
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0.51 um

y: 7.1um

- 0.0 um

X: 7.1um

FiG 3.10: Atomic Force Microscopy of the metal-sultstradge of a LOR process. Glass substrate is AF45
from Schott AG with a Ti-Au-metallization layer @50 to 20hm thickness. The bumps on the raised area are
residual contamination, e.g. of the photo resist.

The produced sensor chip shown irc B.11 carries four individually addressable
elements with a common line in the middle. Eachmelet measures 1:82mnt. The
rather broad metal strips on the top and the bo#erintroduced to facilitate the lift-off
process.

Fic 3.11: Sensor chip with an overall size of 15x18’mmarrying an array of four IDES elements a
1.8x 2mn?. The fingers in each IDES have widths and gapsOpfm. This construction allows the use of a
single IDES element, and two or four elements irajel.

Cells grow on an area of Bm2, i.e. a diameter ofr@m, and allow the incorporation of
four sensor elements on a glass chip. Hence redoydtor fabrication failures like

broken connection lines, contact pads or problentsealift-off-process is provided. The
size of a single IDES element is limited becausarge IDES element would lead to a
very small impedance value. Then the intended Btgoipedance measurement would
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have had to be replaced by a 4-point-measuremetit more complexity of the
impedance measurement system.

4, Device assembly

(b) § (c) & Q.‘."' ‘J\

(d)

FiG 3.12: Sensor device componerfty. PCB with jackets and the sensor element glued, ¢h)iPDMS-tube,
(c) clamp plate(d) assembled device. The dimensions of the bottoe i@ 1%nm x 32 mm. In this picture,
only one of four sensor elements was connectethé@surements.

A printed circuit board (PCB, 16 3.12a) of type FR4 (epoxy resin impregnated
fiberglass) is used as carrier. The sensor is lbrateo the board with the silicone
Polydimethylsiloxane (PDMS) derivativESE399from GE Bayer SiliconesThe PCB
has a window underneath the IDES, thus an invertiedoscope can be used for optical
checks. Jackets for the mechanical and electrmahection to the tags are placed on the
left and the right side of the PCB. The electricahnections to the metal pads of the
IDES are established via thin Ag-coated copperswire

The tube, which forms the well for the uptake ofisse(FG 3.12b) is made of a
PDMS @Sylgard 184 silicone elastomdérom Dow Corning. PDMS is a well known
material for the production of microfluidic chansehnd no negative effects on cell
growth have been published to date [Whitesides R006

The clamp plate (E 3.12c) is screwed on the carrier and fixes the BOtbe on the
sensor. The metallic closed structure is intendecrovide an additional barrier to
bacteria and fungi because tin as well as coppgprsss their proliferation, also known
as the oligodynamic effect. The use of copper-dapslnle steel for the inner linings of
incubators also relies on this effect [Schmitz 2007

5. Electrical connections

The electrical and mechanical connection of thessemlevice with the measurement
system is established by jackets with integratedtami springs. i€ 3.12a shows the

bottom plate of the sensor device carrying thetetad connections. A high degree of
usability is given by the fast reassembly of a eewvice if failures occur. Excessively
strong mechanical cleaning procedures, which magctiethe leads from the pads, or
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rough handling, may cause damages. Solder-tin ¢ab@oused for electric bonding
because of the generation of intermetallic SnAuspbavhich virtually dissolve the gold-
pads. On an industrial scale bonding with alumirarngold-wires is used for connecting
pads in an IC package. With respect to the mechhdimensions of the sensor device,
the requirement for an inherent mechanical stgbilite request of a fast and easy-to-use
replacement method for the connection as well asnded of a special apparatus wire
bonding was out of this work’s scope.

Indium

Indium can be used for a soldering-like electrmatnection of the leads with the pads. It
has a very low melting point of about 18D and does not lead to an intermetallic phase
with the gold-pads. IE 3.12a shows such connections at the Au pads ofséimsor
substrate. The tip of the connecting wire is coatét indium by hand with a solder iron
and is subsequently pressed onto the pad on tks ghap using tweezers. Mechanical
and electrical connection is established via serfacighness and adhesive forces.

The contact has a reasonable electrical condugctivit poor mechanical stability. An
operator needs to have experience with the solglgnioperties of indium which is very
different from tin-solder. For long working periodsthe humid incubator atmosphere it
was found that indium turned into a brittle matemdich could not be removed by
melting with a solder-iron anymore. With respecittowhitish color Indium Hydroxide
In(OH); may have been formed. Indium is not known to bétto organisms.

Silver loaded epoxy adhesive

Silver loaded epoxy adhesittg RS Components Lttas an electrical conductivity better
than Z10°S/m and is useable within a temperature range 6f t&b 150°C. This
connection method became the new standard aftéunntiecause it could be easily
produced without the need of special equipmentxpegence in soldering. Mechanical
resistance and electrical long-term stability oé tmaterial was not affected by the
incubator’s humidity within the incubator.

It is essential that the sensing area must nobhtaminated by the epoxy resin. Even
if the adhesive is completely cured and dried @uhes chemicals seem to be resolved
into culture medium during operation. This was @eb\by a proliferation test on 3T3
fibroblasts which showed that cells died withildirs even though only the culture
medium was in contact with the adhesive.

6. Cleaning and preparing a sensor device for (re-) @s

The fixation of the PDMS tube on the glass chipabglamping plate, i.e. without glued
junctions, allows easy disassembly and also prevaeess to the sensor area. Thus, it is
possible to clean the sensor device and reusepedially the small number of systems
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produced within this work justified at least reusithin a laboratory experiment. The
cleaning procedure consists of the following steps:

(@)

(b)

(©)

(d)

Disassembly of the device as shown i B.12. The top plate may be rinsed and
stored in ethanol (EtOH) before reassembling.

Elimination of macroscopic contamination and sdits a cleaning liquid. A
perforated plate is hinged into a beaker glasstaedensor elements placed on it.
The cleaning liquid is a mixture of water and ceshdish washer tabs. The
ingredients of such tabs, enzymes such as proteasgtases, and basic chemicals,
are perfectly suited for the cleaning of glass amdal from organic contamination.
The setup is placed onto a hot plate and a magstatier provides a turbulent flow.
The PDMS-tubes can also be cleaned with this satubsubsequently rinsed with
water and stored in EtOH afterwards. These cleastag takes are performed as
long as contamination is visible on the surfaces.

The sensor element is rinsed with purified watersmall drop of a dish-liquid is
then directly dropped onto it. Cotton sticks allaiwvemical-mechanical cleaning.
Then the sensor is rinsed in a water-jet to completemove the cleaning-liquid
from the sensor area. This is necessary becaube digh toxicity of the cleaning-
liquid for cells.

Drying with a clean air or nitrogen jet removesidaal water drops and prepares
the sensor for the next use.

Fic 3.13: Dark field microscopy of a single sensotdfibefore (left) and after (right) cleaning. Alncall
contamination is removed. Only a few spots aredeftwo fingers. The horizontal stripes may be ltesf the
mechanical cleaning step and is sometimes fourttie@sensor fields.

The quality of the cleaning procedure may influetioe electrode-electrolyte-interface,
which is reflected by the imaginary part of the senmpedance [Ceriot#t al. 2007a].
This cleaning method ensures at least a five tieuse of one sensor chip. However,
some experiments, e.g. an osteogenic differentiatiay hinder the reuse of sensors due
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to the expressed minerals by the incorporated .célls 3.13 shows a dark field
microscopy of a sensor element before and aftedélseribed cleaning procedure.

The above presented sensor cleaning is neithentiseptic procedure nor a sterilization
technique. Thus, a separate sterilization is requiAfter reassembly the sensor devices
are put onto tags and the tags are placed intowilés of a microtiter plate. The
completed microtiter plate is then placed into a ligNit exposure unit and left there for
about 30 minutes for sterilization.

3.5. Sensor Characterization

1. AC voltage levels

The sensor impedance is measured by applying arvol@ge and recording the
generated current. In many cases this task idléalfby potentiostats which use a driving
AC-voltage but it is also possible to drive currefihe latter was done within the
development of integrated systems in which eleattraurrent sources were employed
[Sacristan-Riquelmet al. 2009, Segura-Quijanet al. 2010, Xuet al. 2009]. The current
approach eases circuitry design, but leads to derable consequences regarding the
handling of electrodes. In particular, the electrosurface area may vary due to
contamination or voids in metallization, thus réisigl in increased sensor impedance. As
a consequence, a pre-set current amplitude leadn tocreased voltage which may be
limited by additional protection circuits. Howeveif, the voltage on the electrode-
electrolyte interface exceeds the electrolyte’sodgmosition voltage, it corrupts the
chemical composition and also the electrode’s nitiedglhese risks are circumvented by
a voltage-based approach where an AC probe volkagggplied and the generated current
recorded.

A literature research shows that the probe signadlé are reported in a very different
manner. The values range from less than 1 ton\3%ms for sensor elements with
electrode-shapes comparable to the here presergethegry. In [Ehregt al. 1997]
measurements were conducted with an impedancezanakporking at 3.5V rms. The
RT-CA-system developed by ACEA Biosiencesand Roche Applied Sciencetakes
measurement at several frequencies with probegedtaip to 21V rms, theCellKey
system developed byMolecular Devicesworks at a voltage of 108V . In
[Huanget al.2003] 18nV rms were used which mainly appeared at the sgredectrode
due to the more than 100 times larger outer rirgctedde of the smallest sensor
electrode. Carteet al. compared measurements on PBS with results achiextd
culture medium. Significant changes only appeaoeddw frequencies belowKHz and
an applied voltage of AV rms [Carteret al. 1992].

"I This information was not available on the compamgbsite but was received by a request at
Molecular Devices.
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The herein designed system uses a maximum AC-coempari 35mV rms according to
[Huanget al.2003, ACEA Biosiences and Roche Applied ScienCGasteret al. 1992].
The symmetric electrode structure leads to an egploltage of less than 18/ rms for
each electrode with respect to the culture medMisual inspection of the cell growth
behavior of 3T3 fibroblasts and viability tests lmmman mesenchymal stem cells did not
show significant difference if a sensor was meabuie. an electrical current was
flowing, or if the sensor was not measured durireggroliferation over several days. The
number of dead cells was belowain both cases (see sectidi® Human Mesenchymal
Stem Cells

2. DC-Behavior

If the sensor electrodes are in contact with actedgte and a DC-voltage is applied
consecutively electrochemical double layers arenéat on the electrodes. Such layers
consist of a (fixed) Helmholtz-double layer and ifude Gouy-Chapman-layer. The
fixed layer has a thickness of several Angstromenshs the dimensions of the diffuse
layer rely on the ion concentration of the elegtimland is thus rather flexible. In the case
of a culture medium or PBS that concentration lgads thickness of less thamth (see
FiG 3.14).

, a ‘ aHZO ,

FiG 3.14: Double layer at a polarized electraglés the diameter of a hydratized ion. A single tayesuch ions
is situated directly on the electrode surfaago the effective thickness of the diffuse Gouy-Chap#zyer
layer. Its thickness depends on the ion conceotratnd temperature.

The effective capacitanc€p, is formed by the series connection of capacitors
representing the fixed and the diffuse layer. Theaaelated valu€y, ' is calculated
using

1 a a/2
=20 , 8 (3.1)
CoL Epif Efixed
The distance/2 =~ 0.2nm characterizes a hydratized ion to the electrode &jth~ 30
and a0 = 1nm is representing the diffuse layer withy; ~ 6. Those values lead to an
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effective electrode-area-related capacitar@g '~ 100mF/nf. A range of 50 to
500mF/mz is reported fo€p_ [Hamannet al. 2007].

The applied DC-voltage virtually appears at thoselde layer. Thus, even small
voltages of a few Millivolts lead to electric fieldstrengths from one to several
hundred MV/m. As a consequence, there is a medsutabneling current. Notice that
the voltage is split into two equal parts for eatdctrode. The effective equivalent circuit
of such a double layer consists of a capaCpy and a charge transfer resisiiying in
parallel. DC-measurements were performed with @&mpgaistat on DMEM at voltages
ranging from 1 to 106V, the tunnel current remained below 13Q A voltage of
500mV leads to a current of nearlyA, i.e. an effective resistané® = 500kQ. The
following measurement results will show that thesse impedance at a frequency of
1kHz and higher is much smaller th& i.e. a DC-offset up to 500 mV does not
influence the impedance measurement with altergainbe voltages.

Long-term measurements on culture medium with aitldoart cells regularly resulted in
sensing electrodes with a matt surface which was the case when the same
measurements were conducted on PBS or similarrelgtets. Hence that matting was
caused by the deposition of components of the utitedium and could be removed by
the cleaning procedure described in section

SensorDevice Construction. The intensity of that surféager was also linked to the
residual DC-component of the probe signal which eas than V. The higher that
DC-component, the faster the matting proceeded. SEmsor impedance or behavior of
the cells was not affected. Nevertheless it is ipsghat the DC-offset itself or the
deposited material on the electrodes influenced kirétics an proliferation in a way
which was not yet discovered. Therefore the offgzs held as low as possible by system
design.

3. Impedance model

The following characterization of the sensor wasedavith a potentiostat. A sensor
device was filled with DMEM and placed in a stetiex in the incubator. Connectors to
the potentiostat were led through the rubber lipthe incubator door. A period oftl
was awaited for the stabilization of the whole egstat a temperature of 3. The
sensor impedance was measured with a 2 minutesanhtat 1, 2, 5, 10, 20, 50, and
100kHz. The probe voltage was B8/ rms. After 250 minutes that voltage was
increased to 7V rms. FG 3.15 shows the impedance spectroscopy.
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FiG 3.15: Impedance spectroscopy on DMEM for 8 hou378C in an incubator. 3®V rms were applied for
250 minutes followed by 7V rms for another 25finutes. The impedance data did not show significan
changes over the full period and both voltage EvEhe frequency-relation fits the data presentefEhretet

al. 1997].

An ideally polarizable electrode would show a capadike characteristics as there
would not be a charge transfer. The equivalenuiirmodel would then be a capacitor
which lies in series to a resistor which represéimsionic conductivity of the electrolyte.
In contrast, the real and imaginary part of the aupfigure can be approximated by
0{Z} ~3.663(f-HzY)***3kQ and{Z} ~ 46.064(f- HZ')*®%®kQ. That behavior cannot
be described by an RC-model with frequency-indepahdparameters but requires
frequency-dependent components. The quite compiestrechemical behavior of an
electrolyte includes a electrical representatiorovkm as the Warburg-impedance
[Warburg 1899, Hamanet al. 2007]

RT [E
Co\/_x/:\/T

with gas constant R, Faraday constant F, systerpdeatureT, reaction valenca and
the concentratiom, of the reduced/oxidized species in the electrolyitd its diffusion
constantsD,, and D, Those diffusion constants may be combined tonglsivalue
D = 10° n?s™. All not-frequency-dependent factors are summaripea single factoKy
for the following discussions.

Equation (3.2) is only valid if the diffusion lay&es infinite thickness which cannot
be expected for the IDES layout. Therefore, a aioa factor needs to be implemented
leading to the following modified equation withbeing the effective diffusion length
[Lasia 1999].

Zy =

]914 Lw rfo- ) (3.2
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Zw,jim :%E@-J)Dan{l\/%j (3.3)

The diffusion-length-dependent factor can only leglected ifl is significantly larger
than O/«)*?, e.g.l = 2um for frequencies abovekHz.

Since the known Randle’s impedance model [Rand&rll%ee K 3.16a, did not
describe the sensor behavior properly, an altemathodel was developed and is
presented in 6 3.16b .

R,
| o | —1
e
Z, Z, C, Z, Z., C,
CD T R1 Rt T CD T CS R1 R‘ CS T

@ (b)
FiG 3.16: (a) Impedance model suggested in [Hanemh 2007]. (b) Modified model.

Here, the Warburg-impedance is based on Redoxioeactof the electrolyte’s
compounds. Those reactions occur directly at théasa in whichR, represents the
resistor for charge transfer. Such reactions doappear in the measured sensor system
but the high electric field strength at the eledé&-@lectrolyte interface may cause a field-
induced dissociatiofi!. This means, a molecule can be split up in twaspém parallel to
that behavior a capacit§¢s represents the idealized polarizable electrodersiuneno
charge exchange occurs. A calculation using thieviihg parameters allows a fitting
with an average error of less thaf63for the measured sensor impedance wherein a
single electrode has an area df® m*.

®l Long-term measurements such as those presenteid Bi15 did not lead to any visible or measureable
changes of the culture media.
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TABLE 3.1I: Impedance Model Fitting Parameters

Electrode area-

Parameter Absolute value related value
CapacityCs 74 nF 82 mFm?
CapacityCp 75 nF 83 mFm?
Charge transfer resistanBe 310 Q 279 pQm?
Warburg-parametef.y 407 kQs'? 0.366 mQs?m?
Diffusion lengthl 4.5 um - -
Medium resistanc®, 47 Q - -

The parameters listed inABLE 3.1l show one possible combination of values. Sarhe
them can be varied in a wide range of more tha¥ 1The impedance at low frequencies
is dominated by the capacitive sensor behavior bigh frequencies could not be
satisfyingly investigated because of the limiteelgfrency-range of potentiostats. Hence
the parameters may not fit for frequencies abovekHz. However, measurements
above 5kHz were not performed.

Similar electrode area-related values could be dofwr the impedance curves
presented in [Ehredt al.1997]. The values allow a backwards-calculation foe
concentration of the reduced/oxidized species. With, D = 10°m?s™ and temperature
of 37°C~= 300K a concentrationcy~ 34umol/l could be found. For comparison,
measurements conducted by Huahgl. delivered a value range of
Kw = (0.42 ... 0.62sY”m?, which leads to a concentratiag~ 25umol/l. There, the
provided data relies on small circular electrodét wiameters of 140 to 9Q0m and a
much larger second electrode [Huaatal. 2004]. The comparably large diffusion length
| shows that the influence of the sensor geometmbeaneglected for the present design.

4, Temperature dependence

The Warburg-impedance is the only component whidtows a (proportional)
dependence on temperature as shown in equatioh (Seertheless, measurements
showed that a higher temperature lowered the impedavhich was true for the real as
well as for the imaginary part. This effect is tethto the viscosity of the culture medium
which reduces the impedance by abo%/K [Hamannet al. 2007].

3.6. Discussion

Point- and circular shaped electrodes are almokt vsable for the investigation of

single cells or a small number of cells, but laggmsing areas are required for the
measurement of a whole cell layer. The developets@ehas a growth area with a
diameter of 8nm compared to a rdm diameter found for the wells of a 96-well
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microtiter plate. 1086 confluence means about 50,000 cells wherein ab800 are
located on the metalized structures of the actigassr area. Depending on the
measurement system, 2 or 4 sensor fields may beected in parallel to enhance the
sensing area. The advantage of a smaller senstagisithat edge-effects due to the tube
walls (temperature or nutrition gradient) do not¢eéo be taken into account.

The highly modular sensor device allows a multipteise with stable electrical
properties. The presented clamping mechanism fer RIDMS tubes circumvents
biocompatibility problems which may arise with adive joints. Moreover, an additional
curing period is avoided. A possible method for #lectrical connection of the glass
chips would be the use of spring contacts. Howetherse would have required a more
complicated setup for the sensor devices. The dwmg to a conductive epoxy adhesive
circumvented the stability problems with indium atid even lead to better performance
characteristics in mechanical and electrical loagrt stability and reliability. In both
cases, indium and adhesive, the connection padbeglass chip need to be free of
contamination. Otherwise indium rejects mechanicaitact while the adhesive shows a
loss of mechanical and electrical stability aftefew hundred hours in the humidified
incubator. The latter is a quite slow process aifficdlt to distinguish from other
influences. The disassembly of a sensor devicevalla close inspection of the active
sensor field after a measurement.

The characterization of the sensor device withucaltmedium DMEM allowed the
introduction of slightly modified version of the Rdle’'s model. The description of the
Warburg impedance fits data from other researcluggcand the values found for the
capacities are within the range of theoretical pmgstions.
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Chapter 4
M EASUREMENT SETUP

Generally, investigations on cell cultures requigeslarge number of samples for
balancing statistical uncertainties. To ease andallpbze experiments, standard
microtiter plates, which have specially formed asvproviding an efficient protection
against contamination from the laboratory environtnare chosen. The dimensions of
the sensor device allow the use of a 6-well mitzotplate as a rack and contamination
protection for the developed measurement systens Mieans that the system can be
implemented with conventional methods and operatirsnot need to change their
procedures.

Cable connections and lead-throughs for the sedesdces are replaced by a wireless
measurement and transmission technique based db fREhnology. A sensor device is
plugged onto a battery-free, wireless device knagtag in the RFID-context. Each well
of the microtiter plate is equipped with such aseerdevice-tag-setup and placed onto a
base station for wireless communication inside reouthator. Cells can then proliferate
inside the sensor device within the humidified, pemature- and Cgcontrolled
atmosphere of the incubator. Meanwhile, the tagctedaics performs impedance
measurements triggered and powered by the baganstat

A variety of wireless sensors for different applicas is already reported. Those may
be an integrated circuit for a certain sensor @nex modulation of the RF-field itself as
the sensed value [Orgg al. 2001, Brandkt al. 2009, Farinhokt al. 2009, Noppeket al.
2010, Opreeet al. 2008, Segura-Quijanet al. 2010]. FG 4.1 shows a scheme of the
invented apparatus.
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Multiwell plate
with tags and
attached sensors

el
|l
al

Wireless transfer
ﬁ of Energy, Data,

and Commands

1]
0|
| L

1]

¢ (0
)

0|

Base station

FIG 4.1: Base station schematic. A microtiter platthwsiensor-equipped tags is placed onto a baserstéthas
an array of corresponding coils for a magneticedlypled data- and energy-transfer to the tags.

A four-wire-flatband cable is led through the rubbps of the incubator door for power
supply and communication of the base station witbraputer. A hardware-addressing of
the station allows the use of more than one by ectimg that cable through. Outside the
incubator only a small box for the power supplydguired and a low-end-computer to
control the system. The base station has to fuddilteral requirements, i.e. power supply
of the tags via an RF-field, communication with ttags via this RF-link, buffering
measurement data, and communication with the cagnput

4.1. RF Interface

A battery-free tag, also known as passive tagoisgoed by the energy of the RF-field
emitted by the base station. In the present casastlthe alternating magnetic field of a
spiral coil. Weakly coupled magnetic systems tateaatage of resonant adjusted LC-
circuits with the basic formula ¢2f)>L C = 1. The inductanck is realized by a spiral
coil which is limited by size of the tag to valugfsless than #iH. The capacitZ will be

held greater than 1@ to limit influences of parasitic capacities. Guercially
available RFID technique with a frequen&y= 13.56MHz was found to provide a
suitable basis for the wireless interface. Alse, tlecessary ICs and transceiver systems
are available [Finkenzeller 2010].

1. Theory on magnetic coupling

The magnetic coupling of the base station to tlys ia established via spiral coils on
both sides. With respect to future miniaturizatminthe system and because of space
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restrictions the tag coil has an outer diametelrsohm could be used in 24-well-systems.
The base station coils have outer diameters ahrh8 This bigger diameter provides
robustness of the RF-link against lateral positigninismatches. Even without the option
for miniaturization the small coil diameters avoatdy currents in the metallic
environment of an incubator. Also, parasitic volisagt the circuitry of the base station
are avoided. The PCB carrying that circuitry isigied about 26im below the coil array
(see also Appendix B).

The inductances and ohmic resistances lare 450nH, R, = 500mQ for a base
station coil and_, = 370nH, R, = 800mQ for a tag coil. The vertical distaneds about
3.5 to 4mm. An approximation of the magnetic coupling fadtan the case of coaxially
oriented coils is

32
k = [ﬂ] (4.1)

z22+r,?

where r; and r, are the coil radii andr, is the larger one of those radii
[Finkenzeller 2010]. The previously given geometdiecnensions result in a coupling
factor ofk = 60%. This formula is a guideline as it does not ipooate the spiral shape
of the coils and lateral positioning mismatches.

R,
= C, [] RL
L,
—
RF-generator with Antenna with
receiver section impedance matching
<«4—— Base staton ——>» <4—— Tag —>»

FIG 4.2: Fundamental tag schematic and coupling tepthmary coil of a base station by a coupling fadto
The tag is formed by a cdib with its resistanc&;, capacitotC, and a load resist@® . The primary coiL,; has
a resistanc®,;. The tag impedancerZan be transformed to an impedaggelying in series td;. The load
resistance can be setRp= 8kQ with respect to the realized tags. An RF-generfatosuch an application has
an output impedance of 8Dand is designed for a SDantenna.
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In practicek is within a range 55 to 8. Therefore, the RF-link needs a robust design
which takes that variation into account. In a fapproximation, a tag can be represented
by a LC-oscillator with a load resistanRgas shown in i€ 4.2.

The tag, i.e. the secondary side, with its impedanc
Zr = [Ry + jarl, + R (1 + japl) "] can be transformed to the primary side and hahae
an impedance lying in series kq. This impedance is known as thieansformed Tag
Impedance&Z;' and is calculated according to formula (4.2).

, k2awy?L,L
ZT = - 0 1 2. 1 (42)
Ry +jal, + R |:(1*'JC*’R|_(:2)
The overall antenna impedangg, is
Zpy =Ry +japly +Zy' (4.3)

RF-generators are mostly designed to deal withfiaeteve ohmic antenna impedance of
Z,=50Q. A properly defined capacitor network formed Gy and C,, allows such an
impedance matching if the real part of the antampedance is equal to or less than

o/l
o Wl

(4.4a,b)
1 _
Ci = ;[D{ZAnt }-0{zam}z owoclp] '
o

The antenna impedance is not constant due to previoushtioned changes of the
coupling factork. However, the capacities can be adjusted for a nomioapling
situation as the RF-generator provides enough poweneesethe case of mismatches. It
should be mentioned that in some cases conductor lodps tdg circuitry influence the
Transformed Impedance. Hence calculationfgrandC,s can only be used as guidance
values which ar€,s= 144pF andC,,= 776pF in the present arrangement.

2. Data communication

Data and command transmission is only directed from tdzase station. This master-
slave-principle simplifies the communication protocol and adigd implementation of
detection circuitry and program code at the tag side. Thencmneation is established
via load modulation. A modulation resistor is connected in parall¢he tag loadR,.
This leads to a modulation d@f' which in turn modulates the volta§&, at the antenna
(see also & 4.2). Some RFID-systems use Amplitude Shift Keying (ASKhw sub-
carrier-frequencyfy/2° = 212kHz. In the present case the tag works with its own
microcontroller clock with an instruction cycle of 500 ns. Babcarrier frequency is set
to f,c= 250kHz, i.e. the modulation resistor is continuously connedtedugh and
disconnected.
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The channel encoding is a bitwise encodingliK01Y01Z0..) where X to Z represent
bits of the datagram. HIGH (logic 1) is transmitt@dh a frequency. for a period of
68us while the modulation is turned off for a LOWdio 0) for the same period. The
receiver section of the base station utilizes arelpe detector, which is an incoherent
transformation of the signal to the base band. fitveise encoding of the data including
sufficient timing tolerances circumvents problemsiedto microcontroller clock
mismatches as those clock generators do not ustzouecillators but integrated RC-
circuits with a timing accuracy of abou2%. FG 4.3 shows an example for the
transmission of a HIGH bit.

V.o [:U.]
o

0 25 50 75 100 125 150 175  t[ps]

FIG 4.3: The load modulation causes a modulation efrttagnetic field which can be made visible by the
voltage Vinag induced into a wire loop. The tag loadRs= 8 kQ with a modulation resistdRn.s= 3.3 K2 in
parallel which is turned on and off with the subiarfrequencyfs;= 250 kHz. This modulation lasting for
68 us represents a logic High.

A 24bit-datagram is implemented for an efficient da@nsmission from tag to base
station. It contains 4 bit control information, i data and a 4 bit Cycling Redundancy
(CRC) checksum. The latter is built up using thenegator polynomial CRC-4
recommended by the International Telecommunicatibrion (ITU) (*+x+1), the
binary representation is 10011. Even though thés4dhecksum can only validate a
15 bit data it was found to be a sufficient meckanfor erroneous detections within the
base station’'s RF-receiver section [ITU-T 1998].eTéffective transmission rate of
(16+4) bits of data and commands is 20/88B)bits/pus = 4084bits/s.

In the present case theC,-oscillator is not tuned for resonance. Hence autaiibn
of the tag load does only lead to a significantngfeaof the antenna impedari€g, if the
modulation resistor is significantly smaller thde tusual load. In the present system this
resistor iRy,0q = 3.3kQ.

3. Low-noise Tag power supply

The power consumption of a conventional RFID-tagnishe sub-Milliwatt-regime. In
opposite, the impedance measurement technique regliire a low-noise stabilized
power supply of several Milliwatts for a periodaifout 100ms. As a consequence of the
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system design the RF-field of the base station tpates the tag’s PCB carrying
electronic components for the impedance measurem&he PCB layout causes several
inevitable conductor loops which promote inducedapitic voltages. Moreover, the
activation of some induction paths depends on tlesemce of parasitic diodes inside
integrated circuits. During the design phase of thgs mistuning of the tag’s
microcontroller oscillator was found which causadures in the timing of measurements
if the RF field was present. In several cases thelevtag omitted operation.

The use of battery-buffered tags is hindered becausufficient supply voltage level
can only be achieved by space-consuming stackésl Eelrthermore, toxic components
may influence the measurement and the highly hunddbator environment promotes
self-discharge and regular maintenance would beired for replacing empty cells.

A sophisticated energy harvesting mechanism wasldp&d which allows the use of
passive tags without the problems that arise byative RF field. While the field is
active, the measurement circuitry is turned offistlallowing a fast and efficient energy
transfer. Afterwards, when the tag sends a speoifiomand to the base station, the RF-
field is blanked and the tag measurement circugractivated. The measurement can
then be performed without any influence of the ididf HG 4.4 shows the schematic of
this patented principle [Austrian Research Cen@&nsbH 2009]. The LC-oscillator is
followed by a bridge-rectifier. The switched resisRoq is used for communication via
load modulation and controlled via the microconéol Diode D; decouples that load
modulator from the buffer capacit@,. The intermediate voltage circuit is followed by a
fixed voltage regulator setting the supply voltag¥®pp =3.3V.

V_CB V_ DD » Sensory
input
D, Spr
—
R
g - =cC
%Sm
Microcontroller,
LC-oscillator Load modulator, disengageable
and rectifier intermediate circuitry measurement system

FIG 4.4: General tag schematic for the invented baftee low noise power supplfn.s andRyeq are used for
load modulationD; decouples the buffer capacitos from that circuitry. A certain measurement syst&m be
disengaged vi&, to optimize power consumption. Both switches amtiolled by the microcontroller.

Vpp is the power supply for both the tag-microconteol(uC) and the measurement
circuitry. The measurement system can be disengagesi,,, which minimizes power
needs as previously described. This leads to amized final voltage orC,. The
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impedance matching network of the base station Aggendix B) is fine-tuned for this
charging sequence. Id-4.5 illustrates the charging-discharging sequenbgs the
capacitor voltag&/c, and the antenna signdl,,. The latter does also show the influences
caused by the load modulation which includes thraroand for blanking the RF-field.

* ffer voltage V,, W

20 7T tenna voltage V.,

Vinis Voo [V]

1 1 1 .
T T T T L

-10 . J }
0 0.2 04 06 08 1.0 1.2 14 16  t[s]

FiG 4.5: Buffer capacitor and antenna voltage durimgeasurement sequence. A load ai&8is applied for a
period of 100ns. The buffer is realized with a 106 tantalum capacitor.

When the RF-field is switched on a few millisecopdss until the supply voltage level is
high enough to power the tag-uC. After its starting measurement circuitry is
disengaged. The buffer capacitor is charged anthtbemediate voltage rises to ¥5or
higher). After the specified charging time of 386, the tag-uC sends a command to the
base station to switch off the RF carrier for ) as presented in the graph. During this
time span the buffer capacitor sustains the poviigihe whole circuitry, thus its voltage
decreases. The period is long enough to conducteasummement without disturbing
effects of the RF-field. Subsequently, the measergmnircuitry is blanked, the RF-field
reactivated and the buffer capacitor is rechargedhis stage commands and data can be
sent again. A new measurement cycle can also hiatégd. This technique allows a
decoupling of the tag components and thus an indkpd design of the measurement
electronics. Whenever the buffer capacitor is cbdrthe receiver section of the base
station is set inactive for the first 26(&. This avoids a misinterpreting of switching
actions as load modulation.

4. An efficient power transfer

The tag microcontroller works with its full clockefjuency which causes a permanent
current consumption of at least 908 at 3.3V. Conventional voltage regulators were not
always able to deal with the ripple voltages induby the RF-field. Hence the fixed

voltage regulator was built up utilizing a micropemshunt as voltage reference and a
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bipolar transistor as emitter follow&. This 4.1V-shunt was connected tdq, via a
10kQ-resistor leading to a cross-current lgf= (Vep - 4.1V)/10kQ, that is 1.2nA at
Vcp = 16V. The overall power consumption was about (@62 + 0.9MW = 34mW. The
power loss at the bridge rectifier increased tladtier to 40nW including reserve.

The RF-generator has an output power of 200 tonA0at a 5@-antenna. Thus,
about 20% of this power need to be transferred to the Tag. following calculations are
based on the simplified schematic ircB.2. A transfer efficiencyy, is introduced and
defines the fraction of the generator output poling transmitted to the tag. A second
value, the tag’s efficiency,, describes the fraction of this power which isikade at the
load resistoR, .

__ 0z}
R P2 ) @9
= [t RR(RU2+ 0?2 (4.6)

FIG 4.6 shows the efficiencies including the overéficeency 77,5 = 17, 17> as a function of
the tag capacitZ,.
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FiG 4.6: Simulation of the efficiencies as a functiohthe tag capacityC, for the nominal coupling factor

k=60 %. The dashed range around 350 to 450 pkedtei a real parfl{Z.} >50Q, i.e. the antenna
impedance cannot be matched properly.

Higher values ofC, increase the oscillating current. Hence the irgirgppower loss at
the tag coil resistanck, decreases efficiency,. The peak aty, is given at resonance
when the real part of the Transformed Impedafi¢egeaches its maximum. RFID-tags

®I' A micropower shunt is an almost ideal Zener-dicetized as an Integrated Circuit. In the presesedhis
is a LM4040BIM7-4.1 withvz = 4.1 V.
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are usually adjusted for resonance, li£,? = 1. Due to the high coupling of €0 this
real part reaches several 3%, That simulation does not incorporate parasitapk
the highest power transfer was found for Capa€itor 300pF.

The impedance matching for an effective antennadapce of 5 was done for the
nominal coil distancez=4mm. A simulation incorporating th&c,-dependent load-
behavior of the tag led to a power transmissioshasvn in FG 4.7. The RF-generator is
simulated with a sinusoidal voltage source of 3/58ns and a 5@ output impedance
for a nominal output power of 250W.

Buffer voltage V.,
25 Load power P,

Proas [MW], Ve, [V]
N
(e]

40 45 50 55 60 65 70 75 80 k[%]
6,5 57 5,1 4,5 4,0 3.4 2,8 2,2 1,4  z[mm]

FiG 4.7: Simulation of the load behavior and buffettage depending on the coupling. The RF-generator i
assumed to provide as sinusoidal signal of 8.5&s with a generator-resistance of ®dying in series.
Impedance matching values &g = 153pF andCy, = 548pF. The second line of values at the x-axis is the
vertical distance corresponding t& 12 V mark the minimum voltage for proper tag fimality for a 100ns

RF blank period.

The minimum input voltage for the voltage regulaier5.5V and the measurement
sequence may take up tor®8. With respect to lateral mismatching and thesipagy of
shortcuts in the DUT without causing malfunctiorc@rent consumption of 8 mA is
assumed. Then a buffer capacitor of iBOneeds to be charged to a voltage of at least
(5.5V + 8mA-80ms/100uF)= 12V.

Even though the simulation data presented it47 shows a suitable high buffer
voltage and a sufficient power transmission it deesincorporate parasitic effects. A tag
has several inevitable loops by its PCB and cirdegign. Those can become active if the
RF-field of the base station induces sufficienthhigoltages making substrate and
suppressor diodes of integrated circuits conductvepractical consequence of such
loops was found during the development of the fiam version as follows: The
measurement circuitry has several Operational Afrepdi (OA) and the microcontroller.

9 |n several RFID-applications the coupling is seralhan 186. Then, RFID-antennas are fine-tuned without
a tag presence. In the present case the real pattl we0{Z;(k=0,1)} = 20Q.
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Those require blocking capacitors at their voltageply to suppress noise in order to
achieve a suitable measurement signal quality. Thecking capacitors were
continuously integrated and the whole tag testetherbase station. At a certain voltage
level V¢, of the buffer capacitor the antenna voltagg, showed overlaid oscillations.
Those were within the frequency range of the loastufation frequency, hence data
communication was corrupted. However, the signadliu within the tag circuitry
required the set capacitor values. That maloparascfixed by a modification of the
standby-configuration of the measurement circuitsrg) buffer capacitor charging. The
effect of such a modification is illustrated bycH.8. Initially, the measurement circuit
power supply is left floating as shown imGH.4. A final buffer voltage of about A6
would be achieved that way. The measurement cipmiter supply is then connected
through to ground after 108s. Hence several loops within the measurementiitirc
become active which in turn alters the antenna dapee. At 15@ns those loops are
disconnected by opening several analog switcheth@fmeasurement circuitry. The
antenna impedance again changes and a final ludfaige of about 19 is reached.

Ve, [V]

0 ' . . . ' £

0 100 200 300 400 500 t[ms]

FIG 4.8: Charging behavior of the buffer capacifigr The discontinuous voltage evolution is due totehing
actions within the measurement circuitry.

The rectifying effect of substrate diodes can bentb by measuring capacitor values
when the RF-field is turned off. Especially RC-netlts which are connected to the
inputs of OAs show voltages of about 780 even though the power supply is
shortened.

An advanced tag version circumvented such probleyng manual routing of the
wires on the PCB almost eliminating conductive kdBuffer voltages of 18 and more
were measured which were independent on analoglsest states. Residual voltages on
RC-networks could still be found but no more ostitins which caused malfunction.

4.2. Measurement Electronics

Commercially available integrated impedance measent circuits are AD5933 and
AD5934 impedance converters froAnalog Devices Their high power consumption
hinders the use for a battery-free low-noise imm@atation. Hence a discrete
measurement technique needed to be designed. Whiinwork, two measurement
techniques were developed. The second one, as@nvement of the first one, is more
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power-efficient and flexible and both techniqueséhthe almost same signal processing.
Only the final data acquisition differs by a peakeattion and a sampling-method,
respectively. The earlier technique is briefly dissed at the end of this section while the
latest design is described in detailz B.9 shows the tag block schematic with the signal
paths.

N———
SN

FIG 4.9: Schematic of the measurement system implezdentthe tag (dashed box). The Device Under Test
(DUT) can either be a reference element or a sesalected by the microcontroller. The RF-interfacel
energy buffer system was previously described.

The microcontroller PIC16F688 fromlicrochip Inc. is the core of the measurement
system. The PIC-family is frequently used for wésd and measurement applications
[Beachet al. 2005, Martinez-Caltalat al. 2009].

The pC generates a pulse pattern conditioned bgitral generator. The output is
fed into a device-under-test (DUT), for instancesemsor or a reference system. In
addition to that a selectable reference element wasrporated, which allowed
compensation of electronic drifts and componenrgrtmices. The DUT current is then
transformed into a proportional voltage. A sampbddhelement buffers the output
voltage for analog-to-digital conversion (ADC). Tkenverted data are stored in the
microcontroller registers and are transmitted ®rémader by load modulation only when
all samples were taken and the derived analogateteerted to digital values. The reader
is connected to a data acquisition system, in ageca computer for further processing.
FIG 4.10 shows the schematic of the invented circuifityis chain can be split up into
three parts. First, the probe signal generatioogrsg, the current-to-voltage-conversion
with variable amplification and, third, the sampleld-element.
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FiG 4.10: Schematic of the measurement circuitry ctimgj of the (a) signal generator(b) reference
element/sensor selector and current-to-voltage entery andc) sample-hold-element. The microcontroller and
ADC are not shown.

1. Signal generator

The signal generator provides four frequencies ,0fl®, 20.8, and 50 kHz at probe
voltage levels smaller than 35 mV rms. Actual mdthéor sinusoidal signal generation
within the targeted frequency range often rely aeda digital synthesis ICs, but the

required clock rates, power, and space constrigtitmnot allow their implementation in

this system. The herein invented signal generatiethod builds on pre-calculated bit
patterns as a hard-coded part of the microcontrpliegram code that is continuously fed
into a low-pass filter. This pattern does alreakigve a well-adapted frequency spectrum
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with higher harmonics being formed at amplitudel®wel0dBc. This particular pattern
is fed into filter stage #1 which further supprestigese respective harmonics and also
adjusts the fundamental wave’'s peak voltage. Thel/5and 1kHz signals can be
generated with a total harmonic distortion of I#ssn 0.3%. Details on the bit pattern
generation can be found in appendix C.2.

FIG 4.11 shows the FFT-analyzed probe voltage for kkHiBsignal. The noise shows
1/f-behavior until 2&kHz. The background-noise at higher frequenciegiven by the
16bit-resolution of the FFT-analyzer, i.e.-R@(2°) = 96dB.
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FIG 4.11: FFT-analysis of the probe signal in commariwith the simulated, filtered Fourier-coefficisraf the
bit pattern. The FFT was obtained with a rectangwiadow function of the analyz&85670A FFT Dynamic
Signal Analyzerfrom Agilent Technologies Differences at the 8 and %' harmonics may be due to
nonlinearities of the OAs.

Yet due to the limited instruction cycle periodtb& microcontroller, higher frequencies
cannot be provided in this way. To overcome thistition the filtering of a rectangular
signal by a second, carefully designed low-passrfiitage #2 is employed. A'®rder
filter with a cutoff-frequency being clearly smalléhan the fundamental wave’s
frequencyfy attenuates an” harmonic by a factor approximately proportionahtoThe
rectangular input signal’s Fourier-coefficiemt effectively enhances the attenuation to
n*. The total harmonic distortion of a square walterféd in this way is about 1.3%. This
procedure is used for the 20.8 kHz- and 50 kHzaigbwitchS, is incorporated to select
the designated filter stage and to feed the voltageuffer OA,. The working point for
the second filter is selected via lPwhich connects an additional capacitor through to
ground for 20.8 kHz, or leaves it floating for S8

2. I/V-converter and reference element

The low-pass filteiG; = (1 + juTs)™* formed byRs; andC; is integrated to eliminate the
DC-component ok(t) which results in a probe sign¥londjw) = X(jw) - [1 — Gs(jw)].
Switch S; is incorporated to either select the referencethersensor element, but also
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disconnects the sensor from the probe signal dwringyitry start-up. Thus, transient
voltages are avoided, which may otherwise affeetdbnsor surface. The measurement
range can be adapted by switgh and capacitoC, suppresses spurious peak voltages
and oscillations at the outpyit).

3. Sample-Hold and AD-conversion

Commercially available sample-hold IC’'s are almosty designed for high sampling
rates, such as several thousand to million samméessecond. In particular, their high
speed is accompanied by a current consumption wérae mA and supply voltages
clearly above 3.%. Due to these boundary conditions a discrete $aimpld circuitry
was designed for an adequate sampling speed and gower consumption.
Fundamentally, it is built up by the analog swit8hand the sampling capacit@s.
Depending on the leakage current of the analogtitps the sampling capacitor may
need to be large, which in consequence causesidicagt current load when measuring
with high frequencies. This problem is circumvenitgtthe operation amplifie®Ag with

a low bias current, which actually allows the ué@ @mall capacity. Resist®; is used
as a shortcut-protection (tri-state and analog tirgiithe microcontroller) and together
with Cg, it forms a low-pass filter against noise fromagtfields.

4, Calculation of the Sensor impedance

The I/V-converter is an inverting voltage amplifidor x(t). Hence taking into
consideration the gain-bandwidth (GBW), the gaili vdry by the selected measurement
range and the sensor/reference impedance. In #eemr case the rather small probe
signal amplitude of less than At/ is amplified up toVpp/2 = 1650mV (a factor<41l),
and for a phase shift of less than 1° a GBW grahgen 41.5&Hz/tan(1°) = 11MHz is
required. Notably, most available OAs of conveniepeed have too high current
consumptions, or the offset voltage as well as bimeents lead to a significant DC-offset
within the probe signal. The selected OA AD8606 Aamuch lower GBW product of
9MHz and its bias currents and offset voltage ensuresffective offset below V.
Given the known circuit and device parameters dalnee possible to cancel phase shifts,
which cannot be neglected at high signal frequeneie well as amplitude attenuation. In
the frequency domain the outpt(iow) = F{y(t)},

Y (jw) - G3-Zy (2w + Zour )™
X (j a)) Goa "+ Zpur (Zfb +Zpyr )71

(4.7)

for a DUT impedance, representing the sensor impeld,.,s or reference impedance
Zs, respectivelyZy, is the effective feedback impedance formed=pylying in parallel
to Rs when switchS; is closed) andC,; Gga = [Vintoa (1+ jflfgo9 — 1] is the transfer
function of the OA. After a measurement sequene,acquired sampling values were
transmitted to and processed in a proper compuimgronment. There, they were
subjected to discrete Fourier transformation (DFOF)Y,e(jow) and Ysend{jw). The upper
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equation is formed for both impedance measurenmamdsratio calculated according to
formula (4.8).

G, - _ Lwens L1 + L
Ysens(j C()) — Zsens + Z fbsens Deoa Zref + Zfb,ref
(- w) -1 7 Z (4.8)
ref J =+ sens G3 _ fb, ref
Goa Zsens + Z fbsens Zref + Zfb,ref

Z sens @Nd Zy, 1, respectively, represents the impedadgefor sensor and reference
measurement, which may be different due to an aperiosed switcts;. This equation
allows an explicit formula foEZs,sand, thus, the compensation of bandwidth-limitaio
of OAs. Also, different measurement ranges arertaki® account.

5. Microcontroller Firmware concepts

A well-defined system start-up state needs to Isiren. Therefore, the circuitry has to

be fully initialized in a short time slot just beéoeach measurement cycle, thereby
avoiding parasitic conductive loops. The latter im@vitable in the PCB layout, induce

unwanted voltages and may additionally charge thel@yed capacitors. During start-up

the algorithm utilizes the direct control of theope signal generation by the

microcontroller.

Circuit Initialization

When initially powering the OAs, the voltage of eaftor C; at the non-inverting input
of OA; is Ve3 = 0. This demanded an accurate method for a DEgrebe voltage. The
production-related tolerances & and C; do not allow using time-related charging
sequences. Moreover, it was found that conductopdocaused by the PCB-layout in
combination with protection diodes on the Integia@rcuits’ inputs act as a charging
system, while the RF-field is active. Thus, théiaivoltage of the capacitor can go up to
700mV making it impossible to achieve a defined chaggstate forC; without any
feedback.

Hence a separate algorithm was implemented thetttiraddressed the measurement
system for feedback control. Fast alternating aistion eithedO4, or 105, led to almost
ripple-freeVpp/2-outputs fox(t). With x(t) = Vpp/2 and

Y(jw) =V03(j w)_ [Vcs(jw)_ X (J"")]Dzzébf (4.9)
for w= 0 the outpuy(t) is belowVpp/2 while V3 was smaller thaiWpp/2. This system
characteristic allows the following algorithm fdrargingCs in a controlled manner.

(a) SetS to reference impedance

(b) SetZy =Ry ||C, (highest impedance, minimize initial current thgbh,()
(c) SetS to filter stage #2 (higher dynamic behavior)

(d) SetlO,,t0 Vpp for 500us (initial boost)
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(e) SetZg to smallest value (for a minimized ripple on theputy)

(H Rectangular output oi©,, with maximum possible frequency for 1086.

() Do AD-conversion (100 us).

(h) If y(t) is bigger than \(pp/2 —13mV) finish algorithm (13nV is the ADC
resolution in an easier to handle and adequbterBode).

(i) SetlO,,to Vpp for 50us, then go to step (f).

During this procesd0,, is continuously fed with a 200Hz rectangular signal to allow
fast switching to the sensor after the initialinatisequence if filter stage #1 is needed
afterwards for a subsequent probe signal genetration

This sequence initially charges for 508 and the following short charging steps
allow a gradual (steps of about B¥) convergence toVcs=Vpp/2. Switching to
min(Zg,) in step (e) minimizes the ripple gft) caused by the residual ac-components of
X(t). AG 4.12 shows a representative example.
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Probe signal x
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FIG 4.12: Voltagex andVcs at C; during ramp-up withVcs shifted by 1 V for a better illustration. The reis
within the first 170Qs is due to the active RF-field of the readerudtig influences due to the load-
modulation-based communication. The dip at 2080s due to the changed feedback-impedance abstép

initialization.

Noise onx(t) and Vc4(t) is likely due to the RF-field of the base statidine blanking
command sent by the tag ends at 1j25Qvisible by the modulations on the noisexpf
and the base station takes another &5 turn the RF-generator off. MoreoVég; and
alsox(t) do not start at ¥ but show offsets of a few 100V as explained earlier in this
section.

This algorithm additionally allows the implementatiof health state self monitoring.
If the AD-conversion shows a too high value y@) after the boost sequence (step c), or
if too much iterations of steps (f) to (i) occudedronic defects are easily being
recognized.
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Sensor probe signal

After the setup-boost sequence, the program switcte the actually selected
measurement frequency. Meanwhile the outiid4, and IO,, consecutively alternate
outputs with about 206Hz to remain on an averaygp/2-level.

The setup-boost s&t; to about Ypp/2)*° ™. Whenx(t) delivers the probe signal, it
operated for a period of aboutris before the switcls, connectsx(t) with the sensor.
With T3 = 1.2ms the residual DC-component decays to a valueess than 1fV.
Within that millisecond and afterTs it becomes indistinguishable from bias-current- or
offset-voltage-related effectsid=4.13 shows the probe voltaifgone ON the sensor when
it is connected through to the sensor.
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FiG 4.13: Probe signal at the sensor if it is selefdedneasurement. The noise within the first 80ds due to
the RF-field inducing parasitic voltages to thelygdips. Timestamp 0O is about timestampmis3n RG 4.12.

Taking samples

Sampling starts about B@s after the probe signal is applied to the sensarder to
await a steady-state situation. The sampling psodes five samples is depicted in
FiG 4.14 including a close-up view for thdY2sample. When switcls, is opened,
conversion is triggered only after a settling tiok 100us is reached. The overall
sampling and conversion time takes about |BOO0After the conversion process, the
microcontroller shifts the digital data to a resstvplace in the General Purpose
Registers, and set a data pointer to a new freze @a that register for the following data.
All those steps, i.e. sampling, converting, andadstifting, are interlocked with the
generation of the probe signal. For a better \ligjtthe period between adjacent samples
is stretched to Bis, the smallest period being either twice the aigreriodicity, or
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depending on the implemented signal generationrprogode and the availability dfo
Operationcommands within the bit pattern generafigh
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FIG 4.14: ADC input signad(t). Five samples taken in a series for a signauieegy of %Hz. The inset shows
a close up of the"2sample with a time-resolution of 508/div.

Automatic measurement range selection

The used capacitive sensors are prone to varyithpiedance by a factor of 10 within the
realized different measurement frequencies. Thue, feedback-impedance of the
current-to-voltage-converter has to be adapte8;lig provide an appropriate data range.
During adaption phase, a first low sensitivity meament is performed. Then the
highest and lowest sampled values are accountedhéyfirmware to gain highest
sensitivity. Next, the sensitivity range is changedordingly.S, may be closed, and the
measurement repeated. This pre-analysis also atlesvsletection of sensor defects and
short cuts.

System accuracy

A test on a lumped RC-circuit witR = 100Q andC = 168nF lying in series showed that
the absolute value of that impedance could be medswith an accuracy better thafol
and the phase error was less than 1° for all foobe signal frequencies. A variation of
the nominal values ofyq.= 90Hz and also ofT;=1.2ms of +10% did not show
significant changes in the computed results. Thusan be stated that the compensation
mechanism is robust enough to deal with typicalicketolerances. ABLE 4.1 shows the
results of a DFT transformation of the reference sensor sampling. That is followed by
the calculation of the sensor impedance split tato parts. FirstOA, is handled as an
ideal OA, i.e.Gy{ja) - . In a second approach, the cutoff-frequency aedgtin are

" The previously shown bit patterns for the prolgmal generation have unchanged states marked wiith |,
whereas exactly those actions can be executed.
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taken into account. The compensation calculatioa iecessary step to avoid a loss on
accuracy, particularly with regard to the phaskigl frequencies.

TABLE 4.1: Calculated results for a test impedance @Q00168nF)

5kHz 10kHz 20.83kHz 50kHz
[Yeedj )| [a-u.] 819 723 656 806
arg{Yef(j &} [deg] 324 447 115.7 90.8
[Ysendj W) [a.u.] 851 1175 1339 1739
arg{Ysend] &} [deg] 94.3 87.2 137.2 93.6
Set-values of the measured impedance
[Zsendj | [Q] 214.2 137.7 109.9 101.8
arg{Zsendj &} [deg] -62.2 -43.5 -24.5 -10.7
Results without compensation calculati@{j &) — )
[Zsendj | [Q] 213.2 135.0 106.5 100.4
arg{Zsendj W} [deqg] -62.5 -43.3 -22.1 -2.9
Results with compensation calculation
[Zsendj | [Q] 215.7 138.5 110.4 102.3
arg{Zsendj &} [deg] -62.4 -43.6 -24.4 -10.2

6. An early measurement electronics approach

The invented measurement technique was a modditatf an early tag version. Even
though its current consumption was much highert@upmA) and the upper frequency
limit was given at about Hz, essential know-how was accumulated with that
approach, e.g.

* the energy transfer and -storage for a low-noisg f{@ower
supply (see chaptdr1.3 Low-noise Tag power supply

¢ a flexible communication protocol,

¢ the malfunctions caused by PCB loops, so the latlestign was
exclusively manually routed, or

¢ the influence of the packaging (see following ckagt3 Tag Design
and Packaginy

Instead of a PIC16F688 the low-end model PIC16F#@6 used. That model had a
lower power consumption but did also run on thef bldck frequency. Hence the bit
pattern for the probe signal was not that fine vatAHD of about 0.%. The signal
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processing was different 85p/2 was subtracted from outpyit) by an additional OA.
That signaly,q did only carry the positive half wave and via shi§, it was fed into a
peak-detector instead of the sample-hold-elemewb Teasurement sequences were
performed at a frequency of kBlz. During the first sequence swit€hwas kept closed
and the voltage-converted and DC-shifted curreakpwas detected. At the second
sequences, was opened at the probe voltage zero-crossingtengeak detector input
forced to ground. Thus, the detected voltage waspgational to the peak-value
multiplied with the sine of the current-phase.

The firmware-coding was much less challenging caeghato a sampling-based
method and even though a post-processing was esljftr the elimination of offset-
values the raw data could directly be interpretedy.(the peak-values) instead of a
subsequent DFT-processing. The amplitygley measured by the peak detector can be
described by formula (4.10).

Ymoa = (% 02—+ 0, (4.10)
DUT
Zpyt may be the reference resistor or the absoluteevaluthe sensor impedance,
respectively. Offse®, is caused by the bias-currents and the offseagelbfOA,. O, is
caused by the subtractor and the peak-detectorciitieal aspect orO; is that it does
only take effect when measuring an ohmic load,the.reference resistor. This DC-part
is blocked by the sensor device and needs thertdfdre taken into account.

The calculation of both offsets required the refieseresistor to be measured with the
original probe signal and also with another (higlznplitude of 100nV. Additionally, a
third measurement with a different feedback-impedds also necessary.

A disadvantage of that method was the necessityudgé fast OAs for the voltage
subtractor and the peak detector. The current copgan was more thanr8A. Also, the
peak detector did not lead to satisfying resultsffequencies above Hz. However,
that system was used for most measurements andrahdurance for several 1000
hours. The accuracy was better tha 3or the absolute impedance value. The phase
detection had an effective accuracy of about 3°th&srelative change of the real part of
a sensor was more important than the absolute viileephase offset was not critical.

4.3. Tag Design and Packaging

The devices listed iAppendix Bed to a current consumption of 2\ at aVpp=3.3V
supply voltage. The resistors had tolerance vadifies% or less and the capacitors had
dielectrics of type COG for the RF-interface, othead X5R, X7R or higher quality. The
system then worked properly in a temperature raingen 0 to 4FC. An extended
temperature range could be utilized if X8R or COlettrics were used to avoid
problems with temperature-related variations ofdhpacities.
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1. PCB layout

— %

() (b)

FiG 4.15: The realized RFID-based impedance measutaimgrfa) Bottom side. Notice the 4-turn RF-coil as
an integral part of the PCHb) top side. Connectors will be soldered on the madthe left and the right side.
The PCB has an outer diameter of 34 mm and a hitke Gvmm diameter for microscopic inspections of an
attached sensor.

Areas Al and A2 mark the RF interface, the i80antalum buffer capacit@,, bridge
rectifier, and the necessary components for RF comication. The bottom copper layer
includes the printed 4-turn coil of the LC-oscifiatlts metal layers are exposed to tin-
solder to minimize the power loss of the AC curréirea B shows five pads which can
be contacted via spring contacts and allow the aardrprogramming of the
microcontroller by Microchip’sIn-Circuit Serial Programminginterface. Area C
comprises both filter stages and area D holdsdference resistor and the resistors and
capacitors for the I/V-converter. The other ICs poise analog switches, OAs and
blocking capacitors.

2. Packaging

Both, the cell culture and the tag are exposedh&osame environmental conditions,
namely in a standard incubator at a humidity ofial®® to 10®%6. This level is necessary
to minimize evaporation of culture media. Withineey measurement sequence of a tag
the reference element is also measured at eachefiey. This allows an examination of
the system reaction regarding to ageing or temperatlated drift or other influences.
Functionality tests carried out under normal ambamospheric conditions showed
satisfactory tag behavior. The same tests carried io the humidified incubator
atmosphere indicated a drift of the measuremeatitiy of bad or not encapsulated tags.
In a first approach various coatings like urethameacrylic sprays and even paraffin
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were tested as finishing varnishes but the eletrsignals of some tags still showed drift
of more than 106.

The top of each tag was packaged with the silicBB#S. PDMS is an already
biologically accepted material for medical implardtso used for microfluidic channels
and therefore a promising candidate [Whitesides6R0The PDMS of choice was
TSE399 fromGE Bayer Siliconesvhich cures with air humidity. During curing only
small amounts of methanol are emitted, there iuniner gas emission expected. The
delivered tubes contained the TSE399 free of bbbl made it easy to handle. Its
transparency helped to detect and eliminate aiblegbduring the encapsulation. The
thickness of a single layer is limited to abounm, otherwise the produced methanol
leads to bubbles.

The bottom was encapsulated with an epoxy relsisol from Loctite. The primary
reason for the encapsulation with that resin was BDMS is quite sticky and could
cause problems getting the tag out of the micmefitate. Also, the used ICs did not have
the same height and their positioning was doneffooptimized routing of the electrical
connections on the PCB. So, the tags would notimesthorizontal position. If cells were
seeded onto a sensor which was attached on a n@oihial sensor they could
accumulate at the lowest point on the growth afidas would clearly influence the
measurement result. The first step avoiding that Wause sensor devices attached on
tags that had a well-defined horizontal alignmefter the curing process the surface
was beveled and gave the whole tag a good base.

A fully encapsulated tag was sealed in a cast @sthcut along a few of the critical
resistors. The cutting area was polished. TSE398 i#exible material. Hence the
polishing process was not that perfect and causéd m the material.

Resistor PDMS Nick from polishing

1 mm

Crack
rac IC package Air bubble Hysol

FIG 4.16: Polished cut image of an encapsulated tag.

FIG 4.16 shows the polished cut image. The bottomtha®poxy sealing and PDMS is
on the top. Both materials fit the topology of #recapsulated components quite well and
the epoxy resin also shows air bubbles. Those lstdppear because the epoxy is a two-
component resin which needs to be mixed. That rmgixinthe reason for the bubbles
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which have diameters of 1@0n and more. However, those were not found to cause
problems.

FIG 4.17 depicts the influence of humidity as a res@ilan imperfect encapsulation and
contamination of the circuit elements. A tag wascptl into a microtiter plate without a
sensor and several measurement sequences werectamhdwithin the humidified
atmosphere of an incubator. Reference resistorwiasathen evaluated. Data fluctuations
should remain within a small range of less thart®with respect to the ADC resolution.

Residual solder spikes of the signal generatost@s were peeking through the tag’s
PDMS sealing and showed a strong influence on #@sorement (sequence #1). The tag
was then dried in a heat chamber af®5or 2 hours. In sequence #2 the well of the
microtiter plate was sealed against humidity ardrtteasurement repeated. There was no
fluctuation found which encouraged the assumptibthe influence of humidity. The
solder spikes at the resistors were coated witheNfas for sequence #3. There the data
degradation was significantly reduced.
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FIG 4.17: A microtiter plate with a tag was put inbe tincubator and the reference resistor measursmeme
evaluated. Sequence #1: Due to humidity paragtitstances became active. The bright blue areeatedi the
range of the data. Sequence #2: Aftér @ring at 65C in the heat chamber the tag was again used in a
hermetically sealed well of the microtiter plateo fMuctuations could be found. Sequence #3: Saidiées of
the signal generator resistors peeking throughPi!S sealing were coated with Vaseline. The refezatata
fluctuations were significantly reduced. The petiR4h occurred due to temperature fluctuations and easel

water when the tag was taken out of the incubatoa fvisual inspection.

It was found that the residual signal reduction m¢asurement #3 was due to
contamination of the soldered electronic parts lzyna-chloride based flux agent which
is an electrochemically active substance. Hencén dag was subject to a cleaning
procedure with a sequence of chloroform, acet@ugropanol and deionized water in an
ultrasonic bath before the PDMS and epoxy resikggiog was done. Tags did then not
show a degradation of the measured signals andripeof the PDMS coating on the

PCB was significantly improved.
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4.4. Realized System

FIG 4.18 pictures a prototype for biological cell codtumeasurements for standard 6-
well-microtiter plates. The tags are equipped wigiachable sensor devices and put into
the wells of a microtiter plate (transparent ba@¥)e base station (black box) with a plate
of six multiplexed antenna coils is placed intoiacubator and connected via a 4-wire
ribbon cable to a computer. The microtiter plat@us onto the reader unit but can be
displaced on the fly by an operator for microscopispections, culture medium
replacement, etc. Appendix B contains illustratiofshe interior of the base station and
details on the RF-generator and receiver section

FiG 4.18: Realized system. The black box is the baaost The upper transparent part is a microtitatep
with the RFID-based tags with sensor devices agthcbn it. The dimensions of the base station are
145x90x30 mm

The automated and time-resolved control of the Istsgon and data transfer are done
via a specially written software tool running orParsonal Computer (PC). This PC is
connected via a RS232 interface to the base statidnacts in a master-slave-principle,
i.e. the PC as master sends commands and the fasises reacts to that commands.
Thus, it is possible to use the RS232-interface lus-structure and connect several base
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stations through. Each station has a unigbi-Bardware-address and up to 254 stations
can be run in parallel.

The command set for the base stations allows tecsel specific tag, i.e. the
multiplexer is set, and to start a measurement esezpi Once the measurement is
completed all data from the tag’s ADC is availaiblé¢he memory of the base station. The
PC software is then able to read that data andt@if new measurement.
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FIG 4.19: Windows-based control softwal&SSEC release ZESSEC as the software name is an acronym for
Cell Sersor Electronics Control. The measurement control window shows five readensfigured for
measurement. Each of them has a number of taghwdaic be activated or disabled any time. This aptio
allowed investigating the influence of the electticurrent on the cells. In the data analysis windioe raw

binary data is converted to impedance data. Whereasurement is running this program can be loc&ed t
circumvent accidental measurement breaks or otiserse

An online-protocol functionality enables an operatw journalize his work and include

that protocol into the same data file as the measent data which circumvents separate
paperwork. This functionality was found to be vaseful at investigations on stem cells.
Some of those experiments took more than three svaeldl a big number of processing

steps needed to be recorded in order to understeadurement results and distinguish
them from artifacts.
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4 5. Discussion

The RF-interface with its capability to blank thé&-Reld allows the generation of a
regulated supply voltage within the tag. Noise bis tsupply is then caused by the
circuitry itself and in the present system it coldé held below w1V rms. An
optimization of the RF-interface would be possiatethe voltage at the buffer capacitor
could be generated by a Delon-voltage doubler. frtathod requires only two instead of
four diodes for a rectifier but needs additionapators. The overall power transfer
efficiency would then be increased to%0Also, the RF-interface would not need to be
that accurately adjusted and the system couldwats& at greater distances or at lower
RF-fields. The latter would be of importance in ttase of parasitic loops in the circuit
layout.

The blanking of the RF-field during measuremenusege and the power supply via
a buffer capacitor ensured a very low noise leValues clearly smaller thanmdV rms
could be achieved while the measurement systemfwsoperating. The presented
technique had a power consumption of about®\8 A reduction of the supply voltage
to Vpp = 2.7V or 1.8V could reduce that requirements to less thenV\.

Even though impedance monitoring is a common pracit the field of electro-
chemistry there are no suitable low-power-instrutheavailable off the shelf. Several
concepts for integrated impedance measurementnsysbe parts of it with low power
consumption were reported and realized as protetyBeachet al. 2005, Moeet al.
2004, Sacristan Riquelmat al. 2009, Xuet al. 2009, YUferaet al. 2002, Zhanget al.
2009]. Integrated circuits utilizing that conceptay have a size of only a few rinand
a power consumption of less thaim®/. The whole tag could be significantly
miniaturized if such an IC could be integrated e-thg coil dimension promotes a design
for a 24-well-microtiter plate. Regrettably up tow a killer application seems to be
missing which could initiate a production of lowwger impedance converters in an
industrial scale.

Packaging and proper sealing of the tags is anitalde step to provide a reliable
functionality. There are numerous sources of comation such as the sweat from bare
hands or drops of ionic conductive fluids duringergtions, such as PBS or a culture
medium.

The most malicious contaminations are those whiehatmost not conductive in the
normal ambient. In the humidified incubator atmasehthey become conductive and
create parasitic current paths. Tags may work witlamy hint of problems for a day or
more and malfunction then appear within an houre-following chapter will show that
the humidity level of the incubator atmospheredselated to the frequency of its usage.
The measurement of a (low-ohmic) resistor is thatsamly necessary to get a reference
for the sensor measurement. It is also a controtham@sm for the tag with the
encapsulation being an essential part for functityna
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Long-term measurements were performed in-house edsas at labs of the Austrian
Academy of Sciences (Osterreichische Akademie dess&Mschaften, OAW), the
induced differentiation of stem cells required meament periods for several weeks.
The tags as well as the base station and the ¢auofitevare operated satisfactorily.
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Chapter 5
EXPERIMENTAL RESULTS

The functionality of the presented measuremenegyss demonstrated by investigations
on adherent cell cultures in a standard incubdaring the experimental phase it was
found that alterations of the environmental coodisi within the incubator strongly affect
the electronic system. Frequent operation of tlmbator door changes temperature,
humidity and CQ@level what is reflected by variations of the measu sensor
impedance. The presented measurement data ardotkediscussed for both, the cell
culture-related and the environmental related sembst measurements were performed
with a single frequency probe signal, but the losmgr monitoring of the osteogenic
differentiation of human mesenchymal stem cells wasformed at four frequencies
simultaneously.

5.1. System Tests and Preparations

1. The incubator volume

Generally an incubator provides appropriate envitental conditions for cell growth. In
most laboratory incubators the temperature ang-l€@| are actively controlled but the
humidity level is somehow passively regulated. Wgua basin, filled with water which
evaporates into the unsaturated atmosphere ischlaithin the chamber. Whenever the
incubator door is opened the atmosphere is infleery the laboratory surrounding air.
The saturation level at 2C is significantly smaller than that in an incutraait 37°C
(about 1%y/m® vs. 44g/nT). When the incubator door is closed again andehgerature
regulated, then the humidity level significantlygs. The following example depicts that
influence: The laboratory has a relative humidigwdl of 50% at 20°C while the
incubator has a saturated atmosphere. When the idoopened and shut again an
exchange of 2@ of the incubator atmosphere may occur. Then rékaive humidity
will go down to (440.8 + 0.517-0.2)/44 = 8&%. It should be noted that the incubator
door needs to be opened four times, even if asiogll passage is carried out.

The regeneration mechanism via evaporation fromatier basin is very slow. The
incubators used for the experiments on cell cultirad a daily average value as low as
40%. More than 10 passed for a rise from 40to more than 9%.

Each well needs to allow a gas exchange with tlogbiator atmosphere. This is
achieved via specially formed slits between theratiter plate and its cover. Those

79
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allow gas exchange but prohibit contamination friva outside. When measurements
were performed it was frequently found that a sefest about 6Qul of culture medium
volume within one day which is a comparably big amowith respect to the filling
volume of 30Qul. Subsequently, the ion concentration changedingato changes of the
osmotic pressure and also the ohmic resistancéhefculture medium significantly
dropped.

Several setups were tested to get that problemrucaiatrol. The necessary gas
exchange with the environment, especially for astam CQ (and pH) level did not
allow a sealing of the wells. Furthermore, this ge@ure would have complicated
handling. Cover glasses were placed on the PDM8stuinto the sensor devices to
reduce evaporation, also water-soaked tissues pugrin the cavities between the wells
to provide an additional water reservoir for a mictimate inside the microtiter plate.

Finally, those setups did not lead to satisfyingules. Instead, a method needed to be
found which would provide a fast regeneration @& tlumidity level of the incubator, i.e.
an acceleration of the evaporation from the watesirb The evaporation rate could be
increased by a resistor with a heating power ol¥.placed in the water basin. Also, the
basin was placed on PTFE-blocks for thermal dedogdiom the metal lining of the
incubator.

This modification led to a significantly reducedssoof culture medium from the
sensor devices. The method was verified with ars¢épaxperiment. Each well of a 6-
well-microtiter-plate was filled with #l of deionized water. It was then put into the
incubator and its weight was regularly measured avgeriod of several weeks. The used
Kern 770-15balance had an accuracy better thapd.OThis experiment was done twice
without and with the active heater.cFb.1 illustrates the effect of this heating
mechanism.

18 T
15 7T
12 T

09 T
0.6 1

Water loss [ml]

oss without heat
. Loss with heater

0 T T t t t t >
0 7 14 21 28 35 42 t[d]

FiG 5.1: Average loss of water in a well of a 6-welicrotiter-plate. The green line shows a significant
reduction of water loss. After 26 days less peapdee working with the cell lines stored in the ibator.
Therefore, its door was not that often opened. Wittthe heater the water loss per well is aboytl@Dand
with the heater it is 3Bl/d before, and 10l/d, respectively.
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Without a heater the loss for each well was abloeitsame as it was found in our sensor
devices. Even though the sensors had a much snaalfime evaporation area than the
water-samples (5@m?2 vs. 962nn7) the values were within the same range. Thusrit ¢
be stated that the diffusion is limited by the &alale diffusion area through the slits
between the plate and its cover. This assumptiosn algo encouraged as the outer four
wells lost about two times more water than the iinne.

The second test with a heater was separated imtdirtes as there was a period when
the incubator was rarely used after 26 days of testan be clearly seen that the daily
loss was reduced to the half and even less afée23h day when the incubator was not
opened regularly. This effect showed how draméigcahanges in the incubator humidity
level were and the great influence of frequent aggand closing the door.

A further influence on the sensor impedance istduie changing C&levels. The gas
dissociates into the culture medium and is usedther adjustment of the pH-value.
Subsequently, the G&evel influences the impedance of the culture medvia that pH-
value. This effect is strongly related to the seganethod for the C{£concentration.
Old incubators use a method which relies on themhe conductivity of the incubator
atmosphere. One may assume that the humidity W&t @nfluence that conductivity
which makes it even harder to adjust the,@®el by this sensing method. Modern
incubators, as that used within the presented erpats, use the infrared absorption of
CO, for sensing. This method is fast and allows a legun within minutes and no effect
on the culture medium and its pH-level needs tatdken into account [Keese 1994,
Schmitz 2007].

Fresh medium is, however, generally stored in dgéiwithout CG-control. The
medium’s pH-level was found to be about 8.4 instedd’.5 to 7.6. Very sensitive
measurements may show an influence due to the iadagtthe pH-value but were not
found within the conducted experiments.

2. Preparation of the sensor devices and tags

Whenever a measurement is conducted a number phgations need to be done in
advance. First, the sensor chips are cleaned dangdaisectiord

Sensor Devicé&Construction. This step needs to be done eveneifglass chips come
directly out of fabrication or if they are reusdden, the sensor devices are assembled
whereas the PCB parts and the PDMS tubes weredsitoiietOH. Tags are also cleaned
with EtOH before they are equipped with sensor aeviand placed into the wells of a
microtiter plate. Then the plate is exposed to i for about 30 minutes which has
two effects. First, it is a final sterilization tife PCBs, tags and sensor chips. Second, due
to the heat of the UV lamps residual EtOH evaperalfs 5.2 pictures a ready-to-use
microtiter plate.
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Fic 5.2: Microtiter plate (without cover) equipped kvitags and sensor devices filled with culture mexdiu
DMEM.

3. Temperature characteristics in a well

The impedance of a sensor is related to the meditamperature. The thermal contact of
the culture medium via the sensor and metal linethe tag leads to a significant delay
for temperature relaxation of the sensor systenaume of the thermal capacity of a tag.
The temperature behavior was tested by a SilicanpEeature Sensd€TY81from NXP
SemiconductorsThis sensor in a TO-92 packaging was solderegtadsof the sensor
chip and brought in contact with the culture medidre system had room temperature,
i.e. 20 to 22C, when it was brought into the incubator andrtfeasurement initiated.

The calculation of the temperature from the sess@sistance showed an exponential
behavior with a time constant of about 15 minutdsre than one hour would have
passed until the impedance measurement on celirealshowed useful data if no further
actions were conducted to set the initial tempeeatio a level close to the set-
temperature. This is of great importance as thalliamn of the microtiter plate mostly
occured within the laminar flowbox. There, the nhditsing and environmental air had
room temperature and the whole plate cooled down.

Two precautions avoided that problem. First, arttadly isolating plastic plate was
placed on the workbench inside the laminar flowisTate was then used as a working
area and reduced the thermal conduction to thelhigitay. Second, an aluminum plate
was placed into the incubator. Its size allowedipigthe microtiter plate on it. Thus, the
bottom of each well was in thermal contact withtthiate. The metallic inner lining of
the incubator had a temperature of’G7and pre-warmed the tags. That procedure took
about 5 minutes. Impedance drifts correlated whk temperature relaxation were
reduced to an effective period of less than 15 temu
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4. Impedance measurement test with PBS

Two microtiter plates were prepared and sensorcésviilled with PBS. Measurements
were carried out in an incubatoncFs.3 depicts the calculated sensor impedancesOfor 1
samples. The deviations of the measured valuesissemed to be caused by residual
contaminations of the electrode surfaces. The tyualithe cleaning procedure generally
has an influence on the electrode-electrolyte-fater, which is mainly represented by the
imaginary part of the sensor impedance [Ceréitl. 2007].

Real part
Imaginary part
100 + Q\D\D\L
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1000 +
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FiG 5.3: Averaged data of 10 IDES-samples with PBSiddahe different frequency-behavior of the read a
imaginary part. The real part is dominated by tharbMrg-impedance with itéf-behavior while the imaginary
part is dominated by the electrochemical doubleragpacity.

The measurement data fit well to measurements ipeeid with a potentiostat. Especially
the NaCl concentration of PBS resulted in an impedawvhich was about 26 smaller
than that of DMEM (comparel& 3.15).

Whenever a measurement on cell cultures is condutiie sensor devices are loaded
with DMEM. A measurement is done for at least 3@wutés prior to cell seeding. That
allows a functionality check for all system pantsigrovides reference values.

5.2. 3T3 Mouse Embryonic Fibroblasts

The cells used for this experiment were mouse eattcy fibroblast cells,
163-CCL Balb/3T3 clone A31, obtained from the Amari Type Culture Collection
cultivated in DMEM with 186 FCS and antibiotics. Those have a population lityb
period of 20 to 24 hours. Those fibroblasts aresrofuised for the assessment of
toxicological properties of certain substances M&® 2006].
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1. Cell cultures on the sensor

FIG 5.4 gives an impression on the appearance of nfdaursblast cells when they spread
and proliferate on the glass chip. Pictures wekertaat different levels of confluence
utilizing a phase contrast microscopy. The surfa®a of the culture medium in a sensor
device is slightly bent and causes a lens-effeendé the sharpness of such pictures is
limited.

(©) (d)

FIG 5.4: Phase contrast microscopy of the growth & BBroblasts. The opaque metal stripes have ahvofit
50um.(a) and(b) show a low confluence of 5 to ¥ (c) and(d) show examples of confluence >0

Whenever the microtiter plate had to be taken duhe incubator for culture medium
exchange or some kind of a treatment of cell sasnalenicroscopic inspection was done.
The measured impedance was an averaged valueefgettsing area, e.g. the impedance
data did not make a difference in a low conflueand a void in the cell layer. Chapter 6
provides a detailed discussion on that topic.
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2. Sensor step response

The first experiment gives an answer to the acliilevasensor response, i.e. the
impedance change due to full cell coverage of theser. Furthermore, the herein
presented data provides an overview of environnegifacts which occur due to cell
adherence, spreading and migration, and culturéumeldss.

A step response requires the whole growth area tmmpletely covered with cells. If
a cell passage is done for a 5 t@/d@onfluent layer at a culture flask of @5, 1C cells
are seeded. Therefore, a 2@0confluence would be achieved with 20,000 celis&o
50mnt area at the sensor device. A higher number ofBDj§ selected to guarantee
100% confluence.

A microtiter plate as previously shown imGFs.2 was prepared. One sample was used
as a blank, i.e. it did only contain culture medjumhile three were supplemented with
cells (two sensors fail due to electrical contatthfems at the sensors)iGF.5 shows
the sensor impedance split into real and imagipary.

The sensor was initially loaded with culture meditom24 h, cells were then seeded.
Within six hours after seeding at O the cells attached and spread. During prejparat
for the cell seeding the cells were suspended inEDMwhere they had an almost
spherical shape. When those cells settled on theosesurface it took a few hours until
they spread and became flatdR.5 shows the change of the shape after seediag in
culture flask).

It is assumed that the electric current path isnigdocated in the space between the
cells, thus the impedance is higher due to thesgifierical shape of the cells. After the
attachment process cells are still able to migoatsmodify their shape which may be the
reason for the slightly different evolution withime first 24h.

After seeding, a continuous decrease of the ohmedance of the blank could be
observed which correlated well with the evaporasedount of culture medium. The
evaporation of culture medium only affects the watgart but ions still remain in the
residual volume. Hence the ohmic resistance droppell were able to adapt to that new
condition whereas that process could take severakh
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Fic 5.5: Sensor measurement at a frequency é&HEOsplit up into the real pafi{Zen¢ and imaginary part
[{Zseng- Values are given in arbitrary units whereas ¥®@re 12@ for the real part and 2@ for the
imaginary part. The blank sample shows a decrebie @sistance associated with the evaporatiocutifire
medium.

After 44 hours culture medium was exchanged. Thelktegenerated to its initial value
while the cell-loaded sensors showed a charadtebshavior due to two effects. First,
the real part was mainly influenced by the condiitgtiof the culture medium which had
a lower value after exchange. Thus, the mediumangh had the same effect as for the
blank. The other effect is an assumption as a reampic inspection did not allow a clear
distinction: The cytosol was adapted for the higlwer concentration in the medium.
Following the medium exchange the ion concentratismatch let water flow into the
cells and let them swell. The residual path forgbesing current narrowed and elongated
comparable to the seeding process. An influendeaifeffect could also be found at the
imaginary part. Normally cells are attached to sheface via Cell Adhesion Molecules
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(CAM) in a distance of 20 to 100n but the osmotic pressure may have led to a cbnta
of the cell membrane (or its surface proteins)im ¢lectrode surfaceid5.6 shows the
impedance data starting atfY®llowing those of k& 5.5 for the first 7.
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FIG 5.6: Sensor measurement at a frequency &HEO Values are given in arbitrary units wherea® %0are
120Q for the real part and 2@D for the imaginary part.

Culture medium was again exchanged afteh.9Zhere, the incubator door was not
closed properly which caused the temperature drgbout 30C and the C@level was
reduced to about% until 108h.

A cell culture passage was conducted at the same dis the medium exchange. A
microscopic inspection showed that those cells atiiere but did not start doubling.
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Temperature is known to be a critical parameter gooliferation *2. The blank
impedance showed that due to the lower temperahgrenedium evaporation could be
ignored. The combination of decreasing temperadgk the adaption of the cells to the
new culture medium (again due to the osmotic pregglid not allow a clear distinction
of both effects. However, microscopic inspectionsveed that the cell cultures were alife
when after 144 another medium exchange was done.

Then the cell samples showed an impedance decnatisevery medium exchange.
Several experiments with a 198 confluent cell layer showed that a decrease ef th
ohmic sensor impedance started about 5 to 8 dags #ie cell culture reached
confluence. There are several possibilities fot tehavior. First, the used cell cultures
had already passed the™passage and may had signs of senescence (celghgeor
comparison, an OECD guideline for testing chemig@&sommends the use of 3T3
cultures younger than 18@assage [OECD 2004].

In the field of toxicological testing, 3T3 cell &8s are used to analyze the influence of
a certain substance on the cell growth behaviorAl@Nanges, etc. For that purpose, cells
are seeded in a concentration of about 10 % anlifquede for a few days. The used
serum contains the necessary growth factors, i@ecules which initiate the cell
doubling. On the other hand side, cell doublingttenuated by a cell-property called
contact inhibition. This means, that cells stopldimg if there is not enough growth area
left. This contact inhibition is in opposite to tiggowth factors in the serum and may
cause come kind of a stress which in turn could tesapoptosis (cell death).

It should be noted that after 264not shown in the graph) another culture medium
exchange was done. The same behavior was fourd.an. initial strong increase of
impedance followed by a rapid decrease.

3. Continuous cell growth

Several toxicity tests [ICCVAM 2006] rely on the tdetion of the proliferation
performance of certain cell cultures whereas thiéu medium is treated with the
investigated (toxic) substance. Conventional enapm@sed tests such as cell counting
methods after a few days do not allow the monitpief the time-resolved proliferation
kinetics of the cell cultures.

The impedance monitoring of cell growth provideststime-resolved data. Within
the following measurements the effect of culturedimm evaporation is visible again. A
method for the compensation of that effect on treasarement data is presented and
applied to the results.

2l For humans, the core temperature also is abo®€33ut an increase of just 1 t&Kdeads to discomfort. In
opposite, a temperature belowg3already is hyopthermia.
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Measurement #1

5000 cells per sensor (about%0confluence) were seededtat 0. Culture medium was
exchanged after 26, 54, andi¥.4Data of three samples were averaged, normatindch
compensation of the culture medium loss was cawigd It is assumed that the residual
current path along the culture medium dominatesémsor impedance while the current
through the cells can be neglected. Thus, the afafae sensor samples were divided by
the time-corresponding blank value to compensate ditange of the ionic medium
conductivity. Then, each sample was normalized timastamp where all three samples
showed the same confluence. In the present casditte-stamp was at 40 h after the
first culture medium exchange.

A

35 T
3.0 + b ed cell sal

25 1 1
=~ 1 o -

15 + 1 |
1.0 __M‘.{; L Ao N

05 T

—_—
—
—
—
—

RZ..} [a.u.]
1
.

40 T
35 T+
30 T l
25 1
20 + |
15 +

R{Z,.,.} [a.u.]
——
——
—
——
——
—
—t
—
—

1.0 T I
05 T

—_——

0 * t t >
-24 0 24 48 72 96 120 t[h]

.

FIG 5.7: Upper graph: raw data, normalized. Lower grapach line is referenced to timestamp 40 h and
divided by the time-resolved blank value to comp#asulture medium loss.
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Measurement #2

A second measurement with the same starting conditivas carried out. In contrast to
the previous measurement, the first medium excharagedone two days after seeding.
The following figure shows the real part of the semimpedance normalized and
medium loss-compensated.
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FiG 5.8: 5000 cells per sensor were seeddad=d). Culture medium exchange was done after 489&nidours.
Within the first 4 days the standard deviation Veas than 106.

This second measurement did not show a signifididfégrence in the growth behavior.
Generally, the culture medium exchange had twooreadirst, some components of the
medium denatured and needed to be replaced. Sezssehtial parts of the medium were
consumed by the cells for doubling. The initiallpadl number of cells did not require
that much nutrients. Hence this second measuredigmiot show a reduced growth rate.

A significant difference to a fully confluent layeat seeding was the different
endpoint of the impedance. The step response shawemhpedance increase to 200 to
250% (including evaporation compensation) while thatgdu at cell growth is at 250 to
300% of the cell-free values in both measurements.

In some cases it was found that during populationbting those cells arranged
themselves with an elongated, spindle-like shapihich was not true in the case of
initially confluent layers. It is assumed that daecell growth the intercellular gaps were
smaller which in turn led to higher sensor impedsinc

4, Continuous cell growth with cell termination

500 cells (26 confluence) were seeded per sensor at three eaniplio blanks were left

which did only get culture medium without cells. frost cases an initial confluence of
10% ore more is selected for an adequate cell expangihis experiment should show
the behavior of the system on a very low cell nun@® also eliminate concerns about
possible negative influences of the glass/metal/BDiuaterial combination on the cell
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growth. FG 5.9 shows the normalized real part and the evéiparaompensated data.
The compensation was done using the average datatoblanks.

trol blank/cells
tment blank/cells
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FIG 5.9: 500 cells (1% confluence) seeded 0. First visual inspection and culture mediurchange were
done 2(h later No further action was done until H&ith another visual inspection. The bump in tlaad
caused by that cannot be well explained. Cultureliume exchange occurred after T21Another medium

exchange was done after T here one blank and one cell sample were treatdd0.1 % Triton X-100.

Cells died immediately. The second sample wasgleftving for another two days. Top: Raw data norreali

to seeding time. Bottom: Additional compensationegéporation. The average time-resolved valuesoti b
blanks were used for the correction for the evapmra

24 hours after seeding the culture medium was ewgdth It was found that about 30
culture medium per well evaporated during the fitay. Due to the shadowing effect of
the sensor metallization the confluence could motiétermined that time (in theory about
70 to 80 at that time per sensor). After 119 haungsual inspection was done where
about 50% confluence was found on all three samples. Titdstlie approximation that
cell doubling occurs in an interval of 20 to 24 M(iTodaro and Green 1963]. It was
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already shown that during these checks the mierofitate and the tags inside cooled
down to room temperature, so that impedance chaongesred [Ehretet al. 2007,
Ceriottiet al. 2007]. The impedance step following the inspecfibthe information that
temperature-related impedance change is abo@t/K1but it did not explain the
following impedance increase. One option is thatrdumicroscopic inspection a drop of
condense water from the microtiter plate’s covaneanto the medium and reduced the
effective ion concentration. This would in turn baled to a swelling of the cells as
previously assumed. Culture medium was then chaagd@5h. Within the adaption to
the new culture medium (and the different nutriand ion concentrations) the cell
samples continued population doubling.

One day later culture medium was changed againeaisethe medium of two cell-
loaded samples and one blank was treated withdl% wof Triton X-100. Triton X-100
is a non-ionic detergent and dissolves membrangipo Cells were immediately killed
while the detergent did not influence the electrimaperties of the culture medium. A
microscopic inspection of the Triton X-100-treatsls showed that the cell membranes
were entirely dissolved and the cytosol resolvedhgyculture medium. Only the nuclei
were left. The serial resistance of the cell-loadathple dropped within minutes to the
value range of the blanks. One sample was leftfprating as a control for two further
days.

Generally, a small number of cells, i.e. 500 parsse in that setup, caused a strong
deviation of the number of cells which settled doemthe sensor area. In the present
setup that area was T8¢ while the seeding area wasr@v. Hence the initial average
number of cells on the sensor element was aboubr2@he metal structures. The
preparation of a cell suspension required a trypaiion and centrifugation which
generally means stress to cells. If only one or ¢fvthem were not be able to proliferate
the initial cell numbers varied by almost %0 This deviation was reflected by different
sensor values during the proliferation. That effadied away by the time which could be
related to contact inhibition, i.e. samples withiaitially slightly bigger number of cells
showed an earlier reduction of their growth rate.

The treatment with a highly toxic substance shothedimportance of the monitoring
of the cell proliferation kinetics. Endpoint-basegtthods (e.g. cell counting 24 h after
treatment) would not be able to distinguish betwaetoxic substance which causes a
slow cell death and the immediate cell-membraneklvesy effect of Triton X-100.

5.3. Human Mesenchymal Stem Cells

Human mesenchymal stem cells (MSC) are multipotetis that can differentiate into
various cell types of the mesenchyme lineage amth fissues such as bone, fat,
cartilage. In bone marrow MSC share a common nigitle haematopoietic stem cells
(HSC) and support the formation of blood cellulamponents [Méndez-Ferrer 2010]. In
regenerative medicine MSC have been successfulplaymd in many cell therapeutic
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approaches (combined with gene therapy) but alsbeirgeneration of tissue samples for
subsequent transplantation [Kassem and Abdallal8,20@pperdinger et al. 2008].
However, up to now there is not standardized methadlable to reliably quantify the
quality of MSC, i.e. theistemnessBiosensors based on impedance sensing may provide
a tool for establishing standardize quality prote@nd controls.

The following experiments utilized MSC, which weharvested from bone marrow
biopsies of healthy individuals. Stem cell isolatiand cultivation as well as MSC
seeding and differentiation on the biosensor inalgdistological documentation of the
experiments were performed in collaboration witle thepperdinger Group of the
Institute for Biomedical Aging Research at the OAW.

1. Sensor step response

A number of 50,000 cells per sensor was seededxosessors and monitored over an
interval of 27h. HG 5.10 depicts the average value of the real parthef sensor
impedances with standard deviation. In comparisofibroblasts the initial peak after
seeding was much more pronounced. That may besdelatthe longer period which the
cells needed to flatten and spread.
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FIG 5.10: Sensor response to a confluent layer of hM&IS. 50,000 cells per sensor were seeded affBen.
continuous line is the mean value of 6 sampless Baticate the standard deviation. The values septethe
real part of the sensor impedance related to theoss electrode area of (e,

FiG 5.11 shows images taken at 0, 1, 3, 6, 12, arlub®®s after seeding. Six hours after
seeding almost all cells were adhered which wagaeld by the impedance peak. Then
cells spread and flattened. 22 hours after seapigteau was reached.
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Fic 5.11: Seeding, adherence and growth of hMSC weétls 100 % confluence. Almost all cells adhered
within six hours after seeding which was followsddpreading and flattening.

2. Cell Viability

The influence of the applied electric field on thkell viability during impedance
measurement was tested. The step response meantirer® repeated whereas two
groups were formed with three samples per group.ifiipedance monitoring was active
for one group while the other group served as obnte. no impedance measurement, no
electric field or current flow.
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The final staining with 7AAD was used to detect pgosis (cell death) while
Hoechst 33342 attached to DNA of living cells. Niya such a test method is toxic to
cell cultures. A significant influence of the eleécal current during measurement could
not be found. Cell viability for activated and diged tags was less tha®¥@8mean value
for both activated and disabled tags. Hence, impeglanonitoring does not cause a no
significant influence on the cell viabilityi&5.12 shows a picture of such a viability test.

FIG 5.12: Viability test on hMSC using 7-amino-actingrim staining (7AAD, 1Qug/ml) and Hoechst 33342
(25pg/ml) as a counter stain in PBS. The grey barkatel the electrode fingers, viable cells are land a
single dead cell can be found on the right sidiaefpicture as a purplish dot.

3. Adipogenic and osteogenic differentiation

Human MSC were cultivated at 3¢, 3% O, and 5% CO,-concentration in MEM
supplemented with 28 FCS, 10Qnits/ml Penicillin, and 10Qg/ml Streptomycin.
50,000 MSC from passage #2 were seeded per sem$auétivated at 200 O,. At 48h
medium was exchanged and loosely adhered cells we@arded. The following
experiment was done at two times, once for ostdogand once for adipogenic
differentiation.
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FiG 5.13: Sensor-area related differences of thep@as$ of the sensor impedance of non-differentiatedrols
with (a) Adipogenic differentiated stem cells afig) Osteogenic differentiated stem. The differentiatieas
started at a confluent layertat 0.

After 24h the samples were split into two groups whereamim group a differentiation
was induced. The second group was for control. hase stations were operating
simultaneously which allowed the assessment ofrdpkss per group. Blanks in each
microtiter plate were used to monitor the culturediom. For ostegenesis the culture
medium MEM was supplemented with mM [(-glycerol Phosphate, 100M
Dexamethasone, and 500! ascorbate-2-phosphate and for adipogenesis &dtoM
Indomethacin, 1M Dexamethasone, 5001 Hydrocortisone, 5QAM 3-Isobutyl-1-
Methylxanthine. Media were changed 3, 5, and 7 dafysr the differentiation was
intiated. FG 5.13 shows the time-resolved difference of thé paed of the sensor values.
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The differentiated cells are made visible by stagniFG 5.14 pictures the differentiated
cells. Fat vacuoles as well as the calcite mineatibn are not uniformly distributed
which is reflected in the stronger standard dewvratf the measured impedances.

@) (b)

Fic 5.14: (a) Adipogenic differentiated stem cells 12 days aftetuction. Red areas indicate fat vesicles
made visible via Oil Redb) Osteogenic differentiated stem cells 18 days afiguction. Red areas indicate
the calcite matrix expressed by the cells madéleisiith Alizarin red S.

4, Long-term measurement with osteogenic differentiatin

Previous hMSC monitoring with induced differentiatistarted with a 100 % confluent
cell layer. In contrast, the following experimemarss with 20 % confluence. First, the
impedance plateau for 100 % confluence was compardieht of the step response at a
10 kHz probe frequency.

This was followed by an investigation of the impeda change behavior depending
on the measurement frequency whereas probe freiggenfcs, 10, 20.8 and 50 kHz were
used. The long-term cultivation did also show howng cells could be cultivated with the
induced differentiation.

10,000 cells per sensor of type hMSC51 were cuéitvan MEM with 10% FCS. 10
samples were prepared with two base stations peirigr simultaneous measurements.
Seven days after seeding the osteogenic diffetemtizvas induced on five samples. The
effect on the measured impedance took place withén first day as shown in the
previous chapter. Monitoring went on for another ddys. This measurement was
performed on four frequencies 5, 10, 20.83, ankH) HG 5.15 shows the cell growth
within the first seven days before differentiatiah a single frequency of 10 kHz.
FIG 5.16(-D) depict the impedance behavior for the full meament period of 19 days
for all four measurement frequencies, cell-freenkéawere not available in that setup.
Each sensor data is normalized to its value atstiamep 168, which is the timestamp of
induced differentiation. Culture media was exchahge days 9, 12, 14, 16, 19, and 21.
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Normalization was done with the real part and imagy part 36 hours after seeding
when the sensors had confluent layers. The dada Bhow the averaged values for each
sample group whereas the standard deviation wasg 4686.

Seeding and growth, induced differentiation

FIG 5.15 shows the sensor impedances at a frequent@ldfiz. Culture medium was
exchanged after 48and 12M. Then, the samples were split up into two groudgter
168h and at all further culture media exchanges oonemhad a medium supplemented
with differentiation factors. The cells of that gmdifferentiated to bone cells.
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FIG 5.15: Seeding, adherence and cell growth of aei hMSC51 within the first 7 days. Data shows the
normalized sensor impedance at a frequency of 0 KHhe reference point for normalization was s&¢4 h.

With respect to the initial step response measuneifigitial value 1.6 a.u., plateau after
22 h at 2.7 a.u., i.e. 70 % change of the real) jplaet continuous cell growth shows the
same plateau.
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Measurement results at 5 kHz
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Fic 5.161: Long-term measurement on hMSC after induced gstgio differentiation at 168 h. Real and
imaginary part of the sensor data for a measurefmespiency of %Hz is shown.
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Measurement results at 10 kHz

3.0

25

2.0

1.5

1.0

R Z.....} [a.u.]

0.5

2.0

1.5

1.0

3{Z....} [a.u.]

0.5

]

1 1 1 1 1 1 1 1 1 1 e
T T T T T T T T T T

7 8 9 10 11 12 13 14 15 16 17 18 19 t[d]

o

N

N 4+
w +
g
o1+
o +

|

1 1 1 1 1 1 1 1 1 1 1 1 .
T T T T T T T T T T T T

01 2 3 45 6 7 8 9 10 11 12 13 14 15 16 17 18 19 t[d]

Fic 5.18: Long-term measurement on hMSC after induced gstdo differentiation at 168 h. Real and
imaginary part of the sensor data for a measurefmesiency of 18Hz is shown.
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Measurement results at 20.8 kHz
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FiGc 5.16c: Long-term measurement on hMSC after induced gsteo differentiation at 168 h. Real and
imaginary part of the sensor data for a measurefmesuiency of 20.8BHz is shown.
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Measurement results at 50 kHz
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Fic 5.16: Long-term measurement on hMSC after induced gsteio differentiation at 168 h. Real and
imaginary part of the sensor data for a measurefreguiency of 58Hz is shown.

The normalization of the data shows that the negatlifference or the real part of the
sensor impedance of induced and control cell liesalmost independent on the
measurement frequency. However, the absolute difftsy becomes smaller as the
absolute values decrease with increasing measutdragoency.

The imaginary data is most interesting. There,rthative difference increases with
increasing measurement frequency. A possible reasobecause the double layer
capacity and Warburg impedance decrease with istrgdrequency. The influence of
the cell membrane and its environment is in turcréased. Previous measurements on
3T3 cells showed a small growth-related influenoettte imaginary data. However, the
information quantity is limited because of the dnalifference and the big influence of
the cleanliness of the electrode area. Expresdeieceinerals may show the electrical
behavior of capacitors lying in series to the cellsich may explain the frequency-
dependence of the imaginary part.
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Especially after the'®day each culture medium exchange showed a chestictéump

of the impedance data which then relaxed withiewva fiours. This effect is related to the
culture medium evaporation and the temporary smgeltif the cells when new medium is
added. The characteristic zig-zag-shape of the diaupee data related to that effect is also
found at the results of other research groups [Baigichi and Drummond 2011]. After
19 days of cultivation the cells showed signs afeseence which is characterized by a
continuous decrease of sensor impedance.

5.4. Discussion

When cells settle on the electrode the electrodetrlyte-interface is disturbed reflected
by the imaginary part. However, this effect mostyaxes which makes the imaginary
part not suitable for the detection of cell growtiso, the relative change is much
smaller than in the real part.

Another aspect is the strong correlation to tharleg procedure. During long-term
measurements a superficial contamination was foamdthe electrodes which could
almost not be removed. It was initially assumetié¢aa result of a small DC-offset but it
was almost always found even in those cases whag avas left as a control and no
measurements were performed during investigationsell cultures. It is assumed that
some proteins expressed by the cells attach ogdlesurface. This effect is primarily
found on cell-loaded sensors. However, an influemeehe sensor impedance was not
found. Within this context it is worth to note theglls seem to prefer the presence of
certain metals such as gold or platinum (but riges).

To the author’s knowledge the only available impesa measurements on (human
mesenchymal) stem cells were conducted with ECkiesys with the single circular
electrode briefly described in chapter 3. Resulssgnted by Bagnanincki al. also
show the effect of an impedance increase aftea@iinedium exchange. The blank line
has a behavior as found within the herein presewta#t and may also be related to the
loss of culture medium [Angstmamt al. 2011, Bagnaninchet al.2011].

Even though fat vacuoles of adipocytes can be dgdeto be bad electrical
conductors the impedance becomes smaller. It ismaess that the vacuoles give the cells
a more spherical shape. Then the cell membrandgly patach from the sensor surface
which in turn leads to an impedance decrease.

In contrast, osteocytes express calcite precigitdthose calcites narrow the path for
the current flow resulting in an impedance incredlee long-term measurement on
osteogenic differentiation does not show signiftadifferences in the used measurement
frequency. Also, the imaginary data does not p@wdditional information which may
give a hint to a contamination by the calcite péates. The microscopic pictures of
stained cells show non-uniform distributions of Igelith fat vacuoles and calcite
minerals, respectively. That explains the comparédnige deviations of the calculated
sensor data.
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The measurement on several frequencies was exptectiiver additional information.
Even though it was known that the overall sensgreidance decreases with increasing
frequency it was quite surprising that the onlyiiddal information may be acquired by
the imaginary part. That data was ignored in thevipus measurements on 3T3 cells as
the real part of the sensor data showed more gdetadwever, it should be mentioned
that the significant influence on the imaginarytgm@ems to be a result of the changing
properties of stem cells due to differentiationeThsults led to a closer view of the first
detailed work with the used sensor type conducteBHretet al There, the investigated
cell lines wereNormal African Green Monkey Kidney Fibroblast C&llg-1 andHuman
Caucasian Colon Carcinoma Cell§ 174T. The provided sensor conductance and phase
with and without cells was analyzed and it was tbtimt even there the relative change
of the ohmic component of the sensor impedancewéato 3 for a frequency range from
1kHz to 10kHz. Therefore, it has to be assumed that an (adbecell culture shows an
almost isolating behavior with respect to the a@ltmedium. The electrical data of the
membrane depicted in chapter 3 (aboniFdm?2 and 0.01 to 10m?) leads to a cutoff-
frequency-range from to Bz to 250(Hz, depending on the cell type. A cell-covered
electrode-area of Orin? then has an impedance of at leaskQQwithout the cytosol. In
contrast, culture medium has a resistance of aho@ if a cell-height of 1Qum is
assumed. Hence the real part of the sensor impedaray only change its value by
frequency-dependent parts such as the Warburg-lamped However, within this context
the question is how the culture medium ingrediatdsreally behave in the complex
composition. Until now, only one work is known whimodels the impedance behavior
of a single cell on a circular electrode [Huaigl. 2004].

A system-inherent limitation within the conducte@asurements was the small number
of possible samples. That enforced a more detdiledstigation on the effects of
temperature and medium evaporation. Conventionatatgical test routines state the
use of samples only containing culture medium loutells, known ablanks In the field

of impedance measurements those blanks are of ignpattance for the control of the
environmental conditions. Culture medium evaporatibrectly influences the sensor
impedance and leads to measurement artifacts.

Especially in the case of a fully confluent celyda a culture medium exchange
causes a characteristic excess of the impedanae Elatn though an optical verification
was not possible it is assumed that this effedirisctly linked to osmotic pressure. When
culture medium evaporates the nutrients and saftain in the residual volume, i.e. the
effective concentration of them continuously insesa Cells are — within limits — able to
adapt to that changes. When culture medium is egdth the nutrient and salt
concentrations drop to their set-values. Cells oabm accommodate that fast and, as a
consequence, water passes the cell membranestahd &zlls swell. Both, the change of
the salt concentration and the swelling cause eaclexistic bump at the impedance data.
The falling slope of the bump indicates that itesicells several hours to adapt to that
new situation.
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Impedance artifacts can partially be compensatethéyarallel monitoring of blanks. It
was found that the relative loss of culture mediara well corresponds very well to the
relative decrease of the ohmic resistance of sudbr&k. Therefore, that data can be used
to correct the sensor data of cell-loaded sampkegha experimental data o33
fibroblasts with final cell terminatioshowed. The intensity of the impedance-bump is
strongly correlated to the intensity of evaporatian. the intensity of the use of the
incubator by different operators within a shortipér Hence, a separate incubator for
investigations utilizing impedance monitoring iglhlly recommended.
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Chapter 6
OUTLOOK

This thesis presented electrical impedance measuntean adherent cell cultures. One
conventional method on toxicological research onegain substance is to mix that
substance with culture medium in several conceotrat Cells are seeded with a
concentration of about 10 % with that culture mediThe growth behavior and viability
is compared to cells with non-treated culture mediLCCVAM 2006].

In an inverted way a cell layer is grown and thi#uence of a certain substance is
tested [Arndtet al. 2004]. An example for such a process was presdntetie induced
differentiation or the treatment of 3T3 fibroblastith Triton X-100. Also, a cell-cell-
interaction can be investigated. For instance, lalager is grown to an adherent layer
and the influence of cancer cells or viruses onhsaclayer can then be observed
[Campbellet al.2007, Rahim and Uren 2011].

The incorporated sensor may also be coated witbhkimically active components,
such as specific proteins. The attachment andferation of cell cultures on such treated
surfaces allows an investigation of single cell arell-cell reactions on specific
molecules [Wegeneat al. 2000, Asphaharét al. 2008, Yunet al. 2009].

6.1. Design proposal

The invented wireless approach showed a high iiitiabnd robustness. This makes the
RF technique a serious alternative for several-vrend attempts [Acea Biosiences and
Roche Applied Sciences, Applied Biophysics]. A waeeds of the actual system is the
small number of samples per microtiter plate. Thsults by the lack of a low power IC
for impedance measurement. If such an IC was dlailthe setup depicted ind=4.16
would allow a highly modular integration in a 244agystem.
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Polystyrene
tube ,H

Culture medium Clamp
Metal clip
O-ring sealing
Components
Glass chip and Packaging H

PCB

Fic 6.1: Concept for a 24-well-implementation in a &chle.Left: Cross cut section with a PCB carrying the
electronics, a glass chip held and connected vialrops and a polystyrene tube to form a wellvan O-ring
as sealingRight: Top view with two clamps pressing all parts toget

The suggested PCB has an outer diameter of b and a hole of @m for
microscopic inspections. The bottom has the caédgrated as a lithographic patterned
conductor and the top side carries the necessaagunement IC in a flip-chip-technique,
a microcontroller, capacitors and resistors, andl twetal clips for contacting the sensor
chip. The whole PCB needs to be packaged, a rolasd ghip with the sensor device on
it can be positioned on that device, electricatiptacted and mechanically held in place
via the clips. A properly shaped O-ring sealinddwaiked by a polystyrene tube forms the
well. Two clamps from the top of the PS-tube dowhte PCB hold the parts together.

Such a setup only requires the glass chip to biegeg while all other parts can be
reused. Sensor design requires a defined posifitimeocontact pads only. Even though
the already realized system as well as this suipgess not completely free of
electromechanical contacts, the number of thoseactmis minimized.

The actual system has the glass chip surface wdtistance of aboutmm from the
well's bottom of the microtiter plate. Hence thecroscopy can only be done with a
zoom factor 4. The suggested layout would redueediktance to less thanmi and
could allow a 10-fold zoom.

6.2. A Monitoring Technique for the Incubator

The use of blank sensors, i.e. only culture mediura proper electrolyte such as PBS,
was found to reflect the environment of an incuhadttence, this method may also be a
possibility as a general sensing mechanism forirthebator atmosphere. Conventional
electronic methods for humidity detection via hyggopic materials or capacitive
properties (e.gSHT71 and SHT75 from Sensirion have limited functionality if the
humidity level is close to 108, also offsets and linearity errors. Such a sensaid be
positioned in the incubator but wouldn’t indicateetevaporation process itself. In
contrast, the IDES sensor directly reflects thedatmms for cell cultures. The time-
related change of the ohmic impedance correlatéls the evaporation rate and short-
term temperature-drops are recognized by impedasaks (compare blanks ofd5.9).
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6.3. Impedance measurement:
A feasible Standard Assessment Technique?

Several cell lines have been investigated sincertb@surement on adherent cell cultures
were pushed in the 1980’s. The following table giweshort overview of publications
found for different cell lines.

TABLE 6.1: List of Publications with investigated Cellngs

Publication Cell lines

Giaever and Keese 1984 WI-38 (Human embryonic filast, lung-derived)

Tiruppathi et al. 1992 BPMVEC (Bovine pulmonary moigessel endothelian),
BPAEC (Bovine pulmonary artery endothelian)

Lo et al. 1995 MDCK (Madin-darby canine kidney)

Ehret et al. 1997 CV-1 (Normal african green monk&ney fibroblasts),
LS 174T (Colon carcinoma)

Huang et al. 2004a 3T3 (Mouse embryonic fibrob)ast4CT-116 (Human
colorectal carcinoma)

Arndt et al. 2004 PBCEC (Porcine Brain capillargletnelian)

Rissanen et al. 2005 BACC-EC (Bovine adrenal cactmillary endothelian)

Xiao et al. 2005 V79 (Chinese hamster fibroblast)

Campbell et al. 2007 CHSE-214 (Chinook salmonid rynatic)

Seriburi et al. 2007 RAW 264.7 (Mouse leukaemic ooyte macrophage)

Opp et al. 2009 HUVEC (Human umbilical vein endditirg

Rumenapp et al. 2009 L929 (Murine fibroblasts), MDAHuman breast
adenocarcinoma)

Park et al. 2010 hMSC (Human mesenchymal stem)cells

This listing is not complete and the measuremeatjdfencies and sensor types are
different. Microbiological laboratories and theipayators need to have experience with
the cell lines, the used culture media and sert,coéture plastics, etc. Thus, most
authors limit their investigations to a single dile with a certain sensor construction. In
several cases the systems were run by microbidéogiBhe presented impedance
measurement data was not always self-contained, abgplute impedance data was
presented without a phase information. Within tledofving years it will become

necessary to get a set of suitable reference datifferent cell cultures. Also, the data
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needs to be linked to the physical and electrocba&inmiroperties of cells, culture media
and sensor layouts. Until now the only availabhauation deals with a single cell on a
circular electrode [Huanet al. 2004b].

One utilization of impedance measurement is theegénnvestigation of a cell line and
its reaction on certain substances, growth behasiowound healing. For that purpose a
combination of the impedance measurement with iclalssmicroscopic methods
including marker substances, will be necessaryrddwopic pictures can provide space-
resolved images with a resolution of a few micramet Specific marker substances
allow a closer look to special structures but &t phice of the loss of the sample due to
possible influences of the marker substance itsethe cell behavior.

In contrast, impedance measurement, as it was rpegfb within this work, is an
averaging method. It allows a continuous monitodng in certain cases the detection of
effects which cannot be explored with conventiooiical methods. That may be, for
instance, a swelling of cells due to culture medawaporation (this is still an assumption
and needs to be verified). Especially the inducdigagenic differentiation showed an
interesting effect. Even though fat vacuoles camagsumed to be bad conductors the
sensor impedance decreased which can only be linkida change of the cell shape.
The osteogenic differentiation did not show a cleaafjthe imaginary part of the sensor
impedance — the expressed calcite minerals areftrernot deposited on the electrode
structure. All these described effects occur withi sub-micrometer-range.

As soon as a reference dataset for cells exisggedance measurement has the potential
to become a standardized screening method foricestidbstances and samples, e.g.
doping agents. A more specific result may be addewith functionalized sensors. That
is, the sensor surface is treated with proteinsimilar chemicals. Moreover, impedance
data can show significant changes within a fractiérthe required cell proliferation
period for staining methods. To sum up, for redegparposes optical methods and
impedance measurement complement one another.nBwgeemay be conducted with
just a final optical check.
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Appendix A
M ICROBIOLOGY

This appendix provides an overview of the ingretiiesf culture medium DMEM, the
composition of PBS and the procedure for cell pgassaAlso the recommended method
for toxicity test using 3T3 mouse embryonic fibrats is described.

A.1 Dulbecco’s Modified Eagle’s Medium

TABLE A.l: List of ingredients of DMEM.

Concentration Concentration
Substance [mg/l] Substance [mg/l]

NacCl 6400 L-Methionin 30
KCI 400 L-Phenylalanin 68
CaClb 200 L-Threonin 95
MgSQ, [I7H,O 200 L-Tryptophan 16
D-Glucose 1000 L-Tyrosin 72
Fe(NG;); [(BH,0O 0.1 L-Valin 94
Na-Pyruvate 110 Glycin 30
Phenolred 15 L-Serin 42
NaH,PO, 124 Cholin chloride 4
L-Arginin-HCI 84 Folic acid 4
L-Cystine 48 Myo-inositol 7.2
L-Glutamine 580 Nicotinamide 4
L-Histidine CHCI 42 D-Ca-Pantothenat 4
H,O
L-Isoleucine 105 Pyridoxine[HCI 4
L-Leucine 106 Riboflavin 0.4
L-Lysine [HCI 146 ThiaminCHCI 4

Dulbecco’s Modified Eagle’'s Medium (DMEM) is a stiardized nutrient solution for
cell cultures with a broad application field foffdrent kinds of animal cell cultures. This
mixture is standardized and is also available wiifferent add-ons, depending on the
exact application. Phenol red is used as a pH-adic Below pH= 6.8 the culture
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medium color is yellow, above 8 it is violet. Withihat range it changes to red and red-
violet. A slight violet fog can be found for culeumedium which is stored for a long
period, e.g. in a fridge. When it is in use the,@Dthe incubator atmosphere dissociates
as a carbon acid and stabilizes the pH value.

The upper listing is a basic mixture. 1066/ or 4500ng/l Glucose is added,
depending on the metabolism of the cultivated céllso, 3.7mg/l NaHCQ is mostly
supplemented to adjust the pH level within a ramige.2 to 7.4.

A.2 Phosphate Buffered Saline Solution

TABLE A.ll: List of ingredients for PBS.

Concentration
Substance [mg/l]
NaCl 8000
KCI 200
KH,PO, 200
CaC}, 100

The listed ingredients of the most common PBS -bBeto’s PBS (DPBS). Earle’s salts
(EPBS) and Hanks’ salts (HPBS) are slightly differer have additional supplements. In
contrast to DMEM the concentration of NaCl is sfigaintly higher (8000 vs. 6406g/1).
Therefore, the electrical conductivity of PBS igher by about 2%.

A.3 Procedure for Cell Passage

The following procedure is a possible method fosgaging adherent cells. Some
investigations do not allow the use of enzymestierdetachment process. For instance,
research on cell membrane proteins may prohibitudee of Trypsin. The values within
the following description refer to a flask with eowth area of 26n¥.

(&) The culture medium is decanted from the flask dred residual cell layer rinsed
twice with a 5 ml phosphate buffered solution (PB®BS is then also discarded.

(b) 1ml of a proper PBS-solution with a defined enzye@ncentration for the
detachment of the cell layer is applied and thekflaacubated for several minutes
depending on the recommendations by the enzymeaipeodThis enzyme may be
Trypsin, Accutase (ll) or others.

(c) When the cells are detached from the surface tbayih the PBS/enzyme solution.
This solution is sucked out of the flask and pi ian Eppendorf-flask.

(d) The flask is centrifuged with a specific g-forcdogat 200g) for several minutes
causing the sedimentation of the cells.
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(e) The residual solution is sucked out and the flagk the cells on its bottom is again
filled with a defined volume of a fresh culture med. Repeated suction and
injection dispenses the cells in the solution .

(H A defined volume is extracted and the cell densigasured utilizing cytometry.
Also, new flasks are prepared and filled with crdtmedium.

() For a new seeding the necessary volume is caldylatatracted from the
Eppendorf-flask and injected into the new flask(8pr instance, a reasonable
growth performance can be achieved if the confladeabout 106. For a 2&nT
flask this means abollif® cells.

A.4 96-well plate configuration for positive
control and test substances

This procedure is a brief sum-up of the ICCVAM reroendations for in-vitro toxicity
test methods. The schematic shows the setup festanith a 96-well microtiter plate.
VC1 and VC2 are vehicle controls, C1 to C8 havet#is¢ substances or positive control
(PC, Sodium Lauryl Sulfate) at eight concentrati@@s= highest, @ = lowest), Cxb are
blanks (test substance or PC, but contain no cehde VCb are VC blanks (contain no
cells).

A |VCb|VCb|Clb| C2b| C3b| C4b| C5h C6b| C7b| C8b| VCb| VCb

B |[VCb|VCl| C1| C2| C3| C4| C5 <Cg C7 C8 VQaCb

C |[VCb|jVCl| C1| C2| C3| C4| C5 <Cg CY C8 VQCb

D |[VCb|VCl1| C1| C2| C3| C4| C5 Cg Cf C8 VQaCb

E |VCb|VCl| C1| C2| C3| C4| C5 Cg CfT C8 VQxCb

F |[VCb|VCl| C1 | C2| C3| C4| C5 <Cg CY CB8 VQCb

G |[VCh|VC1l| C1 | C2| C3| C4| Ch CHg CY CB8 VGQ2Chb

H |VCb|VCb|Clb| C2b| C3b| C4b| C5h C6b| C7b| C8b| VCb| VCb
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* Incubate cells for 24 hours +2 hours {3, 9G'°% humidity,
5.0"%9% CO/air) so that cells form a less than half (€56 confluent
monolayer. This incubation period assures cell vegppand adherence
and progression to exponential growth phase. Nateseeding density
to ensure that the cells in the control wells aveavergrown after three
days (i.e., 24 hour incubation and 48 hour exposurest substances).
Prepare one plate per substance to be tested.

* Examine each plate under a phase contrast micredoogssure that cell
growth is relatively even across the microtitert@laThis check is
performed to identify experimental and systemi¢ seéding errors.
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Appendix B
BASE STATION

The base station uses the RF-chipX90121from Melexis Inc This IC is designed for
its use in RFID-applications with a base frequendyl3.56MHz. Nevertheless, its
receiver section does also allow the detectionoofisO-conform data transmission. The
circuitry is an adaption of Melexis’ evaluation bdaEVB90121 The following
schematics do only describe the RF-generator acelver section. Residual circuitry of
the base station is trivial. The base station at®sif a box holding the PCB with its
circuitry and a top plate carrying six antennasai depicted inig B.1.

FiG B.1: Base statioriTop: PCB inside the station carrying electronics. Garars to power supply and data
communication as well as a display are locatechenidft side. The multiplexer relais are arrangedh® right
side of the PCB. The RF-generator, impedance nragciind detector circuitry have a T-shaped arrangeme
Bottom: Cover of the base station with the antenna ptadented on it. The plate has an additional epoginre
coating to protect the coils. Connectors to thetipleker with twisted pair lines are visible
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134 APPENDIXB BASE STATION

B.1 RF-Generator

The RF-generator shown indB.2 is a switched circuit whereas switglis a MOSFET
within the MLX90121.C, is fine-tuned for matching a D antenna. The quality factors
of inductorsL, to L, have a strong influence on the output power. Thalnes provided
in TABLE B.I should not be under-run.

T R
3

c. [—-

W+

A T

c, = o—
b L ;

(@) (b)

FiG B.2: (a) RF-generator for a 30-antenna based on the evaluation board EVB90124 Kelexis Inc. The
impedance matching capacitors are followed by atipbetker for the selection of a certain antennactEaf

them has a 2pF trimming capacitor for fine-tuning of each amtarconnection(b) Base station coil, 2-fold

enlarged.

The multiplexer for the selection of a certain ane of the base station is formed by
relays. The conductors to a common antenna plaewithin a bundle which could
influence the impedance matching by parasitic déipac Hence, all poles of each
antenna are disconnected by relays.

B.2 Receiver section

The receiver input hat a sensitivity of at leassdBm at 10kQ small signal input
impedance, i.e. about 180 mV rms. The effectiveerama voltageV,, varies due to
position mismatches, device ageing and producttaied differences of the tags’ LC-
circuits. Hence the signal for the detection ofdlmaodulation needs to be pre-processed.
The detection and signal recovery circuit showrFia B.3 consists of three parts. The
envelope detector is followed by a DC-correctio2 6V and signal buffer and amplifier
OA;. This OA is built up as a non-inverting amplifigith an amplification of 2 for small
input signals. The small Gain-Bandwidth-ProducbMHz suppresses residual ripple of
the original antenna signal. An AC-voltage limiterbuilt up with resistoR, and diodes
D, andDs. AC-peaks above 03 are limited. Capacito€g defines the DC-level and in
the case of small signals capaci@randR, form an additional low pass filter.
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FiG B.3: Incoherent detector and signal recovery. Sigeal recovery consists of an enevelope deteExGr,
level shifter and signal buffer and an AC-peak-{emi

The recovered signal has a DC-level of\2.&nd a maximum amplitude of V3 This

signal can be directly fed into the receiver sectibthe MLX90121.

TABLE B.I: List of Electronic Devices of the
RF-Generator and Detector Circuitry.

Device

Model / Producer

Lo
G
Ls
Cs
Ls
Cy

Cls
Cip
Ly

Generator
1.2uH, Q=55 at 8MHz
47pF, COG dielectric
5.6uH, Q=60 at 8VHz
100nF
4.7uH, Q=50 at 8VIHz
7.5to 50pF

Antenna
145pF (nominal)
730pF (nominal
6x450uH by PCB-layout

Detector and Signal recovery

OA
D,
D2, Ds
Cs
Ce G
G

Ry

Ra Re
Ry

AD8515 / Analog Devices
BAS316

RB520S

100pF

100nF

68pF

22kQ

10kQ

2.2kQ
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B.3 Bit detection at RF-communication

Data is transmitted via load modulation on the Ri€siface. A logic High, i.e. a bit ‘1’, is
represented by a subcarrier-frequerigy 250kHz for a nominal period of 68s. A
subcarrier-frequency causes a logic High at the IRXnput pin of the microcontroller
and lasts as long as the subcarrier frequencytect®. In every other case the input
should be Low but the incoherent detection as waglhoise on the power supply lines
cause spikes.

The whole communication incorporating the detectiér24bits needs to take place
within a known time frame of 1Q@s. If this time frame is exceeded an interruptuosc
which reconfigures the RX_IN pin as an output agtd ¢his output to High. Furthermore,
an error-flag is set. Those two mechanisms elirithé possibility of an infinite loop
and allow a detection of erroneous or missing conioation. The detection mechanism
utilizes the Capture-Compare-unit of the PIC16F&9( suitable time-resolved analysis
of the RX_IN signal.

Whenever the input RX_IN, i.e. the digital outpdttibe RF receiver section, has a
falling edge the Capture-Compare- (CCP) flag is $ék left part of the flowchart in
Fig B.4 shows the algorithm for the start bit détet Spikes shorter than 1us can only
be distinguished by the CCP-module. A valid stéirisbgiven if logic 1 is detected for
63us. This shorter period takes care on the podyilofioscillator timing mismatches of
the base station and tag microcontroller. The difiee may be up to%. This algorithm
would cause an infinite loop in the case of a mggommunication which is prevented
by the previously described interrupt routine.

When the algorithm reaches the right branch a deab63us is awaited. If the
100ms-period is exceeded and the error-flag set, tten timing period is also
discontinued. Finally, the RX_IN pin is reconfigdreas an input (if the interrupt
occurred). During the detection time span the CIagill only be set if RX_in changes
to O after the detected start bit. This does nqipka if the receiver output sends a
continuous High. Thus, the CCP-flag can be usetkfme the detected bit.
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d

y

Reset CCP-Flag
Set Counter Wait 63 ps

CCP-flag Is High

b4 Reset RX_in
Q Config RX_in as input
I X
RX_IN = High Cg’;gﬁg

| Set Ca‘r'ry-FIag |

| ﬁ |

FiG B.4: Flow chart for the detection of a single Bihe given Counter-values incorporate the instanctiycle

| Reset Carry-Flag I

Counter>0

timings.






Appendix C

TAG CIRCUITRY

C.1 Measurement circuit device list
The used devices listed inaBLE C.I relate to the presented measurement system in
chapter4.2 Measurement Electroniend lead to a current consumption of onlyrd%s

at a single voltage supply of 3/3

TABLE C.I: List of Electronic Devices of the MeasuremEfgctronics.

Device Model / Producer

General devices

Microcontroller PIC16F688 / Microchip

OA,0A, AD8515 / Analog Devices
OAg AD8606 / Analog Devices
SLS ADG736 / Analog Devices
S, S ADG711 / Analog Devices

Signal generator
Capacitors (filter stage #1) 2F
Resistors (filter stage #1) kD
Capacitors (filter stage #2) 686
Switchable capacitor 5rg-
Resistors (filter stage #2) )]

I/V converter

et 220Q (only ohmic)

Cs 100nF

Rs, Ry 12kQ

Rs 6.8kQ
Sample-Hold element

Cs, Cs 100pF

Rs 2.2kQ
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The resistors had tolerance values &6 br less and the capacitors had dielectrics of typ
X7R or higher quality. The system then worked pripi@ a temperature range from 0 to
40°C. An extended temperature range can be utilizé@R or COG dielectrics are used
to avoid problems with temperature-related variaiof the capacities. In addition Ry
another resistor with 2K can be connected in parallel by an additional dwifThe
effective feedback impedances are then 12, 4.86, and 1.4&Q covering a sensor
impedance range from 4Dto 7kQ.

C.2 Probe signal bit pattern

FiG C.1 depicts the circuitry for the generation akatain probe signad(t).

1I )V1 CZI)VZ
1 = > L\

bit pattern analog signal
input output

Fic C.1: Basic schematic of the signal generationtagaV, is a digital output of the microcontroller with
voltage levels 0 andpp. The RC-network is followed by a voltage buffer

Equations (6.1) and (6.2) describe the sighalt) andV,(t;) with respect to a voltagé,
being constant within time span-{t). and initial voltageV,(t;) andVa(t;). Handling is
simplified by setting?; =R,=R andC, = C,=C with a time constant=RC.

)= )
‘a EErzn] ey, - t,)] 6.1)

with parameters

[ijﬁ[_nm m -2}{\‘/’;(&11))] (6.2a.b)

m=(1+J§), n:(l_Jg), /]1:_3+\/§ 2, __3-5 and (6.3a,b,c,d)

2T 2T
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Fic C.2 shows the flowchart for the generation of & gattern of lengthN = Ty/T¢
whereasTy = 1y is the period of the probe signdt) andTc the instruction period of the

tag-pC.
i
[

;-
Tl
s
3 1
SN
~=

\'

Calculate
Vio(£) = Vo(Vi=0), V. i(£)= V(Ve=Vip
V.o(t) = Vo(Vi=0), Voi(t) = Vo( Vo=V

V()= Voo -
V1(t1)= V1,1(tz) »% Eﬁ-‘—z
Vo(t) = V(L)

Vaolt) - X(L)|

V(n) 0
A Vi(t)= Vio(L), Vi(1)= Voot

L2T,

1

FiIc C.2: Flow chart for bit pattern generatidis is the instruction cycle duration of the tag mawotroller.
Index n refers to the position within the bit patteThe number of bits i/ Tc.
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The following bit patterns are true for the 5 aritk#z-signal for a low pass filter time
constantr=22kQ -2.2nF=48.4us, i.e. a cutoff-frequencf,, = 3.3kHz. ‘c’ marks an
unchanged state within the pattern.

5kHz bit pattern

Occlcc0c1c01c0c1c0101cOclcc0clc01c0c1c0101cOclccOc
1ccc01c0clcc0c1c010101c0Oclcc0c101lccOcclcc010ciccOc
10cccc1c0101010101¢c0c101c0clc0c1c010clcOcicOcicOcl
01c0c101010c1c010c101c0cc1lc0clc0c1010c1c0c1010c1icO
clccc0cc101010¢1010c1c0c10clcOcclc010cclcOclcOccl0
1ccccc010ccc101c0cc1c0clc0cc1c0c101010c1c0c101010c¢
1ccccOccclecOcclc0c1c0c1c0c101¢0c101¢c0c101010cc1cO
clcOclccOcclcc0c1010c10clccOclcOclccOcclececOcclccc

10kHz bit pattern

1¢c0101cc0c1c01c0OclccOcclceccOceccleccOcclcOclc0ccl1010
¢1010cclc0ccc1010c10c10cc1010cceclcOcceclcOccc1010cl
0c1010cc1c0c10c1c0c1010c1c010c1c010101cOclccOclicO0l
c0101cc0101c01c01lccOclcceccOclcc0lc0lccOclccc0101cO




Appendix D

CREATIVE COMMONS ATTRIBUTION
SHARE-ALIKE 3.0UNPORTED

CREATIVE COMMONS CORPORATION IS NOT A LAW FIRM ANCDOES NOT PROVIDE LEGAL
SERVICES. DISTRIBUTION OF THIS LICENSE DOES NOT CREE AN ATTORNEY-CLIENT
RELATIONSHIP. CREATIVE COMMONS PROVIDES THIS INFORATION ON AN “AS-IS” BASIS.
CREATIVE COMMONS MAKES NO WARRANTIES REGARDING THENFORMATION PROVIDED,
AND DISCLAIMS LIABILITY FOR DAMAGES RESULTING FROMITS USE.

License

THE WORK (AS DEFINED BELOW) IS PROVIDED UNDER THE ERMS OF THIS CREATIVE
COMMONS PUBLIC LICENSE (“CCPL" OR “LICENSE”). THE WRK IS PROTECTED BY
COPYRIGHT AND/OR OTHER APPLICABLE LAW. ANY USE OF HE WORK OTHER THAN AS
AUTHORIZED UNDER THIS LICENSE OR COPYRIGHT LAW ISROHIBITED.

BY EXERCISING ANY RIGHTS TO THE WORK PROVIDED HERE,OU ACCEPT AND AGREE TO BE
BOUND BY THE TERMS OF THIS LICENSE. TO THE EXTENT HIS LICENSE MAY BE
CONSIDERED TO BE A CONTRACT, THE LICENSOR GRANTS YOTHE RIGHTS CONTAINED
HERE IN CONSIDERATION OF YOUR ACCEPTANCE OF SUCH REIS AND CONDITIONS.

1. Definitions

(&) “Adaptation” means a work based upon the Work, or upon the \&@ndkother pre-existing works, such
as a translation, adaptation, derivative work, ragesnent of music or other alterations of a literanartistic
work, or phonogram or performance and includesmategraphic adaptations or any other form in wheh
Work may be recast, transformed, or adapted inetyd any form recognizably derived from the orain
except that a work that constitutes a Collectioli mot be considered an Adaptation for the purpoléhis
License. For the avoidance of doubt, where the Wserla musical work, performance or phonogram, the
synchronization of the Work in timed-relation with moving image (“synching”) will be considered an
Adaptation for the purpose of this License.

(b) “Collection” means a collection of literary or artistic worlssich as encyclopedias and anthologies, or
performances, phonograms or broadcasts, or othevar subject matter other than works listed icti®a

1(f) below, which, by reason of the selection arrdregement of their contents, constitute intellattweations,

in which the Work is included in its entirety in mndified form along with one or more other conttibos,
each constituting separate and independent worteemselves, which together are assembled intdlectioe
whole. A work that constitutes a Collection willtnioe considered an Adaptation (as defined below)te
purposes of this License.

(c) “Creative Commons Compatible License” means a license that is listed at
http://creativecommons.org/compatiblelicenses thas been approved by Creative Commons as being
essentially equivalent to this License, includiaga minimum, because that license: (i) contaimagehat have
the same purpose, meaning and effect as the Lideleseents of this License; and, (ii) explicitly pets the
relicensing of adaptations of works made availabiger that license under this License or a Cre@iwamons
jurisdiction license with the same License Elemestshis License.

(d) “Distribute” means to make available to the public the origamal copies of the Work or Adaptation, as
appropriate, through sale or other transfer of aamip.
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(e) “License Elements” means the following high-level license attribus selected by Licensor and
indicated in the title of this License: AttributioBhareAlike.

(f) “Licensor” means the individual, individuals, entity or eiestthat offer(s) the Work under the terms of
this License.

(g) “Original Author” means, in the case of a literary or artistic wahle individual, individuals, entity or
entities who created the Work or if no individualemtity can be identified, the publisher; and ddi&ion (i) in
the case of a performance the actors, singers,cransj dancers, and other persons who act, siligede
declaim, play in, interpret or otherwise perforterdary or artistic works or expressions of folklofé in the
case of a phonogram the producer being the persegal entity who first fixes the sounds of a penfance or
other sounds; and, (iii) in the case of broadcaéisésprganization that transmits the broadcast.

(h) “Work” means the literary and/or artistic work offeredlemnthe terms of this License including without
limitation any production in the literary, scieitifind artistic domain, whatever may be the moderon of its
expression including digital form, such as a bagmmnphlet and other writing; a lecture, addressnseeror
other work of the same nature; a dramatic or drizmahusical work; a choreographic work or entemaémt in
dumb show; a musical composition with or withoutrég& a cinematographic work to which are assindlate
works expressed by a process analogous to cineraptog a work of drawing, painting, architecture,
sculpture, engraving or lithography; a photograptick to which are assimilated works expressed pyoaess
analogous to photography; a work of applied artjllastration, map, plan, sketch or three-dimenalomork
relative to geography, topography, architecturescience; a performance; a broadcast; a phonogram; a
compilation of data to the extent it is protectadaacopyrightable work; or a work performed by @etst or
circus performer to the extent it is not otherwdsesidered a literary or artistic work.

(i) “You” means an individual or entity exercising rightslemthis License who has not previously violated
the terms of this License with respect to the Workwho has received express permission from therisor to
exercise rights under this License despite a pusvidolation.

() “Publicly Perform” means to perform public recitations of the Workl &o communicate to the public
those public recitations, by any means or procegsuding by wire or wireless means or public digit
performances; to make available to the public Wanksuch a way that members of the public may actiesse
Works from a place and at a place individually @m$y them; to perform the Work to the public by an
means or process and the communication to theguoblihe performances of the Work, including by lpub
digital performance; to broadcast and rebroadta&stWork by any means including signs, sounds og@sa

(k) “Reproduce” means to make copies of the Work by any meansdim without limitation by sound or
visual recordings and the right of fixation and rogfucing fixations of the Work, including storagé &
protected performance or phonogram in digital femother electronic medium.

2. Fair Dealing Rights. Nothing in this License is intended to reduce,itliror restrict any uses free from
copyright or rights arising from limitations or eations that are provided for in connection with topyright
protection under copyright law or other applicables.

3. License Grant.Subject to the terms and conditions of this Liegriscensor hereby grants You a worldwide,
royalty-free, non-exclusive, perpetual (for theation of the applicable copyright) license to eisgdhe rights
in the Work as stated below:

(a) to Reproduce the Work, to incorporate the Work imite or more Collections, and to Reproduce the Work
as incorporated in the Collections;

(b) to create and Reproduce Adaptations provided tasach Adaptation, including any translation iry an
medium, takes reasonable steps to clearly labeladmte or otherwise identify that changes wereemadhe
original Work. For example, a translation couldrbarked “The original work was translated from Eslglio
Spanish,” or a modification could indicate “Thegbmial work has been modified.”;

(c) to Distribute and Publicly Perform the Work inclodias incorporated in Collections; and,

(d) to Distribute and Publicly Perform Adaptations.

(e) For the avoidance of doubt:

I. Non-waivable Compulsory License Schemesn those jurisdictions in which the right to @it
royalties through any statutory or compulsory Igieg scheme cannot be waived, the Licensor
reserves the exclusive right to collect such ragslfor any exercise by You of the rights granted
under this License;

Il.  Waivable Compulsory License Schemesln those jurisdictions in which the right to it
royalties through any statutory or compulsory Igieg scheme can be waived, the Licensor waives
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the exclusive right to collect such royalties foy @&xercise by You of the rights granted under this
License; and,

lll.  Voluntary License Schemes The Licensor waives the right to collect royatiewhether
individually or, in the event that the Licensorasmember of a collecting society that administers
voluntary licensing schemes, via that society, flamy exercise by You of the rights granted under
this License.

The above rights may be exercised in all media fantats whether now known or hereafter devised. The
above rights include the right to make such modifans as are technically necessary to exerciseghts in
other media and formats. Subject to Section 8(f)rights not expressly granted by Licensor areebgr
reserved.

4. Restrictions. The license granted in Section 3 above is expresglde subject to and limited by the
following restrictions:

(& You may Distribute or Publicly Perform the Work prinder the terms of this License. You must include
a copy of, or the Uniform Resource Identifier (URdy, this License with every copy of the Work You
Distribute or Publicly Perform. You may not offer impose any terms on the Work that restrict thengeof
this License or the ability of the recipient of t\ork to exercise the rights granted to that recipunder the
terms of the License. You may not sublicense thekWgou must keep intact all notices that referths
License and to the disclaimer of warranties witergwcopy of the Work You Distribute or Publicly Rem.
When You Distribute or Publicly Perform the WorkolY may not impose any effective technological messu
on the Work that restrict the ability of a recigiaf the Work from You to exercise the rights geghto that
recipient under the terms of the License. ThisiSect(a) applies to the Work as incorporated incde€tion,

but this does not require the Collection apart fritve Work itself to be made subject to the termghid
License. If You create a Collection, upon notiaanfrany Licensor You must, to the extent practicat@move
from the Collection any credit as required by Sett#(c), as requested. If You create an Adaptatipon
notice from any Licensor You must, to the exterdcticable, remove from the Adaptation any credit as
required by Section 4(c), as requested.

(b) You may Distribute or Publicly Perform an Adaptationly under the terms of: (i) this License; (iilager
version of this License with the same License Elgmes this License; (iii) a Creative Commons flidgon
license (either this or a later license versiorgt tbontains the same License Elements as this sécéng.,
Attribution-ShareAlike 3.0 US)); (iv) a Creative @mons Compatible License. If you license the Adigma
under one of the licenses mentioned in (iv), yowsmmomply with the terms of that license. If yocelise the
Adaptation under the terms of any of the licensestioned in (i), (ii) or (iii) (the “Applicable Liense”), you
must comply with the terms of the Applicable Licergenerally and the following provisions: (I) Yowsh
include a copy of, or the URI for, the Applicableénse with every copy of each Adaptation You [ibstie or
Publicly Perform; (I) You may not offer or impos@y terms on the Adaptation that restrict the teofmthe
Applicable License or the ability of the recipieitthe Adaptation to exercise the rights granteth& recipient
under the terms of the Applicable License; (lll)uymust keep intact all notices that refer to thelfgable
License and to the disclaimer of warranties witlkergwopy of the Work as included in the Adaptatiou
Distribute or Publicly Perform; (IV) when You Digiute or Publicly Perform the Adaptation, You mayt n
impose any effective technological measures onAtti@ptation that restrict the ability of a recipienft the
Adaptation from You to exercise the rights grartethat recipient under the terms of the Applicdbiense.
This Section 4(b) applies to the Adaptation as lipemted in a Collection, but this does not require
Collection apart from the Adaptation itself to bade subject to the terms of the Applicable License.

(c) If You Distribute, or Publicly Perform the Work any Adaptations or Collections, You must, unless a
request has been made pursuant to Section 4(g),ikeet all copyright notices for the Work and vide,
reasonable to the medium or means You are utiliZi)dhe name of the Original Author (or pseudonyfn
applicable) if supplied, and/or if the Original Awt and/or Licensor designate another party olgm(e.g., a
sponsor institute, publishing entity, journal) fattribution (“Attribution Parties”) in Licensor's opyright
notice, terms of service or by other reasonablensiethe name of such party or parties; (ii) thie tiff the
Work if supplied; (iii) to the extent reasonablyapticable, the URI, if any, that Licensor specifitesbe
associated with the Work, unless such URI doesefet to the copyright notice or licensing inforioat for

the Work; and (iv) , consistent with Section 3fh)the case of an Adaptation, a credit identifyihg use of the
Work in the Adaptation (e.g., “French translatidnttee Work by Original Author,” or “Screenplay basen
original Work by Original Author”). The credit regiad by this Section 4(c) may be implemented in any
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reasonable manner; provided, however, that in ése of a Adaptation or Collection, at a minimumhsoedit
will appear, if a credit for all contributing autisoof the Adaptation or Collection appears, thepas of these
credits and in a manner at least as prominenteasrtits for the other contributing authors. Far avoidance
of doubt, You may only use the credit required lig Section for the purpose of attribution in tharmer set
out above and, by exercising Your rights under théense, You may not implicitly or explicitly asseor
imply any connection with, sponsorship or endorseny the Original Author, Licensor and/or Attribort
Parties, as appropriate, of You or Your use ofWk, without the separate, express prior writtemgssion
of the Original Author, Licensor and/or Attributidtarties.

(d) Except as otherwise agreed in writing by the Licerms as may be otherwise permitted by applicabile |
if You Reproduce, Distribute or Publicly PerformethVork either by itself or as part of any Adaptasior
Collections, You must not distort, mutilate, moddy take other derogatory action in relation to WWerk
which would be prejudicial to the Original Authortsonor or reputation. Licensor agrees that in those
jurisdictions (e.g. Japan), in which any exercitéhe right granted in Section 3(b) of this Licerftee right to
make Adaptations) would be deemed to be a distortiautilation, modification or other derogatory iant
prejudicial to the Original Author’s honor and régtion, the Licensor will waive or not assert, aprapriate,
this Section, to the fullest extent permitted bg #pplicable national law, to enable You to reablynexercise
Your right under Section 3(b) of this License (tighh make Adaptations) but not otherwise.

5. Representations, Warranties and Disclaimer

UNLESS OTHERWISE MUTUALLY AGREED TO BY THE PARTIESN WRITING, LICENSOR OFFERS
THE WORK AS-IS AND MAKES NO REPRESENTATIONS OR WARRITIES OF ANY KIND

CONCERNING THE WORK, EXPRESS, IMPLIED, STATUTORY ORTHERWISE, INCLUDING,
WITHOUT LIMITATION, WARRANTIES OF TITLE, MERCHANTIBILITY, FITNESS FOR A
PARTICULAR PURPOSE, NONINFRINGEMENT, OR THE ABSENCBEF LATENT OR OTHER
DEFECTS, ACCURACY, OR THE PRESENCE OF ABSENCE OFREMRRS, WHETHER OR NOT
DISCOVERABLE. SOME JURISDICTIONS DO NOT ALLOW THE XCLUSION OF IMPLIED

WARRANTIES, SO SUCH EXCLUSION MAY NOT APPLY TO YOU.

6. Limitation on Liability. EXCEPT TO THE EXTENT REQUIRED BY APPLICABLE LAW,N NO

EVENT WILL LICENSOR BE LIABLE TO YOU ON ANY LEGAL THEORY FOR ANY SPECIAL,
INCIDENTAL, CONSEQUENTIAL, PUNITIVE OR EXEMPLARY DAMAGES ARISING OUT OF THIS
LICENSE OR THE USE OF THE WORK, EVEN IF LICENSOR IBABEEN ADVISED OF THE
POSSIBILITY OF SUCH DAMAGES.

7. Termination

(&) This License and the rights granted hereunderterithinate automatically upon any breach by Youhef t
terms of this License. Individuals or entities wiave received Adaptations or Collections from Yoder this
License, however, will not have their licenses feated provided such individuals or entities remiairfull
compliance with those licenses. Sections 1, 2, B, &nd 8 will survive any termination of this &itse.

(b) Subject to the above terms and conditions, thendieggranted here is perpetual (for the duratiothef
applicable copyright in the Work). Notwithstanditige above, Licensor reserves the right to reldaseNork
under different license terms or to stop distribgtthe Work at any time; provided, however that angh
election will not serve to withdraw this License émy other license that has been, or is requivdzket granted
under the terms of this License), and this Licewgecontinue in full force and effect unless temated as
stated above.

8. Miscellaneous

(&) Each time You Distribute or Publicly Perform the War a Collection, the Licensor offers to the
recipient a license to the Work on the same ternts @nditions as the license granted to You unbisr t
License.

(b) Each time You Distribute or Publicly Perform an ptition, Licensor offers to the recipient a licetse
the original Work on the same terms and conditamthe license granted to You under this License.
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(c) If any provision of this License is invalid or urferceable under applicable law, it shall not afftet
validity or enforceability of the remainder of ttegms of this License, and without further actigntibe parties

to this agreement, such provision shall be refortoethe minimum extent necessary to make such gimvi
valid and enforceable.

(d) No term or provision of this License shall be deémeived and no breach consented to unless such
waiver or consent shall be in writing and signedhsyparty to be charged with such waiver or consen

(e) This License constitutes the entire agreement legtwilee parties with respect to the Work license@.he
There are no understandings, agreements or repaéises with respect to the Work not specified here
Licensor shall not be bound by any additional mris that may appear in any communication from. Yidus
License may not be modified without the mutual teritagreement of the Licensor and You.

(f) The rights granted under, and the subject matferenreced, in this License were drafted utilizing th
terminology of the Berne Convention for the Prdtectof Literary and Artistic Works (as amended on
September 28, 1979), the Rome Convention of 196&, WIPO Copyright Treaty of 1996, the WIPO
Performances and Phonograms Treaty of 1996 andriwersal Copyright Convention (as revised on Ry
1971). These rights and subject matter take effethe relevant jurisdiction in which the Licensgms are
sought to be enforced according to the correspongirovisions of the implementation of those treaty
provisions in the applicable national law. If tharglard suite of rights granted under applicabfgydght law
includes additional rights not granted under théehse, such additional rights are deemed to Heded in the
License; this License is not intended to resttietlicense of any rights under applicable law.

Creative Commons Notice

Creative Commons is not a party to this Licensel mrakes no warranty whatsoever in connection with t
Work. Creative Commons will not be liable to You any party on any legal theory for any damages
whatsoever, including without limitation any gerespecial, incidental or consequential damagesrayiin
connection to this license. Notwithstanding theefming two (2) sentences, if Creative Commons kpsessly
identified itself as the Licensor hereunder, itlshave all rights and obligations of Licensor.

Except for the limited purpose of indicating to {heblic that the Work is licensed under the CCPiedfive
Commons does not authorize the use by either pdirthe trademark “Creative Commons” or any related
trademark or logo of Creative Commons without therpwritten consent of Creative Commons. Any péteai
use will be in compliance with Creative Commonsértkcurrent trademark usage guidelines, as may be
published on its website or otherwise made avaglalgon request from time to time. For the avoidavice
doubt, this trademark restriction does not fornt pathe License.

Creative Commons may be contacted at http://creadimmons.org/.



